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Preface  
 
The 18th International Conference on Flexible Automation and Intelligent 
Manufacturing, FAIM2008, is hosted at First Hotel Billingehus in Skövde, beautifully 
located on top of table hill Billingen, offering a stunning view over the surrounding 
countryside (on a clear day as far as Lake Vänern) and with bountiful nature just around 
the corner. A former Viking refuge can be found at just a short walk from the hotel. The 
1st International FAIM conference in 1991 resulted from collaboration between the 
University in Limerick (UL) and the Virginia Polytechnic Institute. Prof. Munir Ahmad 
(then UL), and Prof. Bill Sullivan (then Virginia Tech.) have been central to the 
development of the Conference since its inception. Since 1991 FAIM has been hosted in 
many prestigious Universities on both sides of the Atlantic:  
 

1991 University of Limerick, Limerick, Ireland  
1992 Virginia Tech (in Washington DC), USA  
1993 University of Limerick, Limerick, Ireland  
1994 Virginia Tech, Blacksburg, Virginia, USA  
1995 University of Stuttgart, Germany  
1996 Georgia Institute of Technology, Atlanta, USA  
1997 University of Teesside, Middlesbrough, UK  
1998 Portland State University, Portland, Oregon, USA  
1999 Tilburg University, Tilburg, Netherlands  
2000 University of Maryland, Maryland, USA  
2001 Dublin City University, Dublin, Ireland  
2002 Dresden University of Technology, Dresden, Germany  
2003 University of South Florida, Tampa, USA  
2004 Ryerson University, Toronto, Canada  
2005 University of Duesto, Bilbao, Spain  
2006 University of Limerick, Limerick, Ireland  
2007 Penn State Great Valley, Philadelphia, USA 

 
This year, the FAIM conference is organized by the University of Skövde, Sweden. 
Papers were accepted from authors from 33 countries. All accepted 172 papers for this 
year’s conference proceedings were rigorously peer reviewed and carefully selected from 
over 200 papers submitted, which resulted from more than 300 abstracts from 35 
countries submitted to the Conference. The topics covered in the papers include:  

• Bio-Engineering 
• Business Process Re-Engineering (BPR) 
• CAD/ CAM 
• Change Management 
• Computer Integrated Manufacturing (CIM) 
• Concurrent Engineering 
• E-manufacturing 
• Engineering for Sustainability 
• Environmental Engineering 



• Flexible Manufacturing 
• Global Manufacturing 
• Health and Safety 
• Human Factors and Human Resources in Manufacturing 
• Industrial Automation and Process Control 
• Industrial Engineering and Operations Management 
• IT and Internet Applications 
• Lean & Agile Manufacturing 
• Manufacturing Education and Training 
• Manufacturing Processes and Technology 
• Manufacturing Systems 
• Materials Technology 
• Modelling & Simulation 
• Product Design/ Design for Manufacture/ Assembly (DFM/DFA) 
• Product Development 
• Quality Control 
• Quality Management and Total Quality Management (TQM) 
• Rapid Prototyping 
• Service & Maintenance Strategies 
• Supply Chain Strategies and Management 

 
The 18th International Conference on Flexible Automation and Intelligent Manufacturing 
(FAIM2008) focuses on current research, best practices and future trends within the areas 
of global competitiveness, and rapidly advancing technologies in flexible automation, 
information management, and intelligent manufacturing. This year’s special theme 
focuses on decision making in manufacturing, services and logistics. The conference 
provides a forum for both researchers and practitioners in the above fields to share the 
latest research, developments and practices in the areas of the conference scope. This 
tradition will be continued next year in Middlesbrough, UK where The University of 
Teesside will host the next FAIM conference. 
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ABSTRACT 

This paper describes a general virtual manufacturing concept for industrial control systems. Our virtual 
manufacturing concept provides a distinct advantage; programming, verification and optimisation of complex 
real-time dependent control functions described by real control code, which can be directly transferred to the real 
manufacturing system. To achieve this distinct advantage, a time synchronised virtual manufacturing system is a 
necessity.  The aim of this paper is thus to present and to describe in detail, our proposed virtual manufacturing 
concept. To the authors’ knowledge no such general virtual manufacturing concept, i.e. one that can correctly 
handle complex real-time dependent control functions, currently exists. To summarise previous work related to 
virtual manufacturing and industrial control systems, several critical issues have been identified. The virtual 
manufacturing concept proposed in this paper addresses these issues. To verify that our concept can manage these 
critical issues found and further is suitable in industrial applications a virtual manufacturing test case is also 
presented. The test case, that includes motion control (i.e. servo), complex control functions, real control systems 
etc., was carried out with success. 

 
1. INTRODUCTION  
 

A real manufacturing (RM) system can be described as a combination of material processing, material handling 
and control functions, see figure 1. The control functions outlined in figure 1 form a description of a series of 
industrial control systems that are functionality related to material processing and handling. Industrial control system 
(ICS) is a common denomination for various types of programmable controllers, e.g. robot controllers, PLCs, PID 
controllers and servo controllers. Highly automated manufacturing systems usually result in complex control 
functions. To clarify, we define complex control functions as functions that simultaneously manage a majority of the 
following tasks:  

• discrete event control (with more than 150 inputs/outputs), 
• supervisory control, 
• continuous control, 
• motion control, 
• path planning, 

and which result in more than 50 000 lines of control code.  
 

 
 

Figure 1, high level description of a real manufacturing (RM) system. 
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The control code is an implementation of the control functions in a specific ICS. The control code is expressed in 

a language that might either be vendor specific, or based on the international standard IEC 61131-3 [1].  
 

Onosata and Iwata [2] have developed a concept of virtual manufacturing (VM) system that makes it possible to 
estimate manufacturing processes without using real facilities. A VM system comprises a number of integrated 
models that represent all parts of a RM system and which simulates its physical and logical behaviour [3].  

 
The focus of the research work presented in this paper is control function representation and its application in 

VM, with specific attention paid to the programming, verification and optimisation of complex control functions 
executed by ICSs. In the proposed VM concept, see figure 2, which is described in detail in this paper, all control 
functions are implemented with the same ICS control code as in the RM system. The main benefit of this approach 
is that it is possible to program, verify and optimise all control functions in VM and directly transfer the results to 
ICSs in RM. 
 

In this paper a VM concept, together with an architecture that enables the integration of realistic ICS 
representation in the concept, are described and discussed in detail. The VM concept and the architecture are also 
discussed in relation to other results found in the literature. 
 

 

Control Functions
- supervisory control
- discrete event control
- continuous control
- motion control
- path planning
- etc

Models of:
Material Processing

Models of:
Material Handling

Virtual Manufacturing

 
 

Figure 2, high level description of virtual manufacturing (VM). 
 
2. PREVIOUS WORK  
 

Computer aided production engineering (CAPE) is a classification for production-related simulation tools. The 
most common CAPE tools used for ICS control function tasks are discrete event simulation (DES) and computer 
aided robotics (CAR) [4-6]. A common feature of all of these tools is their ability to simulate several types of 
production scenarios on different levels where a variety of manufacturing resources and control function 
representation etc. are integrated into the simulation. However, the representation of the control functions in CAPE 
tools is usually conducted on a general level and described using a simplified model of the main functional 
behaviour of the real ICS. An example of a simplified control function representation in a CAPE tool might be 
Sequence of Operation list. Thus, with simplified models, it is not possible to directly transfer programmed, verified 
or optimised control code from a CAPE tool to the RM system. A solution to this drawback is to move all control 
functions from the CAPE tool to a realistic ICS representation.  Freund et al. [7] have identified and described the 
integration problem between real or realistic ICS representation and the remaining part of the VM.  The main 
problems identified include a lack of time synchronisation and a real time data transfer mechanism. The time 
synchronisation problem is due to the fact that the CAPE part of the VM system runs in another time space (virtual 
time) compared to the introduced ICS representation, which runs in real time. Qingwei [6] identifies the problem 
with real time dependent control system functions, e.g., timers. A common solution to the time synchronisation 
problem found in the literature is to assume that the simulation model always run faster than, or equal to the ICS 
representation [8-10]. Thereby, it is thus possible to slow down the simulation model so as to make it run in, or close 
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to, real time. However, due to these optimistic assumptions, a time synchronisation problem can certainly arise 
whenever the VM is complex. Freund et al. [7] propose an algorithm to solve the time synchronisation problem 
when the VM system runs at a speed slower than the ICS representation. The aim of their algorithm is to speed up 
the visualisation part of the VM as a means of accomplishing time synchronisation. This, however, is still premised 
on the same optimistic assumption as described above.  It has, however, been shown that, for a non real time 
designed architecture, e.g. Windows or Linux, a remaining non-deterministic time variation will always exist [11]. 
This time variation, even if small, implies soft real time. A non-CAPE based approach to the problem of soft real 
time is e.g. described by Bettendorf [12].  The approach is to move the entire VM into a real time system, e.g., by 
connecting two ICSs together. The first ICS acts as a mathematical model of the manufacturing resources, whilst the 
second is the one to be programmed, verified and/or optimised. Even if this approach represents an improvement, it 
still however lacks a synchronisation mechanism and, as a result, time variation may still remain [11] and there is no 
possibility to execute extensive mathematical descriptions in real time. 

 
To avoid time synchronisation problems when moving control functions from the CAPE tool, Flordal [13] has 

described a concept where only non-time-dependent control functions are moved. Flordal connected a non-time-
dependent ICS representation to a CAR tool with successful results. However, the disadvantage with this concept is 
that it is not possible to handle all of the control functions in figure 1. 

 
When moving control functions from the CAPE tool, the integration of the realistic ICS representation is vital. 

The latest state-of-the-art CAPE technology offers OPC connections to real ICS. The OPC interface offers a 
standard for information exchange between ICSs and their surrounding environment, in this case the CAPE tool. 
This allows the ICS representation to connect to the simulated machine or process in a way that is similar to reality. 
Examples of CAPE software with an OPC interface include; Delmia Automation [14], Visual Components [15] and 
Process Simulate [16].  However, the use of an OPC interface still does not address the time synchronisation 
problem. 

 
One related method found in the literature is the Hardware-in-the-loop (HIL) simulation. HIL simulation is a 

real-time simulation method where real hardware is embedded in the simulation [17] HIL simulation has been used 
since the 1970s in aerospace and military applications. In [18-20] a modular HIL architecture called ‘soft-
commissioning’ is described. Soft-commissioning makes it possible to connect an ICS to a DES. In order to time-
synchronise the simulator with the ICS, the simulator is stopped and an interrupt routine search for inputs that have 
changed is carried out. The simulator is then forced to sleep for the rest of the cycle.  Although soft-commissioning 
is intended to work with reaction times of around 100 ms, due to this relatively long reaction time, certain control 
functions cannot however be handled.  Other drawbacks with this approach are that the I/O device driver must 
support many different I/O solutions in order to be general and that the method does not guarantee that the 
simulation will manage hard real time. 

 
In extensive and complex VM scenarios the overall execution time might be considerably lengthy, and thus 

impractical. One way to reduce the overall execution time is to distribute different parts of the VM on separate 
CPUs, possibly on a parallel basis, in order to form a cluster. A server-client based concept called distributed 
manufacturing simulation environment (DMSE) is presented in [6]. It offers a distributed environment for the 
simulation of ICS. A CAPE tool is used as a visualization client and a soft PLC represents the ICS. The server is 
responsible for time synchronizing and for directing the simulation. However, the time synchronisation only works 
for the CAPE part of the VM. Hence, this concept is only suitable for non-time-dependent control functions. 
 

To summarise previous work related to VM, the following issues have been identified:  
1. The lack of a time synchronisation mechanism that comprises the entire VM including ICS. 
2. The problem of how to include all RM control functions in a VM system. 
3. The problem of how to directly transfer programmed, verified and/or optimised control functions from the 

VM to the RM system. 
4. The problem of a realistic ICS representation with a time synchronisation mechanism. 
5. The issue of how to handle complex, computational demanding VM systems with extensive simulation 

models. 
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3. SYSTEM DESCRIPTION OF THE VM CONCEPT 
 

Due to the lack of suitable VM methods that address all of the issues described in the previous section, the aim 
here is to present a completely new general VM concept, see figure 3. The entire VM concept is based on an 
architecture, the synchronised distributed simulation protocol (SDSP), that includes a simulation engine [21,22]. The 
architecture is designed to address the previously described issues, such as the time synchronisation problem, the 
distributed simulation etc. Whilst it is possible to connect various types of tools to the architecture, at least one 
CAPE tool and one ICS should be connected to form a VM system. The aim is thus to present a general VM concept 
for the programming, verification and optimisation of real-time dependent complex control functions. 

 
This is somewhat similar to the results of the realistic robot simulation (RRS) project [23] where a simulated 

robot control system is used together with CAPE tools. In contrast to the RRS, the entire ICS – and indeed far more 
complex situations – can be handled in the concept proposed here. Hence, including the entire ICS implies that the 
same control code used in the VM can also be used in the RM. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3, a detailed description of the proposed VM concept and its architecture. 
 
In the following sections (3.1-3.5) the main parts of the proposed concept in figure 3 are presented. 
 
3.1. SDSP ARCHITECTURE 
 

The SDSP architecture is mainly responsible for (see figure 3): 
• a common synchronised time,  
• communication within the entire VM, 
• common signals e.g., I/Os, 
• the handling of a distributed simulation, i.e., executing on several CPUs or computers with respect to their 

own specific operating systems. 
 
A common synchronised time, virtual real time [24], guarantees a deterministic behaviour of the simulation. 

Virtual real time is the VM representation of hard real time in a RM system. The virtual real time is accomplished 
by the time synchronisation mechanism in the architecture.   
 

Whilst the architecture and connected ICSs and tools mainly communicate via TCP/IP, other methods of 
communication are also possible, for instance OPC, DDE and RS232. In this way it is possible to model complex 
VM systems where ICSs and CAPE tools from different vendors are used together.  
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3.2. ICS REPRESENTATION  
 

The representation of the control functions in CAPE tools are usually both rather general and abstract and are 
described using simplified models of the main function behaviour of the real ICS. To be able to fully utilise the 
proposed VM concept described in this paper, all control functions should be moved from the CAPE tool to an ICS 
representation. The ICSs can be represented either by real, soft, emulated or simulated ICSs, see figure 3. Thus it is 
possible to use commercially available programming and debugging tools. It might also be possible to connect 
industrial HMI to the ICS representation.  To be able to achieve time synchronisation with hard real time, different 
strategies have been implemented for these different ICS representations. The time synchronisation (required by the 
concept) can thus be achieved if it is possible to incorporate the SDSP architecture in the ICS internal scheduler. 
This has been successfully implemented and tested for several ICS simulators and emulators [24, 25].  

 
However, since most of the commercially available ICS systems are vendor specific, and not open for new 

internal functions in the scheduler such as SDSP, the adoption of this method to existing ICSs becomes a problem. 
To overcome this, a general method for time synchronisation of IEC 61131-3 based ICS has been described in [26]. 
This approach adapts the control functions before download to the ICS representation, as a means of handling time 
synchronisation.  It is thereby possible to incorporate any IEC 61131-3 ICS representation in our VM concept, 
whilst still guaranteeing deterministic behaviour. A number of real, soft and emulated ICSs have successfully been 
connected to the architecture via OPC using this approach [26].  
 
3.3. SIGNAL REPRESENTATION 
 

All signals, signal paths and hardware logics in the RM system shall have an equivalent representation in the 
VM. In a highly automated RM system the signal situations tend to be extensive and the VM representation will 
indeed reflect the complexity. The SDSP architecture handles and distributes all common signals in VM, see figure 
3. To handle complex signal situations it is also possible to add more advanced signal models. These models can be 
implemented in two ways, 1) by assigning IEC 61131-3 logic to a specific signal in the architecture, and 2) by 
routing the signal through a time synchronised external tool. For example, Matlab has been tested with success. 
 
3.4. PHYSICAL RESOURCE REPRESENTATION 
 

Models of physical resources in the VM are usually modelled in a CAPE tool which, in our concept, is also 
connected to the SDSP architecture, see figure 3. Examples of models might be robots, process related devices, 
conveyors, CNC machines, HMI etc. An advantage with a CAPE tool is that it usually offers a predefined library of 
models or the possibility to create user-defined libraries. Further, it also offers an interactive user interface for 
straightforward modelling, simulation and data integration with e.g. CAD/PLM.  

 
One of the main objectives with our VM concept is ICS handling with time synchronisation. Since CAR tools 

utilise a discretised time with equal time steps, these properties make CAR tools preferable to a CAPE tool in our 
VM concept. Other characteristic CAR properties are 3D geometrical descriptions of RM, kinematics and collision 
detection. However, even if modern CAR tools offer numerous modelling facilities, they might lack specific process 
related properties. Thus for this reason the SDSP architecture is designed to handle a greater range of general 
modelling tools attached to the VM concept, e.g, Matlab, LabVIEW, Excel or user defined models described in any 
suitable programming language. 

 
3.5. OPTIMISATION AND OTHER TOOLS 
 

Many CAPE tools offer different types of optimisation. However, since these tools lack the representation of the 
real ICS control code, the results from such an optimisation are restricted to data/guidelines and can not be used 
directly in RM without manual post-processing and implementation. 

However, in our VM concept it is possible to include an optimisation tool that will have full access to the real 
ICS and its control code. The optimisation feature of the proposed VM concept is generic and can be applied to 
many different types of automated manufacturing systems. To verify the concept, one optimisation approach based 
on ICS parameter optimisation, has been implemented and tested [27].  
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Indeed, it is possible to include other tools such as data acquisitions, signal monitoring etc. in the proposed 
concept due to the general and open architecture. 
 
4. TEST CASE 
 

The VM concept, based on the SDSP architecture, has been validated through several test cases. The most 
comprehensive test case carried out is a VM scenario of a sheet-metal press line [24]. The press line is located at 
Volvo Cars Corporation and includes five press stations, each consisting of complex control functions, material 
processing and handling. The control functions in the RM press line more than adequately fulfils our definition of 
complex control functions as stated in the introduction. The control functions include 25 servo axes, 10 paths, more 
than 2000 I/O signals, approximately 90 parameters to tune the production rate, and an ICS control code exceeding 
100 000 lines of IEC 61131-3 code. All of these control functions are implemented in 5 ICSs.  

 
A VM system of the sheet-metal press line was build using our VM concept. Geometrical and kinematic 

properties of physical resources i.e., presses and programmable material handling devices, were modelled in a CAR 
tool, see figure 4. Additional properties i.e., signal representations, where modelled in 25 user-defined models. 
Emulated ICS where used in the VM with the same control code as in RM, implying that all control functions where 
executed in the same way as in RM. To achieve a relatively rapid execution time, due to the complex test case, the 
VM was configured as a distributed and parallel-executed system. 

 
The test case was carried out with a satisfactory result: 
• CAPE model motions were compared with the real motions. The position error for a single material 

handling device was less than 1 mm for a working area of 5 meter. The error is due to the simplified CAPE 
kinematic model. However, this position accuracy is more than sufficient for this type of application. 

• The VM and RM control functions responded in exactly the same way. 
• Production rate matches between VM and RM were achieved.  
 

The test case has shown that, using the VM concept proposed, it is possible: 
1. to maintain time synchronisation in the entire VM and guaranteeing a deterministic behaviour, 
2. to include all RM control functions by utilising realistic ICS representations, 
3. to directly transfer control code programmed, verified and/or optimised from RM to the VM system, 
4. to use emulated ICS representation with time synchronisation mechanism, 
5. to handle complex VM as distributed and parallel executed. 

 
For these reasons, the proposed VM concept can be regarded as suitable for handling complex control functions 

in highly automated production lines for industrial applications. 
 
 

 
Figure 4, visualisation of the sheet metal press line in VM. 

5. CONCLUSION 
 

This paper has described a general virtual manufacturing concept for industrial control systems. Our virtual 
manufacturing concept provides a distinct advantage; programming, verification and optimisation of complex real-
time dependent control functions described by real control code, which can be directly transferred to the real 
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manufacturing system. Several VM based methods for programming, verification or optimisation have been 
identified in the Previous Work section. A number of issues relating to these methods have been identified, 
summarized and listed. The VM concept proposed in this paper addresses all of these issues. The test case has also 
shown that it is possible to use the proposed concept in a real industrial application for complex control functions. 

 
• The SDSP architecture that is used in the proposed concept provides a time synchronisation mechanism 

for the entire VM. To guarantee deterministic behaviour when handling real-time dependent control 
functions the time synchronisation is necessary.  

 
• By using realistic ICS representations it is possible to include all, even complex RM control functions 

in VM systems. This feature also implies a direct transfer of control code between RM and VM system.  
 

• For an ICS that implements the main features of IEC 61131-3 (see requirement list in [26]) it has been 
shown that the proposed concept can be used for any real ICS. Further, it has also been demonstrated 
that the proposed concept will work for an ICS if it is possible to incorporate the SDSP architecture in 
the ICS internal scheduler. Different ICS representations – emulators, simulators, soft and real ICSs – 
have been tested with successful outcomes. 

 
• In the proposed VM concept complex and computational demanding VM systems are handled 

distributed and parallel executed, i.e., executing on several CPUs or computers with respect to their own 
specific operating systems. Thus, decreasing the execution time of the VM system. 

 
However, the issue of industrial implementation still remains, since many ICS do not fulfil the requirements of 

IEC 61131-3, nor do they contain any external accessible time synchronisation mechanism. A recommendation 
might be a new industrial standard for the incorporation of real ICS in VM in a time-synchronised manner. 

 
Beyond using this VM concept as described in this paper, it can also be used for additional purposes, such as, for 

example, the training of line operators and service/maintenance engineers, planning, and the construction of ‘what if 
scenarios’, etc. 
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ABSTRACT 

Survival of modern day manufacturing firms depends on providing high quality, customised, and cost-effective 
products to customers. Thus consistent manufacturing of quality components has become pertinent. This has 
made process control in manufacturing systems essential. The existence of various standards and irreversible 
data conversion systems in the state-of-the-art CAx systems has led to heterogeneous information and loss of 
accuracy and context in production and measurement. This is major reason for the absence of process 
controlled manufacturing systems. In this paper the authors envisage the STEP-NC (ISO 14649) standard as 
an enabler for achieving standardised process control. This is due to its information models providing 
seamless integration among product models and manufacturing process models. This research investigates the 
STEP-NC suite of standards and subsequently presents the information data models of a standardised process 
control system (SProCS). The architecture of SProCS is presented and a prototype is realised for CNC 
manufacturing of prismatic components. The developed SProCS prototype uses statistical techniques and 
intelligent algorithms to analyse measurement results. This provides feedback in the form of corrective values 
and actions for process deviations to preceding levels in the manufacturing CAx chain. The authors have 
introduced a compensation scheme based on the process mean and variance shift derived from the statistical 
tests applied to the measurement results. The paper concludes by evaluating the performance of the prototype 
using a case study.  

1. INTRODUCTION 

The complex nature of the CAx1 chain influences the acceptance or rejection of a machined part. The authors 
therefore envisage process control as a major requirement in CNC machining. In this paper process control is 
defined as the ability to monitor machining parameters and application of corrective measures to provide 
confidence in machine tools to consistently produce parts within desired tolerance limits and reduce process 
variation. In this regard, there is a requirement for closing the manufacturing CAx chain and resulting in closed 
loop manufacturing (CLM) systems by feeding back technological information to the planning department. 

Storr and Heusinger [1] have identified the unidirectional data exchange, non-existence of consistency of data 
and low level information flows as major factors associated with current CNC manufacturing systems that fail to 
achieve process control. The low level G&M codes in the current manufacturing CAx chain has become a 
bottleneck in achieving process control. This limits the ability of CNC manufacturing systems in terms of 
modifications of know-how data that cannot be saved and fed back to the planning phase in the current format. A 
major reason for this is that the technological information of manufacturing systems is diverse, distributed and in 
different formats, which makes it difficult to be coordinated for NC planning and manufacturing.  

The authors recognise the potential in standardisation of process control information in the manufacturing 
CAx chain as a way forward towards realising process control in CNC manufacturing [2]. Recent research efforts 
[3, 4] have revolutionized the conventional methods of CNC programming by introducing new standards such as 
STEP-NC which aims to radically improve the information interface with the CNC machine tool. These new 
standards aim to provide high level information for manufacturing discrete components on CNC machine tools 
that store component geometry features in conjunction with the methods required to manufacture the component.  
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The authors have developed a prototype standardized process control system entitled the Standardised Process 
Control System (SProCS) for CNC manufacturing of prismatic components. The developed process control 
system uses STEP-NC suite of standards to model the high level information related to product design and its 
tolerances, machining process planning in terms of operations and its sequences and inspection planning, results 
and feedback. The information flow from design to process to planning to manufacture to measurement is 
streamlined and homogeneous in SProCS, which enables the feedback of corrective measures after analysis of 
measurement results in the CAx chain.  

The first part of this paper presents the current state-of-the-art in process control of CNC manufacturing. The 
STEP-NC suite of standards are utilised as an enabler of process control in CNC manufacturing in section 3. An 
EXPRESS-G representation is used to present information models of SProCS. The Design of SProCS is discussed 
and the realisation of the prototype for prismatic components is also depicted in further sections. A prismatic test 
component has been used to evaluate the performance of the system. The paper concludes with the discussion of 
the role of standardisation towards achieving process control and a list of future work required for the extension 
of the presented system.  

2. STATE-OF-THE-ART IN PROCESS CONTROL SYSTEMS 

Process control in CNC manufacturing has been a key research area for the last four decades but the majority 
of the work reported until now has been related to low level G&M codes for data transfer with CNC controllers. 
These systems have not proved highly efficient in integrating the inspection process and the machining process 
[5]. Over the last five years, researchers have started to investigate the STEP-NC based information models to 
develop closed loop machining systems.  

2.1. STEP-NC BASED CLOSED LOOP MACHINING SYSTEMS  

The first prototype of a CLM was demonstrated in 2004 at Aachen University by the Laboratory for Machine 
Tools and Production Engineering (WZL) [6]. This demonstration presented the seamless inspection integration 
using the STEP-NC information flow. The drawback of this prototype against other CLM systems is the use of 
the CMM, which is fed back off line to the measuring system in the CAx chain, thus limiting the real time 
manufacturing capabilities of the CNCs for process control.  

Fred Proctor at NIST, USA in association with Boeing, General Electrics, Unigraphics etc. has been 
researching STEP-NC enabled closed loop manufacturing, and their initial work has been demonstrated in May 
2005 [7]. The demonstration revealed the use of probing results gathered on CNC in modifying AP 238 data [8]. 
The proposed system utilizes three conformance classes namely CC1, CC2 and CC3 of AP238. The advantages of 
this CLM system has been claimed to include a few operational errors, faster set-up times and the ability to 
perform flexible manufacturing. 

A STEP-NC compliant inspection framework [9] has been developed by using ISO 14649-16 for closing the 
inspection loop which has been realised using two information models based on STEP-NC. Another important 
aspect investigated by Kumar et al. [2] is related to feedback in the STEP-NC compliant inspection framework 
which leads towards achieving process control.   

The framework of a STEP-NC enabled real time CLM system has been proposed by Zhao et al. [10]. This 
framework based on ISO 14649 standards provides an information model for on machine measurement. In this 
work, different levels of inspection are also identified such as inspection prior to machining, during the machining 
or during different setups that enable the inspection results to be fed back at the appropriate planning phase.  

The review of STEP-NC based closed loop machining emphasizes the potential of STEP-NC standards in the 
development of process controlled CNC manufacturing systems. However, a standardized process control system 
that can feedback the corrective measures to the preceding levels of the CAx chain has not been realised. 

2.2. THE RENISHAW PROCESS CONTROL SYSTEM 

Renishaw, a UK-based manufacturer of precision metrology equipment has recently released the Renishaw 
Productivity System to provide in-process control in CNC manufacturing [11]. This process control system 
implements the process probing checks to monitor the human error in preceding processes, providing health 
monitoring of the critical elements of system. The system uses offsets to compensate for the inherent process 
variations and verifies the process performance. However, this system is bespoke and includes propriety formats 
for information exchange across the manufacturing CAx chain.      
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3. STEP-NC AS AN ENABLER FOR PROCESS CONTROL IN CNC MANUFACTURING  

The homogeneity of information across the CAx manufacturing chain is vital for achieving process control. 
The information flow in the current state-of-the-art process control manufacturing system is uni-directional as 
shown in figure 1. It is shown that various items of information such as machining data and inspection 
instructions are added to the original design file at various stages in the information flow of the current process 
control loop in the manufacturing system. Modifications in the NC program at the shop floor can not be reflected 
back in the preceding levels in the CAx chain. This manufacturing CAx chain makes use of various proprietary 
standards and irreversible data conversion systems. Thus if adjustments for variations in the processes are carried 
out in the later stages of manufacturing, it results in the loss of precision and accuracy in production and 
measurement information for a component. 

 

 

Figure 1: Information flow in the current state-of-the-art in process control manufacturing systems 

The uni-directional information flow makes it nearly impossible to feed the corrective measures back to the 
planning and design stages of the CAx chain after the analysis of inspection results. One of the possible solutions 
to overcome these problems is to use STEP-NC standards that provide interoperability across the manufacturing 
CAx chain. The authors have identified the stages of the SProCS system in figure 2 that makes use of the 
interoperable STEP-NC standards.  
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Figure 2: Vision of STEP-NC compliant process control system (SProCS) 

STEP-NC supports the bidirectional flow of information and modification of high level information on the 
shop floor, typically found in off-line CAD/CAM models. STEP-NC offers the opportunity to effectively utilize 
high level and standardized information of the shop floor operators in modifying the process parameters in terms 
of technological data for feeding back to the planning phase. The authors recognise STEP-NC as an enabler for 
achieving process control due to its ability to provide seamless integration between product information models 
and manufacturing process information models. With the development of STEP-NC standards for measurement 
using touch trigger probes. There is an enormous potential to realize process control in a STEP-NC compliant 
manufacturing environment [2]. STEP-NC standards provide the flexibility to store the inspection results in the 
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same file containing the geometrical, manufacturing process, tooling and measurement information. 
Compensation methods are created for analysing these inspection results that enable the modifications in feature’s 
geometrical parameters, machining process and tooling parameters to be carried out at the preceding levels of the 
manufacturing CAx chain.  

4. DESIGN OF STANDARDISED PROCESS CONTROL SYSTEM (SPROCS) 

The SProCS framework depicted in figure 3 has been designed to update the machining and inspection file of 
a component with its inspection results and provide standardised feedback of measurement results in terms of 
compensation data and actions. Three major objectives of this framework are generation of the machining and 
inspection plan, updating machining and inspection plan with actual inspection results and generation of a 
machining and inspection file containing the compensated values and actions.  

 

 

Figure 3: SProCS Framework for CNC manufacturing  

The framework supports the machining and inspection planning for a component that comprises of design, 
machining and inspection requirements. The component is defined in terms of its geometry and dimensions with 
its individual features defined in terms of its placement coordinates. The geometrical and dimensional tolerances 
are appended to component and its individual features. The machining plan includes manufacturing features and 
their associated operations. The technological descriptions, process model, various machining functions such as 
coolant, chip removal etc., machining variables such as speed, feed etc. are attached with the machining 
operations. Inspection planning is carried out for inspection items and its associated inspection operations. The 
measurement results are appended in the nominal file in a standardised format. The framework uses the process 
control information for the resources in the form of its accuracy and repeatability. Optimization tools and 
intelligent algorithms are employed to examine the measurement results and provide the compensation values and 
actions that enable feed back in the updated machining and inspection file.  

4. 1. PRODUCT INFORMATION MODEL 

The product information model uses the STEP-NC suite of standards i.e. ISO 14649-10, 11 & 16 to define the 
geometric information of the component, its features, tolerance information, machining specifications, inspection 
items, inspection specifications and inspection results. STEP-NC standards are used for the definition of the 
workpiece to specify the component and its properties. The attributes of the components are provided in terms of 
its identification, material, global tolerance, geometry, bounding geometry and clamping positions. Inspection 
requirements are provided by ISO 14649-10 &16 that consist of the probing operation and inspection items 
associated with the component and its individual features. Inspection items are defined by attaching tolerances to 
the geometrical elements which could be either of the attributes of the manufacturing feature such as length of a 
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rectangular pocket, relations within one feature such as distance between two sides of a pocket, or relations 
between two different items such as parallelism for a hole towards a plane. STEP-NC standards provide the 
representation scheme for storing the results for the inspection items which is linked to the respective individual 
feature’s design processes and manufacturing information.  

4.2.2. MANUFACTURING PROCESS INFORMATION MODEL 

The authors have developed the data models for a manufacturing process information model in the form of 
process control information of the resources such as a CNC machine tool or Coordinate Measuring Machine 
(CMM). The major aim in developing this model is to map the resources in the machine tool for carrying out 
process controlled performance. Accuracy is defined as one property associated with the machine tool which 
provides the accuracy of the machine tool for positional deviation. The axis is represented as linear and rotary 
axes associated further with the maximum and minimum travel ranges. One of the properties of this axis is the 
accuracy and repeatability information for the positional deviation of the machine tool.  

5. REALISATION OF SPROCS FOR PRISMATIC COMPONENTS  

This SProCS prototype (shown in figure 4) has been developed based on the STEP-NC suite of standards and 
realises a closed loop CAx chain in manufacturing by utilising bi-directional information flow. The output of the 
SProCS prototype is the process controlled modified machining and inspection file to be used for the production 
of consistent components.     

 

Figure 4: SProCS Prototype for realising process control for CNC manufacturing 

5.1. PROTOTYPE IMPLEMENTATION: UPDATING THE MACHINING AND INSPECTION FILE WITH RESULTS 

As depicted in figure 4, a prototype for STEP-NC compliant probing simulator has been developed using a 
JAVA platform. This platform generates the STEP-NC compliant machining and inspection file with the 
measurement results. It supports the object oriented environment containing a library of classes based on ISO 
14649 schemas. The SProCS prototype simulates the measurement of the machined components. The input of this 
prototype is the nominal STEP-NC compliant machining and inspection file which is in ISO 10303-21 format and 
consists of statements such as geometric information of components and its features, geometrical and dimensional 
tolerance information, workplan, machining workingsteps, machining parameters, probing workingsteps etc. The 
mean and deviation of the machining error profile for a machine is another input for this prototype. This error 
profile is based on the error in production of components for a machine tool over a period of time. JAVA methods 
based on the classes of ISO 14649 have been created to update this nominal machining and inspection file with 
the inspection results. The nominal coordinates of manufacturing features are identified from ISO 14649 classes 
using methods get_feature_placement, get_location and get_coordinates. Inspection items are identified from the 
input file and then the simulated inspection results for these inspection items are stored and added to this file. The 
simulated inspection results are based on the nominal coordinates of the associated manufacturing feature and the 
mean and deviation of the input error profile. The results are provided for the inspection items using the method 
get_its_measured_result. These inspection results are presented and stored according to the attribute 
its_measured_result of ISO 14649 entities for the inspection_result class. A UML class diagram for representing 
the ISO 14649 entities inspection_result and pose which have been used to update the STEP-NC compliant 
machining and inspection file is depicted in figure 5.Pose is one type of measured result associated with the 
inspection entities which is defined by the inspection result class and used to associate the measured results with 
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the inspection entities in the updated machining and inspection file. A GUI for this system is also provided in 
figure 6, which clearly shows the nominal machining and measurement file, mean and standard deviation of the 
error profile as input parameters. The output of this prototype is the updated STEP-NC compliant machining and 
inspection files, which is dependent on the number of measurements for a component. 

Figure 5: UML class diagram representation for  ISO 
14649 entities Inspection_result and pose 

Figure 6: GUI for STEP-NC Compliant Probing   
Simulator  

 5.2. PROTOTYPE IMPLEMENTATION: GENERATING THE MACHINING AND INSPECTION FILE WITH COMPENSATION 

The STEP-NC compliant compensator has been developed using the JAVA platform to provide the 
compensation values and actions which generate an updated STEP-NC compliant file with compensation. The 
STEP-NC compliant probing simulator stores inspection results along with its feature and nominal geometrical 
information in an arraylist and employ compensation methodologies over it. A flow chart of the operational 
structure of this compensator prototype is presented in figure 7. Java classes and methods are developed to 
provide the compensation values and actions. JAVA classes such as hole_measure presented in figure 8, are 
created which define two entities namely its_roundhole for associating it with manufacturing feature and 
its_measures for providing the measured coordinates. 

Figure 7: Flow chart of STEP-NC compliant compensator  Figure 8: UML class diagram for compensation method 

The methods such as compensate is defined for providing the compensation value. This method computes the 
deviation of the nominal coordinates with the measured coordinates and then subsequently finds the mean of the 
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deviation in these coordinates. The difference of the computed mean of deviation and nominal placement 
coordinates of a manufacturing feature is provided as the compensated values in the nominal machining and 
inspection file for adjusting the position deviation of the machine tool.   

6. EVALUATION OF SPROCS FOR A PRISMATIC TEST COMPONENT 

A prismatic test component consisting of four hole features is designed and used for evaluating the 
performance of SProCS for CNC manufacturing. The machining and inspection process plan is generated for this 
component using ISO 14649- 10, 11 and presented in ISO 10303-21 format. This file is then used by the STEP-
NC compliant probing simulator and updates the inspection results based on ISO 14649-16. These measurements 
are obtained based on the error profile of machine tool. A STEP-NC compliant compensator reads these updated 
STEP-NC files and performs compensation methodologies to provide the corrective measures. In this case study, 
a method named hole_measurement is developed which provides the compensated values for its placement 
coordinated to adjust the positional deviation of the machine tool. The ISO 10303 part-21 file representation of 
the updated STEP-NC compliant machining and inspection file with inspection results and the compensated 
STEP-NC file for this test component is depicted in figures 9 and 10 respectively.  

 

               Figure 9: Updated STEP-NC File with 
inspection results                  

Figure 10: Compensated STEP-NC machining and        
inspection file 

This method evaluates the compensated x and y coordinates for the holes based on the measured x and y 
coordinate values for the component after machining. This methodology is aimed to minimise the deviation of 
measured x and y coordinates of a component from its mean x and y position. The compensated x and y coordinates 
for these four holes are obtained as (15.03, 14.97, 0.0), (14.99, 135.02, 0.0), (135.01, 135.03, 0.0), (134.97, 15.01, 
0.0) and are provided to the nominal machining and inspection file. The outcome of the SProCS prototype is the 
updated STEP-NC file with compensation value which will be directly provided to the STEP-NC compliant 
intelligent controller to carry out the production of components within desired tolerance limits.  

7. CONCLUSIONS AND FUTURE WORK 

The novelty of this paper lies in the realisation of a standardised process control system i.e. SProCS for CNC 
manufacturing of prismatic components. The authors have described how to close the loop in the CAx chain by 
using the SProCS prototype. This has been demonstrated by using a prismatic test component and compensating the 
axial coordinates of the feature for the positional deviation of the CNC machine tool. The seamless information flow 
is achieved, maintaining the integrity and accuracy of production and measurement context for a component 
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throughout the CAx chain. The authors have described the design, information models and implementation scenario 
of SProCS. The JAVA based platform for SProCS is presented briefly along with the various methods and classes 
used to develop the prototype. This has shown that the SProCS system enabled the compensation of drilling 
operations and provides significant potential to be expanded for the other machining processes.  

The prototype is also to be extended by developing different methods to adjust the process deviation in CNC 
manufacturing by compensating for machining process parameters i.e. surface roughness, tool wear, thermal errors 
etc. The evaluation of the SProCS is to be performed in a real-time manufacturing environment for a number of 
prismatic components using different CNC machine tools and measurement equipment.      
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ABSTRACT 

This paper presents a statistical chatter detection method. The methodology is based on the study of discrete 
wavelet transform (DWT) scheme and statistical analysis of wavelet transform modulus maxima (WTMM). 
Wavelet transform modulus maxima is used to describe any point where wavelet transform of a signal is locally 
maximal at corresponding time location. Meanwhile, due to the noisy machining environment, a wavelet-based 
de-noising method including a customized thresholding function and a level-dependent universal threshold rule is 
proposed. A non-dimensional chatter index varying between 0 and 1 is designed based on the statistical analysis 
of the WTMM. The main advantages of the proposed chatter index include that: a) its variation range is 
independent of process parameters and machining systems, and b) its threshold value is much less susceptible to 
cutting condition changes since its value is in relative term. As a result, the chatter index can be used for 
different machining processes without the time-consuming recalibration process. 

1. INTRODUCTION 

Over the past few decades, chatter mechanism has been investigated based on Fourier transform (FT) analysis of 
process signals such as sound pressure [1], force [2] and acceleration [3], among others. These studies have 
provided valuable insights for future studies. Various chatter indices stemming directly or indirectly from FT 
spectral analysis have also been proposed for chatter detection. However, since the FT approach conceals all the 
time domain information, it is ineffective for on-line detection of chatter onset. Though short time Fourier transform 
(STFT) could, to certain extent, compensate for this drawback, it is impossible to obtain high resolution in both time 
and frequency domains [4]. Searching for an acceptable tradeoff between the two for each and every cutting process 
would be a tedious exercise.  

The wavelet transform modulus maxima (WTMM) approach has shown to be very effective for detecting 
singularities and transient phenomena. Its ability to detect singularity and pinpoint the temporal location of 
transients would make WTMM an excellent tool for chatter detection. However, such an application has not yet 
been reported in the accessible literature. This paper presents a WTMM-based statistical index for chatter detection. 
This chatter index has several advantages. First, its variation range is independent of process parameters and 
machining systems. Secondly, its threshold value is much less susceptible to cutting condition changes since its 
value is in relative term. Moreover, the wavelet transform based computation is more efficient than FT analysis and 
hence more suitable for on-line implementation. In addition to the development of the chatter index, a hybrid 
wavelet thresholding method is also developed as a pre-processor to provide cleaner input for reliable chatter 
detection. 
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2. PROPOSED METHODOLOGY  

2.1 THE FRAMEWORK FOR CHATTER DETECTION 

The proposed methodology is based on discrete wavelet transform (DWT) and statistical analysis of WTMM, 
i.e., the peak values of wavelet coefficients. The key idea is that the WTMM contain the important information 
about transient periods and maximum changes such as jumps or singularities in the signal [5]. Therefore the 
statistical distribution of these peaks reveals different trends or patterns which can be used to distinguish faulty and 
normal cutting conditions. Moreover, the statistical analysis leads to the formulation of a non-dimensional detection 
index which overcomes the difficulty present in empirically obtained threshold values. In this study, DWT and 
wavelet-based de-noising are carried out in stage 1 to decompose the vibration signal into individual frequency 
bands and to reduce the noise contained in the raw signal. The cleaned wavelet coefficients are then used for feature 
extraction at stage 2. The chatter features are extracted in terms of WTMM. The suspicious band is targeted 
according to a relative power discriminating criterion. Consequently the modulus maxima within the targeted band 
are used to formulate chatter index via statistical distribution analysis. At stage 3, the final decision on the onset of 
chatter is made through the comparison of the on-line calculated detection index with a reference value.  

2.2 WAVELET TRANSFORM AND WAVELET TRANSFORM MODULUS MAXIMA 

Discrete wavelet transform (DWT) is defined as [6]: 

( ) ( )/ 2
0 0 0, ( )j jW f j k u f t u t ks dtψ

∞− −

−∞
= −   ∫  (1) 

From the perspective of multi-resolution analysis (MRA) theory to view wavelet transform, a function or signal 
can be considered to be composed of a smooth background and fluctuations or details on top of it. The distinction 
between the smooth part and the details is determined by the resolution, i.e., by the scale below which the details of 
a signal cannot be discerned. At a given resolution, a signal is approximated by ignoring all fluctuations below that 
scale. When the resolution increases progressively, at each stage finer details are added to the coarser description, 
providing consecutively a better approximation to the signal. Eventually as the resolution goes to infinity, the exact 
signal is recovered. Any signal f(t) in any level of scale can be reconstructed by [7]: 

( ) ( ) ( )
0

0 0

0

, , , ,

j

j k j k j k j k
j k j k

f t c t d tφ ψ
∞ ∞ ∞

=−∞ =−∞ =−∞ =−∞

= +∑ ∑ ∑ ∑  (2) 

where cj0,k stands for the approximation coefficients at scale j0 and dj,k represents the detail coefficients at scale j0 
and below. The first part of the above equation is scaling-function-dependent approximation of f(t) at scale j0. The 
second part of equation contains wavelet-function-dependent details of f(t) at scales j0 and below. The function 
φj,k(t) is called scaling function (or dilation function) in multi-resolution analysis with φj,k(t)=u0

-j/2φ(u0
-jt-ks0). For any 

given scaling function, the approximation and detail coefficients can be obtained as: 

( ), , ( )j k j kc f t t dtφ
∞

−∞

= ∫     and      ( ) ( ), ,j k j kd f t t dtψ
∞

−∞
= ∫  (3) 

In this study, discrete wavelet transform is adopted because it allows fast signal decomposition, and guarantees 
both energy conservation and exact signal reconstruction. In particular, the commonly used Daubechies wavelet D4 
[6] is chosen for data transform.  

As defined in [4], the term “modulus maxima” is used to describe any point (u0, s0) such that wavelet transform 
|W[f(u, s)]| has the locally maximal value at s = s0.  
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3. WAVELET-BASED ADAPTIVE DE-NOISING  

The vibration signal from the milling machine is usually noisy even during stable cutting. Therefore an essential 
step is to reduce noise of the acquired signal. In this study we developed an adaptive hybrid threhsolding approach. 
The threshold is scale-dependent and is defined as follows: 

( ) ( )sgn 1 ,
0 ,thr

w w thr w thr
w

w thr
ζ − − × ≥=  <

 (4) 

where w denotes noisy wavelet coefficients, thr is the threshold, ζ is a parameter in the range of [0, 1] and is on-line 
updated. This thresholding rule represents a compromise of the hard and soft approaches since it can be viewed as 
the linear combination of hard- and soft-thresholding functions in the form of ζ⋅wthr_h+(1-ζ)⋅wthr_s. On the other 
hand, it is adaptive since the weights of the hard and the soft, i.e., ζ and (1-ζ), are on-line adjusted to reflect the 
dynamics of the cutting conditions. In the above adaptive hybrid thresholding rule, the universal threshold [8] is 
adopted. Parameter ζ is determined based on the mean square error (MSE) criterion.  

4. CHATTER FEATURE EXTRACTION AND INDEX FORMULATION 

After denoising, feature extraction by signal processing methods is the most important step to assess the process 
state. The extracted features from measured signals should show the highest possible correlation to the process 
states. 

The magnitude of the denoised wavelet coefficients within each frequency band reflects the amplitude of 
vibration signal over a time interval. Also as stated earlier, WTMM carry the vital information concerning the 
characteristics of signals. Large magnitude components, i.e., modulus maxima, will be present at the time when 
maximum changes in the signal have occurred. At the chatter onset, the energy of the signal converges to one or a 
few frequency bands which account for large portion of total energy. In the meantime, most of the energy 
accumulated in the band(s) is confined to local maximal wavelet coefficients whose magnitudes become larger as 
well, while other coefficients are either reduced or diminished to zero. Note that wavelet transform does conserve 
the total energy that a signal holds [9]. Therefore it is logical to investigate the WTMM and consider it as a key 
feature of machining conditions. To relieve the burden in calibrating the chatter index threshold, the chatter index 
should be normalized in nature, i.e., it should be non-dimensional and varies between 0 and 1. In addition, the 
derived index should be sensitive to chatters but less susceptible to other disturbances. In this study, the chatter 
index is developed based on the statistical distribution analysis of WTMM. This is due to the following 
considerations. The measured vibration signals are non-deterministic and unpredictable. Their randomness is best 
characterized with statistical terms. Besides, statistical analysis can produce a non-dimensional index between 0 and 
1 in terms of the cumulative distribution function. Moreover, the WTMM method is able to detect the transient 
period and hence the onset of chatters.  

4.2 STATISTICAL DISTRIBUTION ANALYSIS OF WTMM  

      The probability distribution of wavelet coefficients has been approximated using a generalized Gaussian 
distribution. In particular, as studied in [10] wavelet coefficients were modeled as mutually independent Gaussian 
zero-mean random variables. Consequently a chatter index was obtained based on a wavelet-based maximum 
likelihood (ML) estimation algorithm. It should be pointed out that the Gaussian processes with non-zero mean can 
be easily converted into zero-mean Gaussian processes. Therefore, the wavelet coefficients in this research are also 
modeled as random variables following Gaussian distribution. wthr(t) is used to denote the Gaussian random process, 
random variable wthr represents the wavelet coefficients obtained after thresholding and ap denotes the WTMM with 
positive magnitude. In the next two sub-sections, we will first demonstrate that the WTMM with positive amplitude, 
i.e., the positive peak values of wavelet coefficients, that exceed level a follow Rayleigh distribution. Then the 
Rayleigh distribution is extended to Weibull distribution to handle more general cases. 

4.2.1 RAYLEIGH DISTRIBUTION OF WTMM  

To show that the positive peak values of the wavelet coefficients follow Rayleigh distribution, the crossing 
analysis is carried out. It begins with counting the number of “cycles” of wavelet coefficients wthr(t) that have 
amplitudes greater than wthr=a during period T as illustrated in Figure 1. Now consider Figure 1 as one sample 
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function of an ensemble of functions which constitute the stationary random process wthr(t). Let na

+(T) denote the 
number of positive slope crossings of wthr=a in period T and Na

+(T) be the mean value of na
+(T) of all samples, then 

( ) ( )a aN T E n T+ + =    (5) 

Since the process is stationary, the same result can be obtained if a second interval of duration T is taken 
immediately after the first. Considering these two intervals together, the following relation holds:  

( ) ( )2 2a aN T N T+ +=  (6) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The above equation indicates that for a stationary process the average number of crossings is proportional to T:  

( )a aN T v T+ +=  (7) 

where va
+ is the average frequency of crossings at wthr=a with positive slope. va

+ can be derived from the probability 
distribution of wthr and the result is in terms of the joint probability density function p(wthr, w′thr) of random 
variables wthr and its derivative w′thr: 

( ) ( )
0 0

, ,
thr

a thr thr thr thr thr thr thr
w a

v p w w w dw p a w w dw
∞ ∞+

=

 ′ ′ ′ ′ ′ ′= =  ∫ ∫     (8) 

Equation (8) is applicable to any probability distribution of wthr(t). As indicated earlier, the bivariate random 
variables (wthr, w′thr) approximately follow joint Gaussian distribution. Thus from Equation (8) we obtain: 
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where 
thrwσ  and 'thrwσ are the standard deviations of random variables wthr and w′thr, respectively. Because 
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Equation (9) becomes 

t 

wthr(t) 

T

wthr=a 

Figure 1: Sample of a stationary random process of wavelet coefficients 
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2 22

2
thr wthr

thr

w a
a

w

v e σσ

πσ
′ −+ =          (11) 

A special case occurs if the level a is equal to zero. It gives a statistical average frequency for crossing level wthr=0 
(zero-crossing) and is denoted as v0

+: 

0 /(2 )
thr thrw wv σ πσ+
′=               (12) 

Having obtained the frequency of crossings of wthr=a, the probability distribution of positive peak wavelet 
coefficients can be determined by extending the above calculation. Positive peak wavelet coefficients are 
corresponding to WTMM. Let ap be the magnitude of a positive peak and p(ap)dap be the probability of a peak with 
positive magnitude randomly chosen in the range a to a+dap. Then the probability that any peak is above a is, 

( ) ( )Prob p p pa
a a p a da

∞
≥ = ∫               (13) 

Now during T, there will be only an average of va
+T out of v0

+T cycles (since one positive crossing of wthr= 0 occurs 
for each full cycle of the process) which will have peak values exceeding a. Then, the proportion of cycles whose 
peak value exceeds a is va

+/v0
+ and this is equivalent to the probability that a positive peak value is above a, i.e.,   

( ) ( ) 0Prob /p p p aa
a a p a da v v

∞ + +≥ = =∫               (14) 

Differentiating Equation (14) with respect to a gives  

( ) ( )
0

1
p a

dp a v
dav

+
+

− =  (15) 

Equation (15) is a general result and applicable to any probability density distribution for the occurrence of positive 
peaks. However, if the random process is Gaussian, there is a simple and important result for p(ap). Substituting 
Equations (11) with a = ap and (12) into Equation (15) gives 

( ) 2 22
2 0p wthr

thr

ap
p p

w

a
p a e aσ

σ
−= ≤ ≤ ∞     (16) 

Since the cumulative distribution function of Rayleigh distribution is ( )
2 221 wthraP a e σ−= − , the probability of any 

positive peaks ap exceeding a is: 

( ) ( )
2 22Prob 1 wthra

pa a P a e σ−≥ = − =               (17) 

4.2.1 WEIBULL DISTRIBUTION OF WTMM 

In the previous section, we have shown that the probability of positive peaks exceeding level a follows Rayleigh 
distribution. We can also demonstrate that the distribution of the ratio a/a0 (a0 is the mean peak height of the 
positive WTMM) can be described by Weibull distribution. This observation could be applied for more general 
applications. Substituting a with a0, the mean peak height, in Equation (17) yields: 

( ) 2 2
0 2

0Prob 0.5wthra
pa a e σ−≥ = =               (18) 

From the above equation, one obtains: 

0 2 ln 2
thrwa σ=  or 0 / 2 ln 2

thrw aσ =               (19) 
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Substituting Equation (19) into Equation (17) gives: 

( )( )20ln 2
0 0 0Prob[( / ) ( / )] 1 ( / ) a a

pa a a a P a a e−≥ = − =               (20) 

Replacing the exponent 2 in Equation (20) by a general shape parameter γ leads to: 

( )( )0ln 2
0( / ) 1 a aP a a e

γ−= −         (21) 

The above equation is a special form of the cumulative distribution function of Weibull distribution with scale 
parameter α = a0/(ln2)1/γ and zero mean. The corresponding probability density function is obtained by 
differentiating Equation (21) with respect to a/a0 and will be used as chatter index CI: 

( ) ( )( )0ln 21
0 0( / ) ln 2 ( / ) a aCI p a a a a e

γ
γγ −−= =               (22) 

This is a non-dimensional chatter index in the range of [0,1]. Suppose the threshold is set at 0( / )P a a =0.9. Then, 
whenever 0( / )P a a >0.9 is observed, chatter is considered to be detected. The rationale can be explained by 
observing 0 0 0( / ) Prob[( / ) ( / )]pP a a a a a a= < . When 0( / )P a a >0.9, the value of a/a0 is high enough such that the 
chance for the peak ratio an/a0  to fall below it is 90%. In other word, there is only a 10% of chance for an/a0, or the 
peak ratio, to exceed it.  

4.2.3 PROCEDURE OF CHATTER DETECTION 

It would be more efficient to calculate only the 0( / )P a a  value for only a target scale or frequency band where 
the chatter frequency resides. The target scale is identified based on the ratio of power in each band to the total 
power of all bands. The frequency band with the highest power ratio is considered as the target for scrutiny. Chatter 
is confirmed only when the chatter index value of the target band exceeds a threshold. The normalized wavelet 
power (NWP) in band j is calculated as follows [11]: 

( ) ( )
1 2,

0

1 M
j k

thr
k

NWP j w
M

−

=

= ∑               (23) 

where ,j k
thrw  is the wavelet coefficient after thresholding in scale j and location k, M is the number of wavelet 

coefficients in each frequency band, calculated by M = N/2j, N is the total number of data points in each data 
acquisition cycle. The target scale jT is given by:  

( ) ( ) ( )
1

arg max arg max /
J

T

j j j

j RP j NWP j NWP j
=

 
= =  

 
∑               (24) 

where J is the total number of scale levels. Then the following procedure is applied to identify chatters.  
 

Step 1. Extract WTMM from denoised wavelet coefficients 

Step 2. Estimate Weibull shape parameterγ and median peak height a0 

Step 3. Compute Weibull probability of a/a0 to obtain chatter detection index 

The band-based chatter index can be obtained from Equation (21) with the estimated γ and a0. As the number of 
samples generally has an influence on the accuracy of parameter estimation, a moving window with a specified size 
is proposed. Accordingly, with the increased sample size, the index shows clear trend and tends to be smoother. 

5. EXPERIMENTAL WORK 

5.1 EXPERIMENTAL SETUP 

The proposed chatter detection methodology has been tested on a CNC SERVO 2000 milling machine. The 
spindle is driven by a 3-HP AC motor. The x- and y-axis table motions are NC controlled. A Wilcoxon 993B-6 
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piezoelectric accelerometer is mounted near the tool holder to collect vibration signal. The vibration signal is then 
sampled and digitized by an NI DAQ AT-MIO-16DE-10 data acquisition card. An Intel Pentium III PC is used for 
signal processing and chatter detection. LabWindowsTM/CVI is adopted as the platform for the chatter detection 
algorithm. The detection system is programmed in C for on-line implementation. The NI Signal Processing Toolset 
is used to perform discrete wavelet transform.  

The results of many tests have shown the system is effective. Due to space limit only three of test results are 
presented (Figures 2 to 4). In these tests, the CI threshold was set at 0.65. Figure 2 shows the result of a normal 
cutting operation with CI below the threshold throughout the process. Figures 3 and 4 display the CI values for two 
tests with several chatter observed. As shown in the two figures, the CI reacts quickly to the appearance of the 
chatter.   

0 20 40 60 80 100 120
-5

-4

-3

-2

-1

0

1

2

3

4

5
Chatter Signal with Spindle Speed=700rpm, Feed Rate=70mm/min, Depth of Cut=3.048mm, WP2

Time (sec)

A
m

pl
itu

de
 o

f s
ig

na
l (

V
)

Chatter Detection Index (Band3)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 5101520253035404550556065707580859095

Time (sec)

In
de

x 
Va

lu
e

band3 index reference threshold

(a) 
(b) 

Figure 3: Chatter detection result of test #2: (a) time domain signal, (b) chatter detection index. 
(spindle speed 700 rpm, feed rate 70mm/min, depth of cut 3.048 mm, WP2 

0 10 20 30 40 50 60 70 80 90
-5

-4

-3

-2

-1

0

1

2

3

4

5

Time (Sec)

A
m

pl
itu

de
 o

f s
ig

na
l (

V
)

Non-Chatter Signal with Spinlde Speed=700rpm, Feed Rate=70mm/min, Depth of Cut=2.540mm, WP2

Chatter Detection Index (Band3)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 5 10152025303540455055606570758085

Time (sec)

In
de

x 
Va

lu
e

band3 index reference threshold

(a) (b) 

Figure 2: Chatter detection result of test #1: (a) time domain signal, (b) chatter detection index. 
(spindle speed 700 rpm, feed rate 70mm/min, depth of cut 2.54 mm, WP2 
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6. CONCLUSION 

A non-dimensional chatter index has been developed based on the wavelet transform modulus maxima 
(WTMM).  The chatter index reflects the random and statistical nature of the metal cutting process. As the chatter 
index value varies between 0 and 1 which is independent of process parameters and machining systems, it hence can 
be used in different machining processes. In addition, its threshold value is much less susceptible to cutting 
condition changes since its value is in relative term. Our test results have shown that the proposed chatter index is 
effective in chatter detection.  
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ABSTRACT 

Operation of an optical fiber design for the transmitted light detection and image formation from an object is 
described in this report. This vision system operates based on illumination of an object by a source light and the 
intensity modulated light from the object under study is detected by a CCD camera. By using a source light, a 
pair of optical fibers (one transmitting and the second one acting as receiving fiber) and a CCD camera a real-
time image of the object can be monitored. The camera produces an image signal that is transferred to a PC for 
the final signal processing and image recognition. The reported vision system offers both the RGB images from 
the object under study and also provides quantitative information concerning the image in m-file format using 
the MATLAB program. Our image capturing system is based on a miniature CCD camera, which operates with a 
DVD maker USB2.0 hardware that is interfaced to a PC and operates under PVR PLUS software. In addition 
some information concerning the reflection data can be obtained for the object under study. The goal here is to 
get simultaneous reflective and transmittance information from object under study. Such study was performed for 
the thin metallic wires in order to see the images from such objects with different diameters. In this investigation 
different wires with typical diameters of 500-1060 µm are placed in front of the light source beam and the 
reflectance data and the transmission images are captured. The aim here is to find a transmitted image signal for 
each sample illuminated by the light source in order to get useful information about the dimension of that 
particular object. The combination of the real-time image and the stored one can result in a true picture of the 
object under study, which is the desire of any ideal vision system. Considering this point in this study the live 
image and its corresponding stored data are recorded. Since there are many captured images and data only 
typical examples are described in this report. The present system with some modification can be used for the 
vision systems, which have many industrial applications. 
. 

1. INTRODUCTION 

The introduction of automation has revolutionized the manufacturing in which complex operations have been 
broken down into simple step-by-step instruction that can be repeated by a machine.  In such mechanism the need 
for the systematic assembly and inspection have been realized in different manufacturing processes. These tasks 
have been usually done by human workers, but this type of deficiencies that has made a machine vision system 
more attractive. Expected functions from a machine vision system are the exploitation and imposition of environmental 
constraint of a scene, the capturing of the images, analysis of those captured images, recognition of certain objects and features 
within each image, and the initiation of subsequent actions in order to accept or reject the corresponding objects. After vision 
system performs all these stages the task in hand is almost completed. First step for the vision system is the image acquisition, 
pre-processing of image, segmentation, feature extraction, classification, inspection, and finally actuation which is an interaction 
with the scene under study. Scene constraint is the first consideration for the machine vision system. The situation of 
the scene must be recognized by the machine vision designer and according to the required application such a 
machine should be developed. The hardware for this sub-system consists of the light source for the active imaging, 
and required optical systems. Different lighting techniques such as structured lighting can be sued for such purpose. 
The process of vision system starts with the image acquiring in which representation of the image data, image 
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sensing and digitization is accomplished. Image sensing is the next step in order to obtain a proper image from the 
illuminated scene. In this paper design and operation of a simple vision systems is described. Vision system developments in 
manufacturing can result in improvements in the reliability, in the product quality and enabling technology for a new production 
process.  

 
      The main components of a typical vision system have been described in Refs. [1-4]. Several tasks such as image 
acquisition, processing, segmentation, and pattern recognition are conceivable.  Such a machine vision includes 
systems and sub-systems for different processes. The light from a source illuminates the scene and an optical image 
is generated by image sensors. Image arrays, digital camera, or other means are used to convert optical image to 
electrical signals that can be converted to an ultimate digital image. Typically, cameras incorporating either line 
scan or area scan elements are used, which offer significant advantages.  The camera system may use either charge 
coupled device (CCD) sensor or vidicon for the light detection. Preprocessing, segmentation, feature extraction and 
other tasks can be performed utilizing this digitized image. Classification and interpretation of image can be done at 
this stage and considering the scene description, the actuation operation can be performed in order to interact with 
the scene. A visual system can perform the following functions: the image acquisition and analysis, the recognition 
of an object or objects within an object groups. This process involves image sensing, representation of image data, 
and digitization. Image processing is a process to modify and prepare the pixel values of a digital image to produce 
a more suitable form for subsequent operations. Segmentation seeks to partition an image into meaningful regions 
that corresponds to part or whole objects within the scene. Future extraction in general seeks to identify inherent 
characteristics, or features, of objects found within an object. Pattern classification refers to the process in which an 
unknown object within an image is identified as being part of one particular group among a number of possible 
object groups.  As a result, vision assisted automation can ensure that cost saving follows from benefits such as 
reducing work in progress and  labor cost in the mass production scheme. 
 
      Multiple-camera is another feature that can be helpful in some cases. For instance, machine vision system using 
this technique has been proposed to inspect engine parts for defects [5]. One possible development in the area of 
vision hardware system is using the laser scanning systems. In the proposed method of active triangulation as 
described in Ref.  [6], the transmitting mirror, target and the receiving mirror forms a triangle.  The scanning of the 
object is accomplished by rotating the transmitting mirror at a constant speed. The receiving mirror reflects beams 
through a focusing lens to a position sensitive photodetector. The mathematical relation between the object 
coordinate and the parameters of the geometry is given in Ref. [7]. To acquire 3-D information one can use a bi-
dimensional scanning method as described in Ref. [8]. Another possibility is to use x-ray or infrared lighting, which 
offers some advantages. For example machine vision and infrared lighting technique has been used to track 
production quantities, detect defects, and screening problems. The infrared spotlight is employed to detect and 
inspect glass-bottle flaws [9]. X-ray technology machine vision system has been proposed for the inspection of the 
air-bag inflators [10]. High quality machine vision system should integrate an image acquisition subsystem that 
produces a high resolution pictures (512×512 pixels). Such devices offer significant advantage to acquire precise 
information about relative positions of several objects within a scene in a single glance. 
      
 

2. SYSTEM  OPERATION 

     Optical fibers have found considerable applications in the field of optical fiber communications. In recent years a 
new field of applications in sensing area has opened up and using such wave guides a variety of optical sensors have 
been reported as physical and chemical sensors [11-14]. The goal has been here to implement such fiber design in 
the construction of vision sensors/systems. The block diagram of the proposed experimental system is shown in 
Fig.1. As can be seen it includes a light source illuminating on the object under study via a dual fiber design, a CCD 
camera, the interface card for the camera, a PIN photodetector, a digital multimeter, and a PC. In the double fiber 
design one fiber is used for the illumination of the object and the second one is used for the transmission of the 
reflected light from the object to the digital Multimeter. A silicon photodiode (BPX 65 Centronic) is used  for light 
detection and conversion of optical signal to an electric one. The photodiode is reversed biased to 18 V by battery 
and operates in the photoconductive mode. The electric output signal of this detector is connected to a digital 
voltmeter by a coaxial cable. A digital multimeter (SANWA Electronic Instrument Co. LTD, PC 5000 DMM) is 
used for the output voltage reading and data processing (±0.1mV precision). The general specifications of this 
instrument are such that provides a 0.03% basic accuracy and 0.01 mV AC/DC voltage resolution. This device 
equips with an optional optical isolated interface port at the meter back for data communication with a PC.  The 
software (PC Link plus) allows one to log measuring data into PC through RS232 port. The operation of this 
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software is possible by using any operation system such as windows 98, NT4.0/2000/ME/XP versions. The nominal 
accuracy for the module is determined from ± (rdg.%+dgt.) for each measuring range. 
 
     The output of CCD camera is connected via an interface board to a PC and  signal processing and camera control 
is accomplished by using related software. The integration time of the camera corresponds to the length of time in 
which the CCD is programmed to be exposed to the image. The readout period corresponds to the readout time of 
the CCD, which initiates at the end of the camera integration time. The output of the CCD camera is a PGM file 
type, which is often hard to be   processed by the regular programs. In this experiment arrangement is made to 
convert the portable graphical (PGM) files to MATLAB files, which can be easily manipulated by the MATLAB or 
EXCEL program. After running the camera, numbers of about 1-100 images are taken and are saved as the PGM 
files. The MATLAB programs for the further data analysis then can read the raw data. A typical matrix dimension 
of 240 rows by 312 columns is provided in which the pixel data of the camera are stored. The CCD camera is a 
miniature camera (34×34 mm size) model TBC-312C from TEVICOM products [15]. It is a camera with alternate 
lens configuration (flat pin-hole, Con type pin -hole lens) 1/4 inch color interline transfer CCD, built in microphone, 
extremely low power consumption, and high quality image. Other specification of this camera are scanning system 
(2-1 interlace 625 Lines/50 Fields, 25 Frames), effective pixels 510(H) × 491(V), resolution of 380 TV Lines, 
illumination minimum of 0.8 LUX, S/N ratio >48 dB. Video output 1 V p-p 75 ohm, VBS, with auto white balance, 
background compensation and internal synchronization. It has auto electronic shutter 1/60-1/100000, lens regular, 
flat pin-hole, Con pin-hole lens. Power source requirement is 12 VDC and 200 mA with a power consumption of 
4.5 W. The used lens option is Con-pin-hole lens (F2.0:f3.6) type that its selection depends on the application 
requirements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: Block diagram for the proposed vision system. 

      
       
      The CCD camera operates with the DVD maker USB2.0 hardware and PVR PLUS software (KWORLD) that 
operates under all the Microsoft Windows operating systems. The DVD maker USB2.0 hardware requires a 
Pentium–IV 1.6GHz or higher speed type, 256MB RAM of system memory or above, a free USB port, Graphic 
card, CD-ROM drive, and needs 1GB free HD space. After the drivers are installed, the next step is to install the 
PVR PLUS software. The software functions are the TVR: this function turns the computer PC into a full-featured 
video recorder. MPEG Encoder: MPEG encoder converts AVI files into MPEG format. Video Editor: makes editing 
MPEG video files easy. Function Burns DVD: burn DVD creates VCD, SVCD and DVD that can be played on a 
PC or DVD player. 
 
      To run an experiment first the capture program for the CCD camera is executed in order to adjust the camera 
position. After this adjustment the light source is turned on and an appropriate image are recorded for the 
experiment.  For data acquisition, the main MATLAB program is executed in which different subprograms and 
parameters concerning the data acquisition, and the characteristics of the image are entered as input. By running this 
program the picture taking begins by the camera while the recording time or integration time depends on the number 
of requested frames.  This program displays the current camera settings and provides a feature to change the camera 
settings. It saves the image data from buffers to .PGM files. It can also calculate the average for each pixel from the 
grabbed frames and converts the average to integer and writes to a new file. 

Light 
Source Object CCD Interface Card 

Multimeter

Dual Fiber

Photodetector 
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      It is possible to use the coherent and non-coherent light sources for the object illumination. A with lamp 
operating under 20 V dc voltage is used in this experiment. By variation of the supply voltage, it is possible to 
change the brightness of the light source. Typically a voltage of about 15 V is used in the results reported here. 
However it is important to have a similar source light intensity for illuminating all the objects under study. 
Otherwise the obtained results can not be compared together without the required normalization. One of the most 
important design parameter in developing a machine vision system is the most effective type of lighting, which 
depends on the light source and the related optics. Now system integrators can select from a number of illumination 
technology such as fiber optics, tungsten lamps, fluorescent, and light emitting diodes in a number of 
configurations. These configurations include ring light, spotlight, backlight, and diffuse light [16]. Light sources are 
able to enhance imaging contrast.  Proper light source helps discern imaging features for machine-vision systems 
[17]. 
 
     As described there are a variety of techniques for the object illumination. It is possible to illuminate the object by 
direct light or to use a fiber transmission guide for the light delivery as shown in Fig. 1. For transmitting and 
receiving light a double fiber arrangement is used in this experiment. The white light transmitted by the first fiber 
illuminates the object under study and the reflected light from the object is transmitted back into a photodetector by 
using a similar fiber. The photodetector converts the optical light into an electrical signal that is detected by a digital 
multimeter. This reflectance light measurement is used for the simultaneous monitoring of the both reflected and 
transmitted lights. Even though the reflectance image could also be monitored by a similar CCD camera, but in this 
case we used a photodiode arrangement to record the reflected intensity of the light from the objects under study. 
More information concerning design and applications of vision system are given in Refs.[18-24]. 

3. RESULTS 

     To test the proposed system some preliminary results are described in this section. The goal here has been to get 
simultaneous reflective and transmittance information from object under study. For the first experiments such study 
was performed for the thin metallic wires in order to see the images from such objects with different diameters. For 
this study different needles with typical diameters of 560-1060 µm are placed in front of the white light source beam 
and the reflectance data and the transmission images are captured. The aim here is to find a transmitted  image 
signal for each sample illuminated by the white light source in order to get useful information about the dimension 
of that  
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Figure 2: On-line picture of the transmitted image of a needle. 
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particular object. Furthermore it is desired to have stored image data for further analysis. The combination of the 
live image and the stored one can results in a true picture of the object under study, which is the desire of any ideal 
vision system. Considering this point in this study the live image and its corresponding stored data are recorded. 
Since there are many images and data only typical examples are described in this report. To reduce the background 
light black tapes are used to limit the source light only to illuminate the thin wire object. In order to cut the effect of 
the room light a black cover is prepared for the experimental set up. Figure 2 displays an on-line picture taken from 
a needle type object with a diameter of 560 µm . 
 
      The intensity profile for Fig.2 is based on the RGB color format in which red has the highest intensity, green  
less than red and the blue color shows intensity level lower than the other two colors. The vertical axis shows the 
half of row numbers while the horizontal axis shows the half value of column numbers. As can be seen in Fig.3, two 
spots corresponding to the transmitted light around the object in different colors, which are indicative of a higher 
light intensity.  Most of the background intensity in figure is shown by the blue color. In all the reported 
experiments the transmission image of the object is recorded by CCD camera and a similar image when the source 
light is off is also obtained for the dark noise and background correction purpose.     
 
     A background image for the signal image shown in Fig. 2 is obtained and it is noticed that the intensity profile is 
almost uniform and with a similar color, which indicated uniform back ground intensity. In this case the room light 
was also off and the corresponding image signal is due to the dark noise generated by the CCD camera. A low noise 
CCD usually offers a lower background noise signal. At the end like all the photo-electronic detections the ratio of 
the signal to ratio (S/N) is the defining factor for the signal detection. In order to increase this ratio the signal level 
should be increased and the equivalent noise signal must be reduced as much as possible. However, in increasing 
the signal level one must avoid the saturation of the photo-detectors. In this experiment care was taken not to 
saturate the CCD camera photo-sensors. For this reason the lower light intensity was used for the picture taking and 
image construction. In data capturing the capture program normalizes the image intensity to one and care was taken 
to record intensities lower than one to avoid the detector saturation. In the case of saturation it is hard to compare 
the image intensity results for different objects. As can be seen in Fig. 2, the proposed system is a sensitive  and 
easy method to capture a live image from the object. As mentioned, the object image can be monitored on-line or 
can be saved and processed using the MATLAB program. As a result the reported vision system offers a sensitive 
method to obtain precise image and resulting information that can be used to recognize objects with different 
diameters or dimensions. 
 
     The signal resulting from the sum of data points as a function of the column/ row numbers can be plotted. Since the needle 
is placed vertically in front of the light source, therefore, the transmitted image signal for this case is more or less 
uniform. The average signal variation in this case is between 0.7 and 1.2 and fluctuation is due to the non-
uniformity of the light pattern. In the case of a very uniform light intensity profile one expects to see uniform 
intensity as a function of the row number. Considering the results, it is clear that the sum of the column number 
signal can be effectively used to analyze the transmittance image from different objects with different diameters, 
which are placed vertically in front of the source light. In the case that the wires placed horizontally the expectation 
is that the some of the rows can be used for data analysis. Another alternative way is to use the total sum for the 
image data in order to get extra information about the object under study. As mentioned since the MATLAB 
program offers different options then the captured data can processed easily and plotted or displayed  in different 
formats. 
 
      As described to compensate for the background light and stray lights the signal image must be corrected 
properly. For this purpose in the last study we consider the analysis of the obtained signal difference. In this 
situation signal image is taken and the related information is stored in a buffer matrix (called signal matrix). The 
light source is turned of and a similar image is taken the captured data are stored in another matrix (background 
matrix). Then by using the MATLAB program the difference signal resulted from subtraction of the signal matrix 
and background one is plotted by the program. A typical signal difference for the same object is considered here for 
the discussion. The background corrected signal as a function of the column number is shown in Fig.3 for a needle 
object. 
 
     In Fig.3 an arbitrary unit is used for the transmitted difference signal image. In this case the position of the 
needle object with a diameter of 490 µm corresponds to column number 80. As can be seen at his point the 
transmitted intensity is lowered down, which is indicative of the obliquity of the light by the metallic object. The 
maximum transmission intensity in Fig.3 is about 11 units for the 490 µm diameter, which is reduced to about 5 
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units at column 80 for this particular object. 
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Figure 3: The difference signal as a function of the column numbers for 490 µm diameter. 
 
 

0 20 40 60 80 100 120 140 160
-2

-1

0

1

2

3

4

5

6

7

8

Column Channel Number

D
iff

er
en

ce
 S

ig
na

l (
A
rb

.)

 
Figure 4: The difference signal as a function of the column numbers for 570 µm diameter. 

 
      
 
      To test the method in order to distinguish between different objects a series of experiments are performed for the 
needle type objects with diameters ranging from 0.49 mm (490 µm) to 1.10 mm (1010 µm). In order to compare the 
result in Fig.4 the background corrected signal is plotted for the needle with a diameter of 570 µm. As can be seen 
the drop of output signal is clearly seen in this Fig.4, which indicates the sensitivity of the design. To check the 
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sensitivity of the system the results for the similar objects with a diameter of 570 µm was compared with the 
diameter of 490 µm (Fig. 3 and Fig.4). The signal drop for the 490 µm diameter object is about 6 units while for the 
570 µm diameter object is about 8 units. Such difference in the transmitted image signal verifies the sensitivity of 
the reported vision system. A similar study and comparison were performed for objects with different diameters as 
described. It was noticed that for the larger diameters the drop in the intensity is higher than for the thin objects.  
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Figure 5: Reflected signal as a function of the needle diameter.  

 
 
      In another investigation the reflected signal is tested for this experimental set up. For this case similar material 
needle type objects were used for the experiment. Fig.6 shows the reflection measurements for needle type objects 
when illuminated by a white lamp. In this analysis the diameter of the needles is measured by a micrometer tool 
with an accuracy of about 10 µm. As can be seen by increasing the needle diameter the reflected signal is increased 
accordingly. For an object with a diameter of 0.49 mm  (490 µm) the resulted output signal is 21.97 mV while for 
the diameter of 1.01 mm (1010 µm) the reflected signal is around 25.36 mV. As can be seen in Fig.5, the reported 
method is a sensitive way for the object size determination and recognition. 

      

4. CONCLUSIONS 

     Design and operation of a vision system based on the light transmission method was described. Using this 
system it is possible to obtain the real-time image of the object under study or store the image data in a matrix for 
the further processing. In real time analysis it is possible to look at different processes and display image in different 
format. In post-processing it is possible to average image signals from different shots, look at the background signal 
and correct the resulting signal for the background corrections. Applications of machine vision systems can be 
classified into four categories: Visual inspection, process control, parts identification, and robotic guidance and 
control mechanisms [25-27]. The most significant task of the machine is for the automated visual inspections to 
recognize that the part is well made according to the specified qualifications. Vision systems in process control and 
robotic guidance can also play important role in achieving more flexibility in manufacturing. The automated vision 
system in general can be used for the purpose of measurements, gauging, integrity checking, and quality control. In 
the area of measurements, measurements of object dimension, alignment of components, and analysis of crack 
formation are common applications that can use a vision sensor such as the reported one.  Using such an inspection 
method in the production line can increase the speed and reliability of inspections. The reported  PC-based imaging 
system and related software may be utilized to analyze captured images for possible fiber blemishes, chips, and 
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cracks. One possible application of this vision sensor could be in production lines for the thin wire, fiber optic 
production, or any line that a small diameter of the product needs to be monitored on the line. For example in 
production of the sewing needles it is feasible to monitor and measure the diameter of the needles precisely. In 
anther case it is possible to examine fiber optics dimensions and to analyze crack formation in the assembly line.  
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 ABSTRACT  

Products of today are becoming increasingly customized. Smaller batches in the assembly and decreasing time 
limits for set-ups between products are some of the resulting demands on the assembly systems, due to the 
increasing number of variants in the assembly flow. Consequently, assembly systems have to become more 
flexible and efficient. When companies adopt automated solutions, there is a need to determine the correct 
amount of automation. It is also necessary to identify the optimal parts of the value-flow to be automated. In 
automation decisions it is necessary to consider human resources, as well as mechanical technology and 
information flow. The paper will discuss the importance of measuring different time parameters in an assembly 
system. Furthermore an analysis of the ability to change level of automation in an assembly system will be 
discussed based on theory and a case study example 

1. INTRODUCTION 

Products of today become more and more customised and the demand on decreasing the lead-time to the 
customer. This sets high demands on the company and the assembly system. Consequently, assembly systems have 
to be able to getting the right things, to the right place, at the right time, in the right quantity to achieve perfect work 
flow while minimizing waste and being flexible and able to change [1]. Companies rapidly try to adopt the 
philosophy and tools of lean production. Lean tools have a clear positive influence on the material flow in terms of, 
e.g., lead-time, work in progress and visibility [2]. This paper brings up some of the lean tools related to time 
parameters to be able to reduce the throughput time in the assembly system. 

Companies also adopt automated solutions, when doing this there is a need to determine the correct amount of 
automation. By definition, automation is a technology by which a process or procedure is accomplished without 
human assistance [3]. Unfortunately, automation not always fully fulfilling expectations, the need for human 
intervention in cases of disturbances and system failures is still high. Smart automation is defined by [4] as the 
human aspect of 'autonomation' whereby automation is achieved with a human touch. The implementation of the 
lean philosophies based on time parameters and choosing optimal automation level could result in competitive 
benefits for the companies such as; 

• Flexibility - the ability to adapt to the changes, i.e. volume, routing, capacity and mix/product- flexibility 
[9-13].  

• Proactivity - the ability to transform unplanned changes to planned without losses in effectiveness and 
profitability [14, 15].  

• Efficiency - could assembly right products in the right way at the right time [1, 4]. 
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LoAmech 

LoAinfo 

Time 

2. BACKGROUND 

This paper will bring up three important parameters or factors that make companies more flexible, have the 
ability to  act proactive and become more efficient; 

• To analyse and change levels of automation in real time and over time 

• Time parameters – measurable values in an assembly system. 

• Lean tools connected to time parameters 

2.1. LEVELS OF AUTOMATION 

The concept Levels of automation was developed in the DYNAMO project (2004-2007) [6] in association with 
five companies. The aim with this project was to develop a methodology for measuring and get an accurate picture 
of today’s information flow and automation level in production systems. Furthermore to develop a reference scale 
for different Levels of Automation (LoA) that could be used in the manufacturing area [7], this is shown in table 1.  

                                   Table I Levels of Automation 

Levels Mechanical Information 

1 Totally manual Totally manual 

2 Static Hand tool Decision giving 

3 Flexible hand tool Teaching 

4 Automatic hand tool Questioning 

5 Static work station Supervising 

6 Flexible workstation Interventional 

7 Totally automatic Totally automatic 

 

Due to [8] the conclusion is that most tasks in manufacturing often involves a mix of both mechanised and 
computerised tasks and the companies has to consider both areas when automating their system. The methodology is 
an eight step mapping of today’s automation level [16]. In order to analyse and optimise the future assembly system 
a development of the analysis step was done. The result were a matrix called LoAtotal [8]. This matrix is based on a 
seven grade reference scale [7], seen in table 1.  

The matrix was developed to be able to visualise and analyse not only the levels of automation but also 
measurable parameters. This paper focus on the relation between LoA and the time parameters. The matrix in figure 
1 illustrates the dimensions LoA and time. 

         

 

 

 

Figure 1 The Loa and Time matrix 

Each square in the matrix represent one possible solution, the time parameters changes depending on the choice 
of mechanical and cognitive tools for the operator, assumptions about this is discussed in section 3.1. 
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2.2. LEAN VERSUS TIME 

There are a lot of different time parameters that could be measured in a system. Due to [2] there are JIT tools 
that could be connected to different time parameters in a system, seen in figure 2. This is the second set of tools to 
be implemented. The order of implementation is read from top to bottom.  

 

 

 

 

 

 

 

 

 

Figure 2 JIT tools and principles                  Figure 3 Visualisation of the production 

Tact time planning – The takt time is the desired heartbeat of a process, which connects the demand from the 
customer with the production. Expressed as “seconds per piece”, takt time is indicating that customers are buying a 
product once every so many seconds. To be able to achieve this it is importance to know, e.g., cycle time (C/T) for 
the different operations or tasks and sale-prognoses. 

 

If you work faster this will lead to over production. If  you work slower it could create bottlenecks [1].  

 

Set-up time reduction – Set-up time is especially important to reduce in bottleneck resources, an overall 
throughput is gained. A method called SMED (Single Minute Exchange to Die) was formalised by Shigo in 
1981[17]. An importance aspect of SMED is to convert internal to external Set-up time, or eliminate the need for 
resetting. The external resetting could be done without any loss in the machine operation time; the internal exchange 
could not be done while the machine is running.  

An other important tool is visualise the production [1] – An example of this is to have tables as shown in figure 
3 to show the production needed to be assembled in one day, the tact time. On this board the stop times is also 
noticed (the availability (A) could be counted from this data). 
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Table 2 shows the different time parameters that will be discussed in the next section. The two first columns are 
used if the production is a one-piece-flow and the third is used for batch assembling. 

Table 2 Time parameters 

Measure values Definition [18] – Tact 
line 

Definition [19] – Tact line, one-piece flow Explanation – Assembly system, batch 
assembly 

Cycle time 

(C/T) 

The time it takes to 
get a product finished in a 
process and the time it 
takes for the operator to 
finish all of his/hers 
working moments 

The cycle time could be described as 

t0= tm+th +tvb+tno 
Where 

t0 – Cycle time;  tno – waste 

tm – Machine time or time to perform a 
task 

th – Handling time; changing pallets, 
products  

tvb – Changing tools inside the machine 

Cycle time 

tC/T=( tm+tno)*n 

Where 

tm – Machine time, or time to perform a task 

tno – waste 

n – batch-size 

Set-up time 
(S/T) 

The time it takes to 
change the equipment 
between different product 
variants 

 tS/T=( th +tvb+tno)/n 

Where 

tvb – Internal exchange; th -External 
exchange 

n – batch-size 

Internal 

Lead time 

(L/T) 

The time it takes to get a 
product through a process 
or the whole value flow. 

Internal lead-time for one 
product in a tact line, 

 tLT; LT= (tt+0max) 

Where 

ttt -The transport time between 
stations  

t0max - The production time for 
the station with the longest cycle 
time ; n – Number of stations 

∑ ∑∑
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−
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− ++=
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Where 

N – Number of stations;  tt= Transport time 

tC/T= Cycle time ; tS/T= Set-up time 

Availability 

 

  

       
Where 

MTBF= Mean time between failure 

MTTR – Mean Time To Repair 

MWT = Mean waiting time 

 

3. DISCUSSION 

This section will illustrate two examples; one theoretical and one case study example to show the relations 
between time parameters and levels of automation. The theoretical example will bring up two different scenarios. 
These scenarios will show the relation between the different time parameters and changeability of levels of 
automation. 

A
MTBF

MWT MTTR+ MTBF+
:=

MTBF
A

MTBF 
MWT MTTR + MTBF+ 

:=
MTBF 
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Scenario 1 

This is an example of minimising the internal activities in the set-up time between two products within the same 
operation, illustrated in figure 4a. 

If the C/T for product variant 1 > S/T for product variant 2, the operator could do the set up while the first 
machine is assembling. This saves time and the productivity increases. The planning for these three variants is very 
important.  If the operator chooses to load variant 3 first or assemble it directly after variant 1 the time saving is = 0.  

 

Figure 4a Scenario 1; Changeability in LoA and products vs. Set-up time, 4b, Scenario 2; Changeability in LoA vs. Availability 
(A) 

Scenario 2 

Scenarios 2 illustrate routing and process flexibility i.e. is able to change the technical LoA if the main resource 
does not work. One product, ability to use to two different machines (varying LoA), see figure 4b. If the robot cell 
(Loa 6) breaks down the ability to reroute the assembling to a static work station (LoA 4) increase the loos of 
products do to the breakdown. The two scenarios have shown that there are a relation between different time 
parameters and changing levels of automation. Furthermore there are relations between the different automation 
solutions chosen for the operations or tasks.  

A result of the two scenarios is 4 assumptions about Levels of automation versus time parameters; 

 

Assumption 1: The set-up time increases when increasing LoA.  

Internal activities →0 when LoA→ 1 (Machine dependent) 

Assumption 2: The cycle time changes when changing Levels of automation. The cycle time decrease when 
increasing LoA. 

Assumption 3: The Availability (A) time increases when increasing LoA.  

A →0 when LoA→ 1 (Machine dependent) 

Assumption 4: The changeable of levels of automation is affecting four time parameters;  

LoA = f (TC/T, A, TS/T, TL/T) 
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The case study example is a practical illustration of scenario 2.  

A case study was performed at company A. The steps 1-9 in the DYNAMO methodology were used to evaluate 
what Square of Possible Improvements (SoPI) the company thought that they could move within in future assembly 
systems, but also to see what kind of assembly system they had today.  

The example is taken from the station that assembly pointer in instrument clusters. The operation description is 
shown in table 3. There are four different tasks that are performed and could be done either at a static work station 
or in a robot cell. 

Table 3 Operation and task description for Op. 1.6 

Task Description LoA Manual LoA Robot cell SoPItask 

1.6 Pointer insertion    

1.6.1 Place in fixture/on pallet (3;3) (3;3) (1-6;1-6) 

1.6.2 Place pointers on engines (3;3) (5;6) (1-6;3-7) 

1.6.3 Press pointers (3;5) (5;6) (1-6;3-7) 

1.6.4 Analyse the press result (3;3) (5;6) (1-6;3-7) 

 SoPIoperation   (1-6:3-6) 

 

After the measurements were done the workshop was carried out. The result of this work shop was the SoPItask, 
which is shown in column 5, table 2. The result of analysing possible SoPIoperation is shown in table 2. The results 
was also visualised as seen in figure 3.  

 

Figure 5 SoPI analysis for Op. 1.6 Pointer insertion 

Figure 6 illustrate the possibility to change LoA in operations 1.6.1-1.6.4, in real time 

 

 But why does the company want to change LoA? 

The reason is to increase the flexibility in the system. By flexibility the company means reroute the products if 
the robot cell is down, increase the capacity and volume in the system, if needed.  
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Due to assumptions from [13],  to be able to achieve these types of flexibilities the system should have variable 
LoA within the boundaries; SoPIProcess/Product = (3-6; 2-6), SoPIRouting = (3-6; 2-6), SoPICapacity/recourse = (3-6; 2-6), see 
Figure 6. 

 

 

Figure 6 SoPi for different types of flexibilities 

In operation 1.6 the ability to change between a robot cell and the static work station lays within the squares of 
flexibility in all the operations, see table 2. Due to this analyse of the case study example, we assume that this is a 
flexible system when it comes to routing, capacity and volume. One example to demonstrate the routing flexibility 
is illustrated in figure 7.  

 

 

 

 

 

 

Figure 7 Number of products assembled  

The robot cell is used as the main machine in the system. The productivity for one normal day is 24 
products/hour→ 192 products/per shift. Assume that a breakdown for two hours is happened on the robot cell, 
without the routing flexibility the loss will be 24 parts/hour = 48 products. With the routing flexibility the company 
is able to use the static work station under the reparation producing 18 products/hour → a loss of 5 products/hour = 
10 products. 

4. CONCLUSIONS 

This paper has shown the importance of lean awareness for the companies in terms of implementation the 
philosophies and its tools connected to time parameters (JIT tools). Furthermore it has been made known that 
companies could have competitive benefits if adopting the right level of automation due to flexibility and time 
parameters. Levels of automation are affecting four time parameters, this could be written as; 
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The future research will be to validate the assumptions with help of more case studies. Deeper knowledge will 
be used to improve modelling and simulation tools for different levels of automation; this is a part of the research 
project SIMTER. Future research aims at simulating and visualising assembly systems with varying LoA in the 
system’s stations and tasks. Improvement of flexibility and the flow- and time parameters will be measured; this will 
be done to be able to develop a proactive assembly system in the project ProAct. 
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ABSTRACT 

The concepts of Agile and Lean Manufacturing require a company to have the ability to quickly reconfigure its 
production facilities to meet a varying production demand, while at the same time eliminating all kinds of waste 
including the time taken to reconfigure the production line. In an automated environment this requires the 
development of automated production systems that can be easily reconfigured to process a mix of products that 
have similar geometric and production requirements i.e. a product family. In the case study presented here, we 
report on the development of a flexible parts presentation and handling system for the packaging of plastic valves 
into multi-compartment pouches. The system is intended to be applicable to various valves that, although 
irregularly shaped and different, have common features that can be exploited by the system. This paper presents 
the results of the ‘lean and agile design’ approach adopted in designing the reconfigurable automation system, 
the decisions made and the tools/methods used to objectively support such important  decision making. 

1. INTRODUCTION 

The design and development of effective and reliable parts presentation and handling systems remains one of the 
main problems that must be addressed in any discrete manufacturing automation system. While the recent push 
towards the incorporation of part design guidelines that facilitate automated manufacturing and handling, i.e. the 
“design for manufacture” and “design for automation” principles, have served to alleviate these problems to some 
extent in some industries, many manufacturers have been slow to embrace these concepts, particularly when 
migrating from a manual to an automated production system. There can be various reasons for this. The costs 
associated with making the part design changes (e.g. development of new moulds) could be prohibitive. The time 
frames involved in implementing the design changes (e.g. re-design, re-test, re-certify the part etc.) could be too 
long. The manufacturer’s client might simply refuse to accept such design changes. In many cases, particularly 
when the part to be manufactured is complex and/or highly specialised, it may also be technically or economically 
unfeasible to implement any design changes that would not adversely affect the functionality of the specialised part. 

Thus in these cases, in order to satisfy the market demand for high production at low cost, the manufacturer must 
implement automation on the unmodified complex part. While this implementation is normally already a very 
challenging task, it becomes more difficult when there is a degree of variety in the parts produced. In these 
situations, the manufacturer is not only forced to implement automation of a difficult task, but also has the 
additional requirement for that automation to be applicable to the manufacture and/or handling of batches of distinct 
complex parts, with minimum reconfiguration effort. The manufacturer must therefore look for relevant similarities 
in the features of the already-designed, distinct complex parts, and exploit these similarities to develop a flexible 
automation system that satisfies the production requirements. 
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The case study that is reported here involves the implementation of flexible / reconfigurable automation for 
packaging, under circumstances of this nature. Baxter Malta Ltd. manufactures consumable medical equipment such 
as intravenous administration sets, burette sets, and dialysis sets. In particular, they produce plastic fluid control 
valves of the types shown in Figure 1. The smaller of the two valves in the figure (the stopcock) is packaged in sets 
of seven units, while the larger of the valves (the medistop) is packaged in sets of six. In order to maintain sterility 
all units within a packaged set must be isolated from each other, and for this reason they are packaged in a plastic 
strip that contains separate pouches to take the individual valves. The moulds that are used to make the pouch strips 
for the two types of valve are shown in Figure 2. After the valves have been loaded into the pouches, the pouch strip 
is sealed with paper from above at high heat, to isolate the pouches from each other and from the environment.  

 

Figure 1: The medistop (left) and stopcock valves 

 

 

 
(a) (b) 

 

Figure 2: Pouch moulds for (a) the stopcock, and (b) the medistop. Dimensions in mm. 

Manufacture and sealing of the pouch strips is carried out automatically by means of a Multivac® form, fill and 
seal machine. The valves presently arrive for packaging in an unstructured manner, and a number of human 
operators load the valves manually into the pouches prior to the automated sealing process. It is required to 
automate the parts presentation and loading of the valves, using a system that can be easily reconfigured to handle 
the different valves. 

2. RELATED WORK 

The fundamental issues involved in this work are those of similarity identification in members of a part family; 
development of effective parts presentation and parts transfer systems that exploit these similarities; and the general 
issue of reconfigurability of the automation. 

Group technology is a manufacturing approach in which parts that have common design features or that are 
manufactured in closely similar ways are grouped together so that their similarities can be exploited during the 
manufacturing process. One of the major tasks that must be carried out prior to the implementation of a group 
technology approach is the identification of part families [1]. A common way of identifying similarities between 
parts, when the number of parts is small, is through visual inspection [2]. 

The importance of effective parts feeding for any automation system is emphasised in many standard texts [3], 
[4]. Flexible feeding of complex mechanical parts is often carried out with the aid of a machine vision system, e.g. 
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[5]. This alternative may be difficult to implement, and very often requires the use of an industrial robot, therefore 
increasing the cost of the solution. A less costly approach that is often satisfactory is that of sensorless orientation of 
parts, where positioning and/or orientation of the parts is carried out by passive mechanical compliance [6]. 

Parts transfer is generally a necessary function in any manufacturing process, and its automation is very often 
crucial for the attainment of target productivity levels in a competitive environment. A number of studies have been 
carried out to develop guidelines for optimal gripper design, e.g. [7], [8]. Where there is product variety, the issue of 
flexible, or at least reconfigurable, gripper design becomes important (e.g. [9], [10]). 

In general, the requirement for agile manufacturing usually calls for the use of flexible and/or reconfigurable 
automation [11]. Reconfigurability in manufacturing refers to the use of systems that can be easily adjusted to 
handle different products or circumstances [12], [13]. Flexibility is a broader concept that may even include the 
ability of a manufacturing system to handle different products without adjustment. Various categories and 
definitions of flexibility have been put forward [14], [15]. In particular, Sethi and Sethi [14] relate process 
flexibility to the set of parts that can be produced without a major set-up.  

3. BASIC CONSIDERATIONS 

3.1. DEVELOPMENT STRATEGY 

When a manufacturer of various high-complexity parts needs to migrate from a manual to an automated 
production system, a specific sequence of stages needs to be followed. At each stage, critical decisions need to be 
taken regarding the production process, and these decisions are reached with the aid of specific tools. In Figure 3 we 
give a representative model that illustrates this sequence of stages for a project of this nature, and the tools used to 
instigate the decisions involved at each development stage. The design, development, and decision processes 
implemented throughout this case study are based on this model. 
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Figure 3: Decision stages, and supporting tools, for migration from manual processing to flexible automation 

3.2. DIMENSIONAL AND GEOMETRIC SIMILARITIES 

In this work, the main objective was to develop a conceptual solution for a pilot, reconfigurable automation 
system for the packaging of the two valves shown in Figure 1. To this end, the two valves were constrained to 
belong to the same part family, and an exercise was carried out to identify similarities between the parts that could 
be exploited for the automation project. These two valve models in fact are extreme representatives of a larger set of 
valves, such that the identified solution would eventually be extended to the larger population. 

Two main features were identified, that were both geometrically and dimensionally similar for the two valves. 
These are (i) a common dimension between two cylindrical sections of the valves having similar diameters, and (ii) 
a dimensional similarity between the cylindrical ends of the components. These two features are shown in Figure 4. 
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Figure 4: Dimensional similarities between the two components (dimensions in mm) 

3.3. GENERAL PARTS PRESENTATION AND HANDLING ISSUES 

The boundary conditions of the problem required the valves to be converted from an initial state where they 
were randomly placed on a conveyor to a final state where they were placed in the individual compartments inside 
the pouch strips. The solution was required to be applicable to both valves with minimum reconfiguration effort 
between the two types. Any particular batch to be processed would consist of only one type of valve. 

A number of high level conceptual approaches were considered: 

(i) A wholly flexible system using a vision sensor to locate the position and orientation of the randomly 
placed valves, and an industrial robot having a minimum of four degrees of freedom to pick up the 
valves and place them into the respective compartments in the pouch. This solution would require the 
development of a gripper that would be capable of handling both parts, and that would handle one valve 
at a time. 

(ii) An approach utilizing sensorless orientation of the valves, such that the valves would then be presented 
to a transfer device in an ordered fashion. This solution would require the use of a three degree of 
freedom transfer device, and the development of a gripper that would be capable of handling both parts, 
and that would handle the valves one at a time. 

(iii) An approach utilizing sensorless orientation of the valves, such that the valves would then be presented 
to a transfer device in an ordered fashion, but where all valves to be packaged in the same pouch strip 
would be transferred to the strip simultaneously. This approach would likely require the development of 
a multiple gripper capable of transferring six or seven parts simultaneously, and reconfigurable to 
handle the two types of valve. This approach would also require the solution of the secondary problem 
of spacing the valves by the correct distance for packaging into the strip. 

General approach (iii) was selected on the basis of minimum cost and minimum cycle time.  

3.4. PROCESS MODEL 

A “to-be” process model was drawn up, to illustrate the transformations that were required to move from the 
initial state to the desired final state, and the inputs and outputs for each transformation. This is shown in Figure 5. 

4. MORPHOLOGICAL CHART AND CONCEPT GENERATION 

A morphological chart of candidate subsystems that could perform each of the functions of the process model 
was drawn up. Initial ordering of the valves could be carried out using either a vibratory bowl feeder or a system of 
conveyors and passive orienting parts. Alternatively the valves could be stored in a magazine cartridge from the 
previous operation. Spacing of the valves could be achieved through a number of different approaches, shown in 
Figure 6. These include the use of an intermittent barrier as the valves moved along a rail; the use of a conveyor 
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with correctly spaced mechanical protrusions that would detach the valves from the rail and hold them; or the use of 
a compound mechanical sliding rail system where a number of mechanical protrusions and notches on the sliding 
rail would collect the valves from the fixed rail at the correct intervals. Grasping and handling of the valves could be 
achieved using either pivoting or parallel-type two-jaw grippers, or vacuum, adhesive, or scoop-type grippers. 
Transport of the held parts could be affected using either a system of pneumatic cylinders or a system of electric 
linear actuators. An alternative to the grasping, handling and transport concepts would be to drop the spaced valves 
directly into the pouches in a gripperless system.  
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Figure 5: Process model 
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Spacing of Parts 

Intermittent Barrier Conveyor Sliding rail 

Figure 6: A section of the morphological part:  candidate subsystems for the spacing function 

A number of alternative concepts were generated for each element in the morphological chart. A number of 
these are shown in Figure 7. 

In Figure 7(a), the spacing belts lift and hold the valves off the feeding rail at the correct spacing. When the 
correct number of valves are held, the belts separate dropping the valves into the pouch strip below (not shown). In 
Figure 7(b) handling and transport of the valves is carried out by a multiple gripper system. In Figure 7(c) the 
spacing principle is similar to that of the spacing belts, however in this case the belt is on top of the feeding rail. 
Figure 7(d) is a variation of a one-gripper concept (not shown here) where the processing speed is doubled by using 
two rails and a double gripper which feeds two pouch strips simultaneously. Figure 7(e) shows the spacing rail 
concept, while Figure 7(f) shows the multiple gripper concept which can be used in conjunction with either a 
spacing belt or a spacing rail. 

712



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 

  
(a) Spacing belt and gripper-less system (b) Spacing belt and multiple gripper system 

  
(c) Overhead spacing belt (d) Double gripper concept 

  
(e) Spacing rail and gripper (f) Multiple gripper concept 

Figure 7: Some of the generated concepts 

5. CONCEPT EVALUATION AND SELECTION 

The various concepts were evaluated using a decision matrix. The first step in constructing this matrix was to 
identify and list the specific objectives that needed to be addressed by the solution, and to give a weighting value to 
each of these objectives reflecting its importance to the manufacturer. Each concept was then evaluated against 
these objectives, and given a partial score to reflect how well it satisfied each objective. For each concept, the partial 
scores were then weighted accordingly and added up to give a total score for the concept, reflecting its relative 
suitability to solving the problem at hand. 

The list of objectives and their weighting values were determined from detailed discussions with the 
manufacturer. For each concept, the partial scores against each objective were determined from a qualitative 
evaluation of the extent to which the concept was expected to satisfy the objective. 

The selected solution involved the use of a vertical magazine that would be loaded from the previous operation; 
the use of a spacing rail; and the use of a multiple two-jaw gripper to grasp, transfer and load the valves 
simultaneously into the pouch strip. A pneumatic actuation system controlled by a programmable logic controller 
(PLC) was proposed for the eventual final solution. The design objectives and their respective weightings, as well 
as the raw scores obtained by the selected solution against each objective (prior to weighting), are given in Table 1. 
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Table 1: Objectives used to construct the decision matrix 

Objective Weighting Scores for selected solution 

Reliable spacing and loading of parts 10 8 

Cycle time 8 9 

Ease of reconfiguration 7 6 

Design simplicity 5 8 

Interface with Multivac 3 10 

Ease of manufacture 3 9 

6. SIMULATION, PROTOTYPING AND TESTING 

Simulation models and partial prototypes to test the selected solution were developed concurrently. In this 
manner, the interim results from the simulation as it was being developed could guide the development of the 
prototypes, while experimental results obtained using the prototypes could be fed back into the simulation program 
to correct its function and to validate its output. 

Figure 8(a) shows the output from an early version of the simulation and serves to illustrate the selected concept 
in more detail. The valves slide down an inclined rail, and are collected in the correctly spaced notches within the 
horizontal rail as it slides to the right. When the correct number of valves have been collected, the sliding rail comes 
to rest beneath the multiple gripper. The multiple gripper consists of the correct number of two-jaw grippers, each 
consisting of a fixed and a moving jaw. All of the moving jaws are rigidly fixed to each other, so that the entire 
gripping system consists of only one moving part, thus minimizing design complexity. Reconfigurability of the 
gripper between the two parts could be enhanced using a “double multiple gripper concept”, shown in Figure 8(b). 

  
(a) (b) 

Figure 8: (a) The spacing rail and multiple gripper concept, (b) the reconfigurable multiple gripper concept 

Testing of the first prototypes showed that there were two problems with the initial design. Firstly, the valves did 
not always fall into the slots of the moving spacing rail in an orderly manner. Secondly, variations in gripper and 
valve dimensions resulted in the gripper not achieving a secure grasp of all the valves that were being picked 
simultaneously. The first problem was solved by adding mechanical stops and protrusions to the inclined and 
spacing rails as shown in Figure 9. The specially designed features allow the valves to be collected one by one from 
the feeder rail and then held on notches that are separated by the required distances. The second problem was solved 
by installing compliant foam fittings to the gripper jaws. Further details on this case study can be found in [16]. 

7. CONCLUSION 

The conceptual solution developed and described above has been shown, by experimental validation, to address 
successfully the numerous issues associated with this automation problem. The required flexibility is obtained 
through a reconfigurable design, where the gripper and the spacing rail are the only two components that need to be 
replaced in order to process different members of the same part family. The solution can be further improved by 
implementing the reconfigurable gripper concept suggested in section 6. This case study illustrates the application 
of a general model for the migration from manual processing to flexible automation in the presence of both 
complexity and variety in the part to be manufactured. 
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              (a)                                             (b) 

  

             (c)                                          (d)

Figure 9: Final designs and prototypes - (a) the inclined and spacing rails, (b) collection and spacing of valves,  
(c) modified prototype spacing system, (d) modified prototype gripper 
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ABSTRACT 

The Swedish Nuclear Fuel and Waste Management Company (SKB) will join at least 12,000 lids and bottoms to 
extruded copper tubes. To ensure that high quality welds are produced repeatedly, the need of an automated 
welding procedure instead of the current procedure depending on a skilled welding operator is evident. 

In order to increase the stability and repeatability of the welding procedure to seal copper canisters, 
improvements in robustness and repeatability are the current focus of the development program. To eliminate the 
human factor from the nuclear facility, intelligent software will be developed to control the adaptive welding 
procedure. The paper will discuss the current development and test program of an automatic and adaptive 
thermal management facility through the use of one or two PID control algorithms.  

Challenges in developing the PID control algorithms include, but are not limited to, the 15-20 seconds lag 
between input (power) change and output (temperature) response, as well as the requirement to not overshoot the 
temperature during the initial state of the welding procedure. 

1. INTRODUCTION 

The major component of the Swedish system for managing and disposing of radioactive waste (Fig. 1) is the 
copper canister. The canister (5 m long, 1 m diameter) containing the nuclear waste must be intact for more than 
100,000 years [1]. A corrosion barrier of 5 cm thick copper and a cast iron insert for mechanical strength are used 
to meet this requirement.  

 A total of at least 6,000 canisters will be deposited in the final repository approximately 500 meters down in the 
Swedish bedrock starting around 2018. In November 2006, The Swedish Nuclear Fuel and Waste Management 
Company (SKB) submitted an application to the Swedish authorities to build an Encapsulation Plant, where the 
canisters will be sealed with friction stir welding before being deposited in the final repository. In addition, the 
current manufacturing route (extrusion) for the canister tube requires a bottom to be friction stir welded to the tube 
in a non-nuclear facility. As a result, at least 12,000 lids and bottoms will be joined to the 6,000 tubes in production. 

 

The main objective of the research program is to maximize the reliability in production by developing an 
automated welding procedure and, hence, eliminate the human factor. Published research [2] have looked at 
adaptive control during friction stir welding but was limited to parameters involving welding forces instead of the 
important tool temperature found essential to the production of defect-free lid to canister tube welds [3-5].   
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Figure 1: The barriers in the Swedish system for nuclear waste management. 

1.1. FRICTION STIR WELDING 

Friction stir welding (FSW) is a thermo mechanical solid-state process that was invented in 1991 at The 
Welding Institute (TWI) in Cambridge, England. A rotating non-consumable tool consisting of a tapered probe and 
shoulder are plunged into the weld metal, and traversed along the joint line, see Fig. 2. In 1997, SKB decided to 
investigate FSW as a possible joining method for the copper canisters. After initial trials at TWI on copper plates 
and copper rings that proved the feasibility of FSW on 5 cm thick copper, a welding machine for full scale trials 
was installed at SKB’s Canister Laboratory in 2003 [3-5]. 

One reason for the rapidly increasing use of FSW in industry [6] is that the method has few welding parameters. 
The welding tool rotates at a specific number of revolutions per minute and moves along the joint at a constant 
speed. The position of the tool shoulder in relation to the canister surface is then controlled with a specific 
downward force. In most cases the tool is also angled in relation to the work-piece so that the tool shoulder “surfs” 
on the surface.  

 

 

 

 

 
Figure 2: Schematic of the FSW-process. 

 
The depth of the shoulder in the weld metal, the tool temperature, the torque of the spindle motor and the force 

on the tool in the direction of travel are also measured on the welding machine at SKB. There are clear relationships 
between welding parameters, for example the product of the rotation speed and the torque of the spindle motor is 
equal to the power input and thereby affects the temperature of the tool. These relatively elementary relationships 
and the few parameters make the process simple to interpret, develop and control. 

1.2. CURRENT WELDING PROCEDURE AT SKB 

The welding procedure is currently producing welds without defects due to manual adjustments by a skilled 
welding operator. The key parameter for the welding operator to adjust is the tool temperature. The current process 
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window is between 790 and 910°C. Below 790°C there is a risk of defects being generated and above 910°C there 
is a risk of the tool probe fracturing, resulting in a scrapped canister. As a result, the target tool temperature is 
around 850°C. Figure 3 shows weld data from a “normal” weld where the rotational speed is adjusted manually to 
keep the tool (probe) temperature around 850°C. 
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Figure 3: Weld data from full weldcycle. X-axis shows seconds after weld start. * means value on right y-axis. 

2. DEVELOPMENT OF AUTOMATIC WELDING PROCEDURE 

A couple of steps towards a stable and reliable welding procedure have been achieved recently which will not be 
discussed in this paper. First, a new shoulder geometry proved to be more stable and repeatable than the other 
geometries in a structured design of experiment test. Second, the welding parameters have been optimized to keep 
the tool temperature around 850°C. 

Instead the paper focuses on the third and final step, automation of the welding procedure using intelligent 
software based on PID control algorithms.  

2.1. FUTURE WELDING PROCEDURE AT SKB 

Several design-of-experiment trials [6] have been made to study the relationships between the welding 
parameters. Due to the nature of the relationships found, a PID-control algorithm seems to be a possible aid to 
control the desired welding parameters. The future research program will prove if the PID-control algorithm (see 
below) can be used in an adaptive control system/software to eliminate the human factor.  
 

( ) ( )dtTTk
dt
dTkTTk OO ∫ −⋅+⋅+−⋅=∆ 321ω                                                                                               (1) 

 
where ω = spindle speed (input welding parameter found to have largest influence on tool temperature) 
           T = tool temperature (output welding parameter found to correlate most with weld quality) 
           TO = desired tool temperature 
 

Since FSW is a relatively slow process the usefulness of the I-regulator might be limited, leading to:  
 

( )
dt
dTkTTk O ⋅+−⋅=∆ 21ω                                                                                                                                 (2) 

 
The above function might do an acceptable job at maintaining a stable tool temperature. However, the tool 

temperature has an approximate 15-20 seconds lag/response time, while there is no lag between spindle speed 
changes and power input changes (due to the fact that the power input is the product of spindle speed multiplied by 
spindle torque). During the design-of-experiment trials a linear relationship was noted between the power input and 
the tool temperature and, as a result, a more stable tool temperature might be achieved if the value of the power 
input and the spindle torque is used in addition.  
 
 

718



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 
 

( ) ( )
dt

dPowerkPowerSTk
dt
dTkTTk OO ⋅+−⋅⋅+⋅+−⋅=∆ 5421 ωω                                                          (3) 

 
where PowerO = desired power input (a function of location around lid)  

     ST = spindle torque, note that ST multiplied with spindle speed, ω, is equal to the power input 

2.2. INITIAL SIMULATED RESULTS USING PID CONTROL ALGORITHMS  

To test the potential of the PID control algorithms before modifying the existing software, data from short weld 
cycles were modified using equation 3 and the preliminary relationship between the power input and the tool 
temperature found during the design-of-experiment trials:  

ω∆⋅⋅=∆⋅=∆ STPowerT 6.116.11                                                                                                           (4) 

Figure 4 shows the very undesired and unstable process (red line) induced by the operator if the 15-20 seconds 
lag is not accounted for. The figure also shows the preferred temperature profile (green line) that is not 
overshooting, hence not putting extra stress on the tool through high temperature. Figures 4 and 5 also shows 
different sequences during early part of the weld cycle, that most probable will have different desired power inputs 
and k-values in equation 3. During sequence 1 the welding speed is accelerated constantly from 0 to set value. 
During sequence 2 the process needs to stabilize around 850°C before sequence 3, travel downwards to jointline, 
can start. Sequence 4 is the jointline welding, which is a full lap around the canister, but only the early part is shown 
in figures 4 and 5. 

Figure 5 shows data from a shorter weld cycle during design-of-experiment trials together with simulated 
temperatures using equations 3 and 4 on the data every 4 seconds (0.25 Hz) after a tool temperature of 830°C was 
reached. The constants used were k1 = -0.25 rpm/°C, k2 = -1 rpm/(°C/sec), k4 = -1 rpm/kW and k5 = 0.  

It can be seen in figure 5 that the used PID-equation and k-values control the process nicely when no time lag is 
used (pink line). However, when a 16 seconds lag is added, the PID-control (green line) is not working as desired. It 
can be seen that there is a need for earlier and more resolute control during sequence 2 to not overshoot 850°C. 
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       Figure 4: Undesired, operator induced instability.                   Figure 5: Simulated tool temperature using PID. 

3. FUTURE WORK 

The focus of the future work is the development and testing of software using equations 3 and/or 2 with various 
k-values to check the possibility to achieve a stable welding procedure repeatedly, without the use of a skilled 
welding operator. An improved model (equation 4) of the process will be developed and in addition to real welding 
trials, the most stable PID-equation and k-values will be sought and verified using MATLAB Simulink software. 
Also the effect on process stability using the I-regulator will be investigated. 
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4. SUMMARY 

The welds at SKB have shown that FSW can be used to seal 5 cm thick copper canisters with the production of 
high integrity joints, repeatedly, partly thanks to a skilled welding operator [7].  
 

The development program is now focused on optimizing the welding procedure for production, including 
minimizing/eliminating the human factor by making the welding procedure as operator-independent as possible.  
The key ingredient in the development of a reliable welding procedure will be the use of an intelligent software 
incorporating soon-to-be-optimized PID-control algorithms. 
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Abstract 
 
This paper deals with multistage flow type manufacturing of crankshaft. The advanced methodologies in manufacturing systems, re-configurability and high 
speed manufacturing adopted in the paper will help reduce cost and improve productivity. The optimization of the multistage manufacturing is based on 
mathematical programming formulation and decomposition approach. The optimum process parameters such as speed, feed and depth of cut for individual 
operations are calculated using this technique. The effect of change in design data on manufacturing parameters and eventually the cost of the crankshaft at each 
operation is visualized. This is likely to help the manufacturing engineers to attempt to reduce cost at appropriate stage. The manufacturing automation of 
crankshaft is attempted on the methodology presented in the paper. 
 
1. Introduction:  

Before building the mathematical model, it is very important to have an understanding of the crankshaft 
manufacturing process. Starting with a forged material, first manufacturing removes the excess material at the ends by 
facing and a center is drilled. Turning operation is further divided into Pin Turning and Journal Turning operations. These 
pin and journal turning operations are carried out on the same machine or at different centers which is highly 
recommended to reduce setup time. After these operations, oil holes are drilled on them by a special purpose operation 
called Peck Drilling. where the tool is withdrawn from the work after a known interval for the removal of the chip. Then 
the crankshaft is subjected to Induction hardening to relieve the crankshaft of stresses that might have developed during the 
previous operations. Finally Pin Grinding and Journal Grinding operations are performed these operations are carried out at 
different stages. For the journal grinding operation, a regular cylindrical grinder can be used, whereas for the pin grinding, 
special purpose machine must be used. The schematic representation of the Flow-Type machining system of the 
Crankshaft is presented in Figure 1. The objective is to find the manufacturing parameters at different stages that will 
minimize the cost of production of a crank shaft. Mathematical equations and constraints for all the machining 
operations will be developed to help the optimization process [2]. The total cost (TC) equation is developed below. 
where, 1f = cost of Facing and Centering operation, 2f = cost of journal turning, 3f = cost of the pin turning, 4f = 
drilling cost, 5f = induction hardening cost, 6f = journal grinding cost, 7f = cost of pin grinding. The multi-stage 
operations are optimized by decomposition method. In order to determine the optimum machining conditions, the total 
cost function “TC” is formulated as a standard geometric programming (GP) problem. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1:  Schematic Model of Multistage Machining System of Crankshaft 
 

87654321 ffffffffTC +++++++=   (1) 
The function )(thm  is called posynomial function. Duffin et al [3] has shown to maximize the dual. Minimize )(0 th , 
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And 0>mtC and mkja  are real numbers. The coefficients ,mkC  the exponents mkja , and I(m) are all known. The 
dual is formulated as 
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2. Development of objective function and constraints:  
 
Before developing the constraints, specifications of the machines and the cutting tools are selected. Various 

factors such as type of operation performed, machinability of the material, desired surface quality, standard parts 
and availability must be considered. Constraints on the machining parameters are developed in the following 
sections. 

 
2.1 Mathematical Modeling of Facing and Centering operation.  

The objective of the facing and centering operation is to remove the excess material and to drill a center at the 
end.. The objective and constraints developed are presented below. For the facing operation, the process time is the sum 
of machining time, loading and unloading time and tool setting time. The mathematical development of the objective 
function[23] for the facing and centering operation is given by 









+

+
+










+++

++
+=

3

1

1

1

11

101
1

11
11

.
1

.
..

..2
..82.3

.
.

k
CZ

k
C

TZ
L

TZ
tL

N
t

t
r

eLa
vf

LD
Mf cp

t

f

t

cf

c
L

f

f

ff

ff    (5) 

Where, fD = Diameter of the journal after forging operation, fL = Length of the work piece (in case of circular work, 

ff DL = ), 1a = Approach length, 1e = Over travel distance, fr = Rapid traverse rate, 1Lt = Loading and unloading 

time, 01t = Setup time, cN = Number of parts to be machined, Z  = Number of tooth on the cutter, 1ct = Time 

required to change/index the tool, 1tt = Tool life in inches of travel, 1pC = Cost of cutter, 1cC = Cost of each insert or 

tool, 3k = Number of times the tool is re-sharpened, fv = Cutting speed, m/min, ff = feed, mm. The 1f  function is 
simplified by plugging the known values into the equation. From the standard tools available for milling [1], the 
function for the facing and centering operation reduces to:   

4114
11 10*171.3)28.210.251.4.( −−−− ++= ff vfMf ,  (6) where min/$1 =M , cost of milling. 

Nodular Cast Iron is used as material for crankshaft. The constraints on the cutting speed and feed:  
min/3000min/300 mvm f ≤≤ ,  toothmmftoothmm f /5./15. ≤≤ . The power constraint is developed 

as:  KWfv ff 5.71948.1 ≤ , 7.5KW is the power available on milling machine  Mathematical program for the facing 
operation: 
Minimize 4114

11 10*171.3)28.210.251.4.( −−−− ++= ff vfMf  (7) 

s.t. constraints: min/3000min/300 mvm f ≤≤   (8), toothmmftoothmm f /5./15. ≤≤  (9), 

KWfv ff 5.71948.1 ≤  (10) 
 
2.2 Mathematical Model for Journal Turning operation 
 

There are a total of 7 journals for a 6 cylinder IC engine.  After forging operation journal diameter is 67 mm. 
which means that there is a total of 0.12 mm of material in excess on the journals in 4 steps. The tool is retracted from 
the work after completion of the turning process and is moved to adjacent journal. This process is repeated until all the 7 
journals are turned successfully covering about 1270 mm. The cost function is developed as below. 
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where, 2M = Cost of turning (dollar/min), sD = Diameter of journal (mm), sL = Length of the journal (mm), jtf = 

Feed (mm), jtv = Work speed (m/min), 2a = Approach length (mm), tr = Rapid traverse rate of the tool (mm/min), 

2Lt = Time required to load and unload (min), 02t = Setup time for the journal turning operation (min), 2tT = Tool life 

of the insert (min), pC = Purchase cost of the tool (dollars), 21k = Number of times tool is re-sharpened, G = Labor 

and overhead for re-sharpening, 2st = re-sharpening time (min), ctt = Tool change time (min), cC = Cost of insert 
(dollars). For turning nodular cast iron, an insert of type K CBN (cubic boron nitride) is recomended. The range for the 
values of feed and speed should be selected from the insert specifications. After analyzing the speed and feed ranges 
are: min/70min/27 mvm jt ≤≤ , revmmfrevmm jt /55.0/2.0 ≤≤ The power constraint is:    

kwfv jtjt 1501688. ≤ .  
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 After simplifying, the mathematical model is:  
Minimize : 78585.1..4315.5 11

2 += −−
jtjt fvf (13) under constraints: min/70min/27 mvm jt ≤≤ (14), 

revmmfrevmm jt /55.0/2.0 ≤≤  (15), KWfv jtjt 1501688.0 ≤ (16) 
2.3 Mathematical Modeling of Pin Turning Operation 
 

For the Pin turning operation, rapid traverse by the tool is about 535 mm. the total length of 6 pins is about 
160 mm. and the diameter of the pin before the beginning of the pin turning operation is about 58 mm. substituting 
these values in the equation, the mathematical model for pin turning is as follows; Minimize 

772.1..3784.143 += ptpt fvf  (17), s.t. constraint min/70min/27 mvm jt ≤≤ (18), 

revmmfrevmm jt /55.0/2.0 ≤≤ (19), KWfv jtjt 1501688.0 ≤  (20) 
2.4 Mathematical Modeling of Drilling Operation 
 

The cost of performing the drilling operation on the crankshaft is developed as: 
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in the above equation, the  actual machining time, the rapid movement of the tool,  the total loading and unloading time , 
and the total overhead costs are included.. Where, dD = diameter of the drill , dL = Length of the hole, dv = cutting  
 

                                                                                               Figure 2: Oil Hole Geometry 
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speed, df = feed, dn = # holes to be drilled, 1dL = total rapid travel distance ,                                                                                     

=dr rapid traverse rate of the machine, Ldt = load and unload time (min), 04t = set up time (min), cN = Number of 
components to be drilled, 4ct = re-sharpen time (min), tdT = Life of the drill bit (min), pdC = Cost of the tool (dollar), 

dk1 = # the tool is re-sharpened.. The length of the oil hole can be calculated using the trigonometric relation. 
Mathematically the length of the oil hole is given by 
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in the above equation, mmLc 88= , mmd p 58= , mmLp 5.26= , mmt 22= , mmLs 35= . All the values are 

taken from design of the crankshaft. The value of drillL  is found to be 88 mm. assuming 4 retractions during the drilling 
operation, assuming that there are 4 retractions of length during the drilling  
 
 
 
 
 
 
 
 
 
 
 
                                                             Figure:3: Peck drill retraction distance calculati 
 

Figure 3: Peck drill retraction distance calculation 
 
process, the total rapid traverse distance can be calculated.  The total rapid distance traversed by the drill bit is given by 

4321 .2.2.2.2 LLLLRdrill +++= ,  daxL +=1 ; x is the depth after which it is retracted.  
Substituting the required values from machining data handbook, we develop 
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on simplification, the above equation reduces to : 9110.1..1467.0 11
4 += −−

dd fvf .  (23) 

Using the machine specifications, the mathematical model is : Minimize 9110.1..1467.0 11
4 += −−

dd fvf (24) , s t. 

constraint::, min/200min/30 mvm d ≤≤  (25) , KWfv dd 153166.0 ≤ (26) 
2.5 Mathematical Modeling of Grinding operation  
 

Grinding of crankshaft pins and journals is a high precision machining operation, which calls for high surface 
quality, accuracy of shape and dimension. Various constraints exist in grinding of a shaft. The most important is the 
selection of the wheel in grinding. In selecting the wheel type, various aspects must be considered. A surface finish of 
8µm is assumed on 6 pins and 7 journals. The objectives are separate for pin grinding and journal grinding, but the 
constraints on both the operations would remain the same. The cost of journal grinding  
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Where, gM = cost of grinding (dollar/min), stk  = stock to be removed from the journal by grinding (mm), wgd = 

initial diameter of the journal (mm), gk = grinding constant, gf = cross feed of the grinding wheel (mm), wgv = Work 

speed (m/min), rga = total rapid traverse distance traveled by the tool (mm), rgr = rapid traverse rate of the grinding 

wheel (mm/min), gt1 = loading and unloading time (min), gt0 = set up time (includes grinding wheel balancing) (min), 

grindN = # parts to be ground, cgt = wheel dressing time (min), cgT = time between wheel dressings (min), pgC = 

cost of dressing tool (dollar), gk1 = # the tool is used before being discarded, cgC = cost of the grinding wheel (dollar), 

gk3 = # the wheel is used before being discarded. After substituting proper values from handbook, the machining cost 

is: 3.2..36855.0 11
5 += −−

wgg vff . The breakdown force intensity is evaluated as: 
cm
NFbd .105.647' = . 

The equation for the normal and tangential forces acting on the grinding wheel will be developed. Mathematically, the 

normal force nF is given by: 
WRP

fd
F gwg
n

..π
= , Where, gf = Cross feed of the wheel into the work (µm), WRP = Work 

removal parameter 
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Where, wheelV = Surface speed of the grinding wheel (m/min), wgv = Work speed (m/min) 

grindwheelC = Dressing compensation (mm), grindwheelL = Dressing tool lead (mm), graind = Grain or grit size used in the 

grinding wheel (µm), eR = Rockwells hardness of the work material. For machining the crankshaft journals, the 
following values will be used. wgd =64.1mm, wheelV =1750 m/min, grindwheelC = 0.025 mm, grindwheelL = 0.1 mm. From 

the grinding wheel specifications, the grain size graind =150, eqD and vol have been calculated to be 59.789 mm and 

10.98 respectively. Substituting the said values in the equation of the normal force nF simplifies to. gwg fv ..69.531 19
3−

. 
Since the normal force should be less than the breakdown force, the constraint on the wheel breakdown force is:  

105.647..69.531 19
3

≤
−

gwg fv  

For the grinding operation, the chip thickness, =avT 0.02789 mµ . The chip thickness also depends on various other 
parameters such as wheel surface speed, work speed, the dressing compensation, tool lead and the grinding wheel width. 
The chip thickness constraint is:  

 mfv gwg µ.02789.0..291.0 27
19

27
3

≤
−

. The power equation is: 
WRP

fVWd
P gwheelgrindwg
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....π

= . After substituting the work 

removal parameter, the power equation is developed as 
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Simplifying of the above equation the power constraint is:; 2010*7.6 19/35 ≤−
gwg fv . From the machine 

specifications, the constraint on the work speed and cross feed have been developed as: 
min

.500
min

.1 mvm
wg ≤≤ ,     
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s
mf

s
m

g .10.000001.0 ≤≤ . Thus for the journal grinding operation, the mathematical model is:: Minimize 

3.2..36855.0 11
5 += −−

wgg vff (30), s.t. constraints: 105.647..69.531 19
3

≤
−

gwg fv (31), mfv gwg µ.02789.0..291.0 27
19

27
3

≤
−

(32), 

2010*7.6 19/35 ≤−
gwg fv (33), 

min
.500

min
.1 mvm

wg ≤≤  (34), 
s
mf

s
m

g .10.000001.0 ≤≤  (35) 

Similar procedure is used in formulating the mathematical model for the Pin grinding operation.  

Minimize 5275.5..89976.0 11
5 += −−

wgg vff  (36), under constraints: 
s
mf

s
m

g .10.000001.0 ≤≤  

(37), 05.664..2.182 19
3

≤
−

gwg fv  (38), mfv gwg µ.02789.0..007014.0 27
19

27
3

≤
−

(39), 2010*441.4 5 ≤gwg fv  (40), 

min
.500

min
.1 mvm

wg ≤≤  (41).  

The optimization problem for the multi-stage manufacturing problem is then converted to standard geometric 
programming format and presented below: 

Minimize: 
00.125275.5..89976.0275.5..3.1

70845.2..20855.0091.2..6867.17101.2..515.31086.3..5345.2
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                                                                                                                                                      (42) 
s.t .constraints: 

)43(12 1 ≤x )44(115. 1
1 ≤−x )45(110*333.3 2

4 ≤− x )46(1300 2 ≤x )47(1159. 21 ≤xx )48(1014. 4 ≤x
)49(127 4 ≤x )50(1818.1 3 ≤x )51(12. 1

3 ≤−x )52(110*125.1 43
3 ≤− xx )53(1014. 6 ≤x

)54(127 1
6 ≤−x )55(1818.1 5 ≤x )56(12. 1

5 ≤−x )57(110*125.1 65
3 ≤− xx )58(1538.1 7 ≤x

)59(112. 1
7 ≤−x )60(110*5 8

3 ≤− x )61(130 1
8 ≤−x )62(1021. 87 ≤xx )63(11. 9 ≤x )64(100001. 1

9 ≤−x

)65(110*2 10
3 ≤− x )66(11

10 ≤−x )67(110*856.2 158.
109

4 ≤−xx )68(1234. 111.
10

704.
9 ≤−− xx

)69(135. 158.
109 ≤−xx )70(1000001. 1

11 ≤−x )71(11. 11 ≤x )71(110*2 12
3 ≤− x )72(11

12 ≤−x

)73(110*776.1 158.
1211

4 ≤−xx )74(1251. 111.
12

704.
11 ≤−− xx )75(1274. 158.

1211 ≤−xx
)76(12,...,2,1,0 =≥ jx j  

The mathematical model for manufacturing automation of crankshaft from eq(42) to eq(76) will be solved by 
decomposition approach. This approach permits decomposition of nonlinear programming problem into sub-problems, 
each of which when solved independently yields the overall system optimum. On implementing the decomposition 
technique, one may notice that for the above problem, Second Level Problem does not exist since there is no Sub-vector 
{Y} which interacts or coordinates between the subsystems and subsystem variable {X}. Hence solution to the First 
Level Problem gives the optimal solution to the whole system. The following figure shows the solution procedure for the 
Multi-Stage system by decomposition using Model Coordination method. This technique takes into account inter-action 
and inter-relations of different subsystems. After solving the different possible subsystems, the optimum system cost is 
determined by the relation presented in [4].  
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Fig. 4: Coordination Procedure for Multistage System. 
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Using the procedure given in Fig. 3, the solution to sub-problem 1 is found, the values of the subsystem variables are 
given in Table 1 below.  
For journal and pin turning operation other constraints, their limiting range and optimal parameters are presented below.  
Journal grinding:     0<=Breakdown force(N)<=664.05, optimal value=8.131*10^-3 
                               0<=Surface finish 8≤mµ , optimal value=4.58 mµ  

Pin grinding: 058.664)(0 ≤≤ Norcebreakdownf , optimal value= 310*134.8 −  
Under the given operating conditions, the optimum costs of individual operations on crankshaft are:  Facing=$2.1, 
Journal Turning=$3.3, Pin Turning=$3.25, Drilling=$2.75, Induction hardening=$3.5, Journal grinding=$2025, Pin 
grinding=$18.25. These values are calculated when the large optimization system is decomposed.  In order to find out 
the optimized cost of the multistage system, these have to be recomposed using the algorithm 
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so 3.=τ . For the crankshaft, the Optimum cost is given by 
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++++++=
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25.1825.205.375.225.33.31.2M  

By staggering the value of within a practical range we can see the graph of the recomposed value of the system cost. The 

jδ  values will depend on the experience and expertise of the engineer.                                                      
Table 1: Optimal Operating Parameters for multistage Machining Operations  

 

Type of Machining Limiting Range Optimal Parameters 

 Lower Upper Feed(mps) 410*543.1 −

Feed(mps) 410*525.1 − 410*4.5 −  Speed(fpm) 122.835 Facing 

Speed(mpm) 32 235 Power(KW) 8+ 

 Lower Upper Feed(in) 410*05.3 −
+ 

Feed(mps) 410*016.1 − 410*385.5 − Speed(mpm) 686+ Journal Turning 

Speed(mpm) 600 686 Power(KW) 4.5 

 Lower Upper Feed(in) 410*5.3 −
+ 

Feed(mps) 410*02.1 −  410*85.3 −  Speed(mpm) 686+ Pin Turning 

Speed(mpm) 600 686 Power(KW) 4 

 Lower Upper Feed(mps) 410*29.2 −
 

Feed(mps) 510*65.7 −  410*29.2 −  Speed(mpm) 120 Drilling 

Speed(mpm) 58 120 Power(KW) 9.5 

 Lower Upper Feed(mps) 934*10-5 

Feed(mps) 10-6 10 Speed(mpm) 500+ Journal Grinding 

Speed(mpm) 1 500 Power(Kw) 1.4 

 Lower Upper Feed(mps) 1.196*10-4 

Feed(mps) 10-6 10 Speed(mpm) 500+ Pin Grinding 

Speed(mpm) 1 500 Power(KW) 19+ 

                                                             

+Indicates restricting constraint. 
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Figure 5: Subsystem cost chart                                                                   Figure 6 : Recomposed cost 
                                                      
 3. Results:  

From the table 2 it can be noticed that there are certain parameters which limit the model from being further 
optimized. For example, the turning operation utilizes about 5.5 hp out of 20 hp available on the machine. Which means 
a machine with lesser horsepower could be used for the turning operation. The same holds for drilling machine also. For 
other machining operations, the power used for the operation is realized very close to the upper limit of the available 
power. The range of manufacturing cost is between $23.379 to $53.4. The main concern of the production engineer 
would be to bring the total manufacturing cost to the minimum value of $20.379. It can also be seen that the grinding 
operation (both journal and pin) are very critical operations, constituting about 75% of the total manufacturing cost. 
Hence more emphasis should be on optimizing this process. It was also noticed that the total cost for loading and 
unloading constituted about 30% of the total machining cost. Hence more study in regard to automation of material 
handling is needed in order to reduce these costs. The technique presented in the paper helps the production engineer in 
realizing the critical processes.  
 
4. Conclusion:  

A theoretical investigation of manufacturing automation of crankshaft is presented. A new mathematical model 
for the multistage machining system comprising several machine tools sequenced in the production-technological order 
developed in an attempt to determine machining parameters for production stages. The mathematical model for 
multistage manufacturing is huge and highly non-linear. It was very difficult to solve the optimization problem using off-
the-shelve algorithms. A new decomposition algorithm was developed to solve the subsystem and finally the results were 
recomposed to give out the optimal results. The optimal results obtained by geometric programming shows the 
manufacturing cost at various stages and points in the direction of the stage where lowering the cost of automation of 
the crankshaft is most desirable. 
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ABSTRACT 

Recent research shows an increasing interest in developing several methods for forecasting project 
duration using earned value metrics. However, it seems few study on validating the effectiveness and 
reliability of these methods. In this report we attempt to analyze and evaluate them by introducing 
Weibull analysis. It is a statistical approach to evaluate stochastically the schedule performance of 
projects. Firstly, by Weibull analysis, the performance probability chart based on earned schedule 
shows more reliable results than that based on earned value. Hence, we compute the new values of 
three schedule performance indices, based on planned value, earned duration, and earned schedule 
(Vandevoorde and Vanhoucke, 2005) [1], by using their corresponding Weibull function at different 
significance levels, and forecast their respective estimate at completion time (EAC(t)). Then, select 
the most reliable method with the smallest type II probability with comparison to the known project 
final duration , by using Power of Test. Finally, we illustrate the process of analyzing and evaluating 
on some real-life project data. 

Key Words: Weibull Analysis, Earned Value, Earned schedule, Earned duration, Project duration 
forecasting 

1. INTRODUCTION 

Earned Value Management System (EVMS) provide a integrated performance index. There are three 
most important elements: BCWS, ACWP, and BCWP. BCWS is the budgeted cost of work Scheduled, it 
also called planned value (PV). ACWP is the actual cost of work performed, it also called actual cost 
(AC). BCWP is the budgeted cost of work performed, it also called earned value (EV).Two important       
performance index: Cost Performance Index (CPI) and Schedule Performance Index (SPI). 

In the EVM, the schedule and cost performance indices (C/SPI) are used for constant monitoring of 
the project’s cost and schedule based on an original critical path method (CPM) schedule (Chang 2001) 
[2]. Unfortunately, CPM scheduling in general creates an unrealistic expectation regarding project 
schedule performance. Starting a project one day and expecting that the project will finish on an exact 
date some two or three years in the future is unrealistic. Therefore, there is a need to extend schedule 
analysis techniques, like the EVM, to provide means for probabilistically analyzing the schedule 
performance and measuring the risks involved (Nassar et al, 2005) [3]. 

Because EVM schedule indicators are expressed in units of cost, comparison with the time based 
network schedule indicators (e.g. the critical path (CP) calculated end date) is very difficult. The much 
more serious issue is that the EVM schedule indicators always return to unity at project completion. That 
is to say, at the end of a project, the EV=PV=BAC, and hence, SV=0 and SPI=1. To overcome the 
anomalies with the earned value schedule performance indicators, Lipke (2003) [4] introduced the 
concept of earned schedule (ES). Simply to say, earned schedule can be defined as “Earned Schedule 
(ES) is the point in time when the current Earned Value was to be accomplished (Stratton 2005, p3) [5].” 
It is different to some extent in the real project. In this method, the earned value at a certain (review) point 
in time is traced forwards or backwards to the performance baseline (S curve) or PV. This intersection 
point is moved downwards on the X-axis (the time scale) to calculate the earned schedule ES (see Fig. 1). 
It translates the EV into time increments and measures the real project performance in comparison to its 
expected time performance. The corresponding schedule performance metrics are: 

SV(t) = ES – AT, 
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SPI (t) = ES / AT, where AT is used to refer to the Actual Time.  

 

 

 

 

 

 

 

Figure 1: SV(t)andSV 

Nassar et al (2005) used Weibull analysis to evaluate and compare the reliability of schedule 
performance of multiple projects. They adopted the EVM schedule performance index (SPI) as the basis 
of comparison. Due to the shortcoming of SPI, we will redo it by using SPI (t). Donald (1994) [6] 
described the shortcoming which lacks the concept of time to EVMS, and joined the time view among 
them. After that, Lipke (2003) used earned schedule to improve the problems which were schedule 
performance index in EVMS. By using SV(t) and SPI(t), it will become more reality when a project is 
executed. The performance indicator of EVMS were added time(t), they become ES indicators. This 
research will use Weibull analyse to compare the reliability of SPI and SPI(t). 

The objective of this study is to discuss and present the applicability of Weibull analysis for 
evaluating schedule performance using cost and performance indices (C/SPI) and to provide construction 
managers with an effective tool for stochastically evaluating the C/SPI. 

In other management domains like system engineering and industrial engineering, tools of reliability, 
and maintainability(RAM) enginerring are used to predict and avoid sudden system failures (Ireson and 
Coombs, 1988) [7]. Based on different reliability level a project manager can accept, In order to control 
the project, we set up the reliability whcih a project manager can accept. The manager most care about is 
the time which a project completion. The mathod of estimate at completion time(EAC(t)) is according 
EVMS to be developd. There is three kinds of EAC(t) mathods: planned value mathods, earned duration 
mathods, earned schedule mathods, but which one is better? This research uses Weibull analysis to assess 
the reliability of these mathods. 

2. A GENERIC PROJECT DURATION FORECASTING FORMULA 

There are three different kinds of EAC(Vandevoorde and Vanhoucke, 2005). Christensen(1993) [8] 
who reviews different cost forecasting formulas and examines their accuracy. EAC(t) (Estimated At 
Completion Time) is the estimated duration at completion, AD is the actual duration and PDWR is the 
planned duration of work remaining. A generic duration forecasting formula is given by(1): 

EAC(t) = AD + PDWR       (1) 

2.1 THE PLANNED VALUE METHOD 

The planned value method is described by Anbari(2003) [9]. PVRate is the average planned value per 
time period, BAC is used to denote the budget at completion, and PD to denote total planned project 
duration, see equation (2). 

PVRate = BAC / PD      (2) 

This method assumes that the schedule variance can be translated into time units by dividing the 
schedule variance. equation (3): 

TV = SV / PVRate = (SV * PD ) / BAC = (EV – PV ) * PD / BAC      (3) 

According to the project characteristics, the following forecasting formulas have been derived: 

1. Duration of remaining work as planned 

EAC(t)PV1 = PD – TV      (4) 
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2. Duration of remaining work follows the current SPI trend 

EAC(t)PV2 = PD / SPI      (5) 

3. Duration of remaining work follows the current SCI trend  

EAC(t)PV3 = PD / SCI      (6) 

2.2 THE EARNED DURATION METHOD 

The earned duration method is described by Jacob(2003) [10]. The earned duration ED is the product 
of the actual duration AD and the schedule performance index SPI, the generic ‘”earned duration” 
forecasting formula is: 

ED = AD * SPI       (7) 

EAC(t)ED = AD + ( PD – ED ) / PF      (8) 

The performance factor is used to adapt the future performance to the past performance. 

1. PF = 1, Duration of remaining work as planned 

EAC(t)ED1 = AD + (PD – ED) / 1      (9) 

2. PF = SPI, Duration of remaining work follows the current SPI trend 

EAC(t)ED2 = AD + (PD – ED) / SPI      (10) 

3. PF = SCI, Duration of remaining work follows the current SCI trend 

EAC(t)ED3 = AD + (PD – ED) / SCI = PD / SCI + AD ( 1 - 1 / CPI)       (11) 

2.3 THE EARNED SCHEDULE METHOD 

The earned schedule method to forecast project duration has been recently introduced by 
Henderson(2004) [11] [12], and is an extension of the work done by Lipke. The earned schedule ES can 
be mathematically expressed as equation (12). N is the time increment of the PV that less than current PV, 
PVN the planned value at time N and PVN+1 is the planned value at time N+1. 

ES = N + (EV – PVN) / (PVN+1 – PVN)      (12) 

The generic earned schedule duration forecasting formula is: 

EAC(t)ES = AD + (PD – ES) / PF      (13) 

The performance factor used depends on the project situation: 

1. PF = 1, Duration of remaining work as planned 

EAC(t)ES1 = AD + (PD – ES) / 1      (14) 

2. PF = SPI(t) , Duration of remaining work follows the current SPI(t) trend 

EAC(t)ES2 = AD + (PD – ES) / SPI(t)      (15) 

3. PF=SCI(t), Duration of remaining work follows the current SCI(t) trend (note that this formula is 
not given in any of the earned schedule papers) 

EAC(t)ES3 = AD + ( PD – ES ) / ( CPI * SPI(t) ) = AD + ( PD – ES ) / SCI(t)       (16) 

2.3 WEIBULL ANALYSIS 

Weibull analysis is a widely used method in the field of manufacturing and industrial engineering. 
Khaled, Hordur, and Mohamed(2005) used Weibull analysis and median ranking to compared cost and 
schedule performance in different projects. In summary, the advantages of using the Weibull distribution 
are threefold: 1.It has been found to accurately model quality and performance characteristics and its 
flexibility that makes it ideal for analysis on a dataset with unknown distribution. 2. The parametersαand 
βrepresent a meaningful measures to the task at hand. 3.It provides accurate failure analysis and risk 
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prediction with small samples (Khaled et al., 2005). When the distribution of the data is the asymmetry, 
to arrange with symmetrical average that is distribute law can have better estimation and revision by 
using median ranking (Fauche and Tyson,1998) [13]. Our research is according to the result of Khaled et 
al.(2005), we also use the Weibull cumulative distribution function(CDF): 

0,1)( )/( ≥−= − xexF x βα               (17) 

3. EXAMPLE AND ANALYSIS 

Khaled et al.(2005) used Weibull Analysis for evaluation of cost and schedule performance. This 
research is according to their result, and extensive to estimate different project duration forecasting 
methods. Using MS-EXCEL to built and analysis projects. The data with reliability which were 
calculated by Weibull analysis, then we used Power of Test to verify the data . 

The steps can be summarized in the following steps to perform the Weibull analysis using 
MS-EXCEL spreadsheets. 

1. Ranking SPI(t), and calculating the median rank = (rank no. − 0.3) / (no. of points+0.4)。 

2.Calculating ln { ln [ 1 / ( 1 - median rank ) ] } and ln[SPI(t)]。 

3.with ln { ln [ 1 / ( 1 - median rank ) ] } and ln[SPI(t)],we can get y = mx + b by using regression 
analysis (which βαβ /, bem == ). 

4. Calculating α, β, and index for Weibull equation, drawing the Weibull distribution graph and 
comparing SPI(t) and SPI. 

3.1 USING WEIBULL TO COMPARE WITH EARNED SCHEDULE AND EARNED VALUE 

We used two projects which were used by Khaled, Hordur; and Mohamed(2005). Table 1 show the 
data set form project A and project B; ES and SPI(t) were calculated in order to compare with the SPI of 
EVMS. 

Table 1: Data Set from Project A and Project B 

 Project A   Project B   

AT SPI ES SPI(t) SPI ES SPI(t) 

1 2 2 2 0.31 0.31 0.31 

2 0.91 2.06 1.0303 0.56 1.14 0.57 

3 1.27 3.31 1.103 0.45 1.91 0.64 

4 0.61 3.86 0.9659 0.68 2.59 0.65 

5 1.32 5.05 1.0103 0.68 3.27 0.65 

6 1.45 6.49 1.0818 0.79 3.79 0.63 

7 1.09 7.58 1.0831 0.79 4.62 0.66 

8 1.52 9.48 1.1856 1.05 5.61 0.70 

9 0.79 10.1 1.1199 1.32 6.95 0.77 

10 0.36 10.1 1.0109 0.61 7.98 0.80 

11 0.67 10.8 0.9776 0.79 8.23 0.75 

12 1.04 11.9 0.9879 0.91 9.95 0.83 

13 1.59 13.4 1.0334 1.09 11.02 0.85 

14 0.91 14.6 1.0403 0.79 11.03 0.79 

15 1 15.5 1.0344 1.13 13.49 0.90 
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16 0.73 16.3 1.0182 1.14 13.70 0.86 

17 0.61 16.8 0.9911 1.14 14.84 0.87 

18 0.67 17.5 0.9718 1.59 16.43 0.91 

19 0.2 17.6 0.9248 0.91 17.86 0.94 

20  1.32 18.36 0.92 

21  0.82 19.51 0.93 

22  1.21 20.00 0.91 

23  0.91 20.91 0.91 

24  2.27 19.00 0.79 
Collecting the SPI(t) data of project A, and using Weibull analysis. We can get the Reliability and 

Performance Probability, tabale 2; According to table 2 we can draw the Weibull distribution of SPI(t) of 
project A(Fingure 2, left). And with the same steps, we also get the Weibull distribution of SPI of project 
A and project B(Fingure 2, right). 

Table 2: Performance probability and Reliability for Each Project 

 Project A  Project B  
Index 
range Reliability Performance 

probability Reliability Performance 
probability 

0.1 0.99994772 5.22796E-05 0.999988586 1.14139E-05 

0.2 0.998690543 0.001309457 0.999720173 0.000279827 

0.3 0.991412129 0.008587871 0.998182934 0.001817066 

0.4 0.96769304 0.03230696 0.993161237 0.006838763 

0.5 0.911522195 0.088477805 0.980961893 0.019038107 

0.6 0.805600935 0.194399065 0.956385196 0.043614804 

0.7 0.642421954 0.357578046 0.913159566 0.086840434 

0.8 0.439079219 0.560920781 0.845133469 0.154866531 

0.9 0.241017417 0.758982583 0.748414315 0.251585685 

1 0.098095543 0.901904457 0.624183861 0.375816139 

1.1 0.026896584 0.973103416 0.481060276 0.518939724 

1.2 0.004437016 0.995562984 0.335059811 0.664940189 

1.3 0.000386191 0.999613809 0.205527333 0.794472667 

1.4 1.52551E-05 0.999984745 0.107798956 0.892201044 

1.5 2.30504E-07 0.999999769 0.046755603 0.953244397 

1.6 1.0992E-09 0.999999999 0.016152031 0.983847969 

1.7 1.33474E-12 1 0.004262279 0.995737721 

1.8 3.25328E-16 1 0.000820345 0.999179655 

1.9 1.22469E-20 1 0.000109448 0.999890552 

2 5.34287E-26 1 9.5745E-06 0.999990426 

2.1 1.97486E-32 1 5.16919E-07 0.999999483 

2.2 4.40155E-40 1 1.61292E-08 0.999999984 

2.3 4.09469E-49 1 2.70953E-10 1 
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2.4 1.06955E-59 1 2.2705E-12 1 

2.5 5.1237E-72 1 8.74473E-15 1 

 
Figure 2: Weibull Distribution for Each Project; Left by SPI(t); Right by SPI 

The project A is compared with project B according to the same index(figure 2). When index is 1, the 
reliability of project B is higher than project A(figure 2, left). It means that project B is more possible to 
receive better performance when two projects going on at the same time; With other index corresponding 
reliability too, the performance of project B is always better than project A. The SPI which calculate by 
EVMS, the curve of project A and B is overlapped, it cause unable to judge which performance of the 
project is better. In addition, we can utilize the reliability of different projects, take improving actives to 
the project which reliability is lower. 

3.2 USING WEIBULL TO ESTIMATE DIFFERENT PROJECT DURATION FORECASTING METHODS  

Our research will use Weibull analysis to compare the results which were calculated by planned value 
method, earned schedule method, and earned duration method. We illustrate the process of analyzing and 
evaluating on some real-life project data which were used by Vandevoorde and Vanhoucke(2005). All 
calculations and graphs are done by use of a MS-Excel spreadsheet (Appendix A). We can see the AC, 
EV, PV of project 1, and according these data to calculate different EAC(t). Under the table is the data of 
the other two projects. 

Collation the EAC(t)PV1 of the project 1,and then we can calculate the Weibull distribution of the 
EAC(t)PV1 by using Weibull analysis. We also can draw different distribution of different EAC(t) with 
the same way, figure 3, figure 4, and figure 5. 

 
Figure 3:Weibull distribution by project 1:Left:EAC(t)PV1，EAC(t)ED1，EAC(t)ES1; Middle: EAC(t)PV2，

EAC(t)ED2，EAC(t)ES2; Right: EAC(t)PV3，EAC(t)ED3，EAC(t)ES3 

 
Figure 4:Weibull distribution by project 2:Left:EAC(t)PV1，EAC(t)ED1，EAC(t)ES1; Middle: EAC(t)PV2，

EAC(t)ED2，EAC(t)ES2; Right: EAC(t)PV3，EAC(t)ED3，EAC(t)ES3 
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Figure 5:Weibull distribution by project 3:Left:EAC(t)PV1，EAC(t)ED1，EAC(t)ES1; Middle: EAC(t)PV2，

EAC(t)ED2，EAC(t)ES2; Right: EAC(t)PV3，EAC(t)ED3，EAC(t)ES3 

Compare the difference with these EAC(t). We found that the reliability of EAC(t)PV which were 
calculated by the planned value method is the highest in project 1. But, when it applied to project 2 and 
project 3, it is not the highest any more. There is no consistency in the reliability of finishing time of 
different projects by using the planned value method. Then compare earned duration method and earned 
schedule method in three different projects, the reliability of EAC(t)ED is higher than EAC(t)ES, and 
much more stable. 

3.3 DIFFERENT REALIABILITY OF SPI(T) AND EAC(T) 

We also illustrated the process of analyzing on the same project data which were used by 
Vandevoorde and Vanhoucke(2005). We collected the project performance and calculated the SPI(t) with 
percentage. Then we used the index of Weibull analysis to calculate the SPI(t) with reliability. Next, we 
used these SPI(t) to estimate EAC(t). Finally, we used Power of Test to verify the EAC(t). 

First, we count the SPI(t) at 25% of the project, and take these 25% SPI(t) into Weibull analysis. Next, 
we used insert to find corresponding SPI of index. With the same steps, we can get different percentage 
of the SPI(t), and then calculate the EAC(t) by earned duration method, table 3. Finally, using power of 
test to verify these EAC(t), table 4. 

Table 3:Different realiability of SPI(t) and EAC(t) by project 1 

Project 1 25% 50% 75% 25% 50% 75% 

Reliability SPI(t) SPI(t) SPI(t) EAC(t)ES2 EAC(t)ES2 EAC(t)ES2 

0.99 0.889467 0.871256 0.774211 9.941138469 10.57989 12.34691 

0.9 0.891979 0.876766 0.792848 9.924410291 10.55739 12.29174 

0.8 0.892344 0.877961 0.820138 9.921981311 10.55255 12.21548 

0.7 0.89271 0.879157 0.825318 9.919554323 10.54772 12.20158 

Table 4:Power of Test by Project 1 

 25%   50%   75%   

Reliability EAC(t)ES2 Z β EAC(t)ES2 Z β EAC(t)ES2 Z β 

0.99 9.941138469 -20.6275 7.77424E-95 10.57989 -14.4011 2.55E-47 12.34691 -1.77709 0.037777

0.9 9.924410291 -20.7403 7.49837E-96 10.55739 -14.5349 3.64E-48 12.29174 -1.9272 0.026978

0.8 9.921981311 -20.7567 5.33369E-96 10.55255 -14.5638 2.39E-48 12.21548 -2.1347 0.016393

0.7 9.919554323 -20.7731 3.79396E-96 10.54772 -14.5925 1.57E-48 12.20158 -2.17253 0.014908

4.CONCLUSION 

Our research is the concept of reliability, use Weibull analysis to assess EVMS and join reliability init. 
The earned schedule not only improved original EVMS, but also had better reliability than original  
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EVMS. After using Weibull analysis, we found that there is much more reliability with SPI(t). With 
three different project duration forecasting methods, there is no rule with reliability distribution when 
using the planned value method. Sometimes PV method is the best one, but it is not in the other projects. 
It will make us confused. Then we compared the earned duration method with the earned schedule 
method, the ED method is much more stable. The other point in our research is to integrate reliability 
and SPI(t), and to calculate EAC(t). As to traditional EVMS, there is no any concept of reliability in it. 
With the degree of risk which project manager can accept, we can choose different kind of SPI(t) of 
reliability to estimate the EAC(t). And with power of test, the higher reliability that we adopt is, the ones 
that estimate time correct possibility will be high too. 
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ABSTRACT 

In the paper, the Multi Objective Immune Algorithm (MOIA) for open shop scheduling problem is proposed. In 
MOIA for estimating a schedule, one can use more than one criteria: makespan minimization; total tardiness 
minimization; total flowtime minimization and total idle time of machines minimization. The primary aim of the 
algorithm is to identify Pareto optimal solutions using conflicting criteria. The algorithm reaches a schedule, 
which is an optimal or near to optimal solution. The secondary aim is to make the decision process easy. In 
elaborated algorithm, parameters that control searching processes of solutions space are defined by using fuzzy 
logic systems. First parameter selects a search direction in multi-criteria searching space; second one controls 
searching processes of founded space. The application of fuzzy systems makes the process of decision making by 
using MOIA user friendly. The influence of various affinity threshold using is tested for various size of 
scheduling problems. Results of simulations are presented in the paper.  

1. INTRODUCTION 

The open shop scheduling problem has captured less interest than the job-shop scheduling problem. Although the 
job-shop scheduling problem is well-known hard combinatorial optimization problem, the open shop scheduling 
problem has a significantly larger solution space and is also universal problem. Many methods for scheduling 
problems have been proposed running from exact method, through heuristic to metaheuristic algorithms.  

Starting the literature review from exact method, C-F Liaw proposed a branch and bound algorithm for problem 
of scheduling preemptive open shops [1]. The preemptive case means that the processing of any operation can be 
interrupted and resumed at other time. Basing on the solution of an assignment problem and dominance rules a lower 
bound scheme is generated. The application of the solution of an assignment problem and dominance rules enables to 
reduce a search tree. Many heuristics used for solving scheduling problems are based on priority rules. As pointed 
out in [2] most popular are: SPT – Shortest Processing Time, LPT Longest Processing Time, where an operation is 
selected with shortest and longest processing time respectively. MWR – Most Work Remaining and LWR - Least 
Work Remaining rules, when an operation is selected with the most and least total processing time remaining 
respectively. Metaheuristic algorithms differ from heuristic one in number of trained individuals. In the first ones the 
population of solutions is generated, that next undergoes reproduction procedures to create new one. One of 
metaheuristic method is Genetic Algorithm (GA). Various methods of hybridization have been proposed to solve 
open shop problems since GAs have not got the performance of genetic search over the subspace of a local optima. 
Liaw present a hybrid generic algorithm (HGA) to the problem of minimizing the makespan in an open shop [3]. The 
hybrid algorithm bases on GA with incorporating a local improvement procedure as an add-on extra loop. A local 
improvement procedure based on Tabu Search (TS) method is used to perform local exploitation around solutions. 
Each chromosome subjects to the local improvement procedure. Recently considered solutions are forbidden by 
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keeping their attributes in a tabu list. Another metaheuristic algorithm is Immune Algorithm (IA). IA is an 
evolutionary algorithm which enables to produce effective schedules within an acceptable time [4]. In the paper new 
method based on an immune system is proposed.  

This paper examines the development of Multi Objective Immune Algorithm (MOIA) to the scheduling of an 
open shop. In Section 2 the representation of the problem is described. In Section 3 the natural immune system and 
artificial ones are presented. In Section 4 parameters that control search processes are described. Next the 
implementation of the Fuzzy System (FS) is proposed to increase effectiveness of MOIA. A case study on the 
scheduling of the open shop is given in Section 5. Results of computational experiments are described in Section 6. 
A conclusion and remarks finish the paper in Section 7. 

2. PROBLEM FORMULATION 

The open shop scheduling problem is stated as follows: I jobs have to be executed on  J machines. Each 
operation of each job is executed on each machine. A workflow is not unidirectional. Each machine can be an input 
and output of the workflow. Each operation must be executed on a different machine for predefined amount of time. 
There are no precedence relations between the operations of the job. At any time, at most one operation of each job 
can be executed and at most one operation can be executed on each machine. The goal is to find schedule for multi, 
often conflicting criteria. 

Real production systems often deal with multiple competing objectives. Optimising one objective function 
usually leads to deterioration others. In that case, finding an optimal solution is not possible, therefore we look for an 
Pareto optimal solution. The goal of MOIA is to generate a Pareto curve that enables the decision-maker to make 
explicit trade-offs between conflicting objective functions. The decision-maker can use two, three or four criteria in 
optimisation process with application of MOIA: makespan minimization; total tardiness minimization; total flowtime 
minimization; total idle time of machines minimization. The application of MOIA to multi criteria optimisation 
scheduling problem deals with three problems: complex searching space; multiple, conflicting objectives; process of 
selection one solution which satisfies all objectives. 

MOIA uses Weighted Aggregation Method (WAM) to evaluate schedules, one most effective belongs to the 
Pareto optimal solution set. In WAM, sum of the weighted objective functions leads to minimum. The multi-criteria 
problem is transformed into a single criteria problem through a linear combination of criteria and their weights, 
called scalar function. Weights state as the priority of criteria. MOIA takes part in process of decision-making and 
proposes best schedule from the Pareto optimal solution set. 

MOIA has objective to release the decision-maker from his obligation to have knowledge about used criteria and 
their interactions in process of objective functions’ weights defining. Considering the search space, weights of 
objective functions outline a search direction. MOIA is equipped with Fuzzy System I (FSI) to find the promising 
search direction. Another goal of MOIA is to release the decision-maker from his obligation to select one most 
suitable solution from Pareto-optimal solutions set. Solutions undergo reproduction and selection procedures before 
are located in the Pareto optimal solutions set. In order to reach various solutions on a Pareto bound the equilibrium 
between searching space and solution differentiation should be kept. MOIA is equipped with Fuzzy System II (FSII) 
to maintain different solutions with high quality. Both FSI and FSII systems are used to increase effectiveness of the 
MOIA in reaching best schedule for the open job multi criteria scheduling problem and to make the process of 
decision making easier. 

3. THE IMMUNE SYSTEM 

MOIA is inspired by natural mechanisms that take part during an allergic reaction. The increase of body 
temperature and intensity of antibodies searching accompany the immune response to pathogens appearance. Those 
phenomena are used in MOIA to find the promising search direction in multi criteria searching space.   Metaphors of 
both non-peculiar (innate immune mechanisms) and peculiar activations (mechanisms that take place at the 
molecular level) of the immune system are used in MOIA. The MOIA has structure consisting of the non-peculiar 
and peculiar activations (Figure 1).  
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Figure 1: Structure of MOIA 

Lymphocytes act the main role in the immune system. The pathogen appearance fuels the defending reaction of 
producing antibodies by B Lymphocytes and receptors on surface of T Lymphocytes. If the pathogen connects with 
antibodies or receptors, the Lymphocytes are stimulated to grow and clone. Offspring of Lymphocytes better 
adjusted to the pathogen, destroy it. Among offspring there are T memory Lymphocytes that circulate in a blood for 
long time. If the same pathogen enters the system second time, the immune response is quicker and more effective 
(Figure 2). The immune system has to control the diversity of generated antibodies. The small number of different 
antibodies means the defeat in the battle with a new pathogen.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Processes take part in peculiar activation of the immune system 

The aforementioned phenomena are used in MOIA, where the pathogen represents scalar objective function, and 
antibodies correspond to solutions of the problem. The non-peculiar activation is simulated by temperature 
parameter in or without pathogen’s presence. The pathogen’s presence fuels the defending reaction of immune 
system. The first stage is used in MOIA in order to find promising search direction in the solutions space. In the 
peculiar activation antibodies are evolved by using genetic, immune operators and are restricted by a control 
parameter (affinity threshold) to better adjust to the pathogen. In order to prevent the premature convergence of 
MOIA to local optima the affinity threshold is used. Steps of MOIA are described in [5]. 
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4. CONTROL PARAMETERS OF MOIA 

Two control parameters are implemented in MOIA. First parameter selects a search direction in multi-criteria 
searching space; second one controls searching processes of founded space. 

4.1. THE TEMPERATURE TRESHOLD 

In the process of pathogen affection a vertebrates’ body, the temperature of the body rises as well as a number of 
pathogens and their ability to destroy the body. In response to the invasion process Lymphocytes release higher 
number of antibodies. This phenomenon is used in non-peculiar activation of MOIA. 

In MOIA weights of the objective functions embedded in the scalar function are randomly selected n times and 
each time the quality of the initial population is computed. If the quality of new population is better than the quality 
of previous population minus the temperature parameter, the weights are memorized. For the best vector of weights 
(promising search direction), the immune search is started. Proposed strategy leads to eliminate the decision maker 
interaction. The advantage of searching for best randomly selected vector of objectives’ weights is reduction in 
computational time.     

The temperature threshold has influence over frequency of the promising area of searching space improvement. 
The higher the temperature threshold is the slower the process of finding better search direction is and in further 
distance search direction is generated. If MOIA generates promising search direction temperature thresholds should 
decrease and the neighboring direction are investigated. The FSI is proposed to select appropriate the temperature 
threshold without the interaction of the decision-maker.    

4.2. THE AFFINITY THRESHOLD 

In the immune system, if a disease is very strong, simple antibody is not able to neutralize the pathogen. The 
pathogen is only destroyed with common power of certain number of antibodies that are focused on them. 
Recognizing the pathogen antibodies represent solutions that are in a neighbourhood in the solutions space. So, the 
occurrence of similar or identical antibodies is permitted but in a restricted number. On the other hand if the diversity 
of antibodies is not enough, the effectiveness of the immune system response to the pathogen is lower. In MOIA the 
strategy of neighborhood reduction is applied similar as the immune system which has to maintain high antibodies’ 
diversity.     

Let assume that, the antibody pk belongs to the neighborhood N(pk). The antibody pk+1 belongs to the N(pk) if the 
degree of stimulation between the pk and pk+1 is smaller than or equal to a affinity threshold. The degree of affinity is 
counted using the Hamming distance. The threshold is one of input data the decision maker assumes. The higher the 
threshold is the longer Hamming distance between two antibodies is, in other words the higher threshold is the more 
different two antibodies are. The most recurrent antibodies die in the strategy of the neighborhood reduction. It helps 
to maintain high diversity of solutions. 

The affinity threshold depends on a size of the scheduling problem, that is a number of production orders coded 
in an antibody’s chromosome. The higher the number of production order is the higher distance between the optimal 
solution and the worst one is. The affinity threshold has influence over a process of exploration of searching space by 
controlling identical solutions appearance. It is difficult for the decision-maker to outline a border between identical 
and different solutions. The threshold has strong influence over quality of reached solutions. The FS II is proposed to 
select appropriate the affinity threshold without interaction of the decision-maker.   

5. DETERMINATION OF THE PARAMETERS USING FUZZY SYTEM  

In order to improve the effectiveness of MOIA and to make its implementation more facilitate the FS has been 
proposed. The FS consists of four elements: a fuzzifier, a fuzzy rule base, an inference engine and a defuzzifie as it is 
presented in Figure 3 [6]. The control of affinity thresholds with the FSII for MOIA is as shown in Figure 4. mF  
represents scalar function of m-th population (1), which consists of two subpopulations: one evolved by single, one 
evolved by multi objective functions. 

mL  represents the number of different schedules in m-th population. 
mTd  

states as affinity threshold in m-th population. The input data of the affinity threshold fuzzifier are mF  and 
1mL . In 

fuzzification process important control parameters of 
mTd  are turned into linguistic variable. The triangular function 

was selected to describe fuzzy sets. The figures (Figure 5,6 and 7) represent the membership functions with 
variations within the range [ ]max,0 H  of 

mTd  (Figure 5). maxH  is the Hamming distance between the best and worst 

741



An immune algorithm and fuzzy logic for multi criteria optimization in the area of scheduling  

 

Inference Engine 

Fuzzy Rule Base 

Fuzzifier Defuzzifier Crisp 
Inputs 

Crisp 
Outputs 

   0       e          2 e            3 e           4 e          5 e

   B M            M            O D             D              B D   

mTd

   0         0 ,2          0 ,4             0 ,6         0 .8       1

B D      D           O D         M              B M   

mF

   0       r            2 r          3 r            4 r          5 r

   B M            M            O D             D           B D   

mL

schedules and depends on the size of scheduling problem. maxH  is counted in each generation, and fuzzy sets are 
updated. 5/maxHe=  is the size of single fuzzy set of maxH . mF  variations are normalized to range [ ]1,0 . The 
smaller the value of mF  is, the better (Figure 6). The range of membership function for mL  depends on a number of 
different schedules. Maximal number of possible to reach, different schedule equals to the size of population [ ]K,1  
(Figure 7). K is updated in each generation. 5/Kr =  is the size of single fuzzy set of mL . In order to make the 
MOIA applicable to a large range of the job shop scheduling problems the membership functions of 

mTd  and mF  
should be able to extend their variations depending on the size of the job-shop scheduling problem. 

 

 

 

Figure 3: The structure of the FS (based on [6]) 

 

 

Figure 4: The affinity parameter selected by the FSII (based on [6]) 
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where, f(x) = scalar function and  fj (x) =  j-th objective function, j =1,2...J and  fj(x*) = maximal value of j-th 
objective function and wj = weigh of j-th objective function. 

 

  

 

 

Figure 5: The membership function of 
mTd  

 

 

 

 

Figure 6: The membership function of mF  

 

 

 

 

Figure 7: The membership function of mL   

The following notation is in force: BM is the abbreviation of “very small”, M – “small”, OD – “suitable”, D – 
“big”, BD stands for “very big”. Fuzzy decisions for 

mTd  are made according to the experimental inference.  The 
example of the experimental interface of 

mTd  can be as it is presented in Table 1.  
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Table 1: The fuzzy decisions of kT∆  

        mF  

mL  BD D OD M BM 

BD BM BM M OD D 
D BM M OD OD D 
OD M M OD OD D 
M M OD OD D D 
BM OD OD D D BD 

Following [6], calculations included in conditions (described in Table1) are made.  The equation used to count 
conditions, contains crisp variables (2): 

( ) ( )2121 ,, xxLFxxTd mmm ∩= µµ  (2) 

where, 1x  and 2x  = crisp values of input data of FSII. 

Let us consider that mF   = 0.6 and mL  = 14 in the set consisting of K = 20 solutions, Hmax = 150. The 
membership function of mL  is presented in Figure 8.  

 

 

 

 

Figure 8: The membership function of mL   

The activation levels of conditions are as follows:  

for ( ) ( ) ( ) ;00,0,14,6.0, 21 ==∩=→== xxLFTdBMLBMF mmmmm µµ  (3) 

for ( ) ( ) ( ) ;5.05.0,1,14,6.0, 21 ==∩=→== xxLFTdODLMF mmmmm µµ  (4) 

The Table 2 contains activation levels of remaining conditions.  

Table 2: The activation levels of conditions  

        mF  

mL  BD D OD M BM 

BD 0 0 0 0 0 
D 0 0 0 0 0 
OD 0 0 0 0.5 0 
M 0 0 0 0.5 0 
BM 0 0 0 0 0 

 

According to [6] fuzzy sets are replaced with singleton set (Figure 9) (one element set), a result is counted using 
(5). Proposed method of defuzzification reacts on any changes of values of input data. Calculations are contained in 
Table 3. A value, which controls the process of balancing of schedules’ quality with searching space is counted 
according to (5).  For the given input data 105* =mTd . 

   0      4             8            1 2           1 6          2 0

   B M            M            O D             D              B D   
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mTd  = crisp value of output data of FSII and 

ciµ  = activation levels of i-th singleton by the rule and 
iy  = 

value of input variable, in the point of i-th singleton and z  = number of rules. 

 

 

 

 

Figure 9: The membership function of mL   

Table 3: The activation levels the remaining conditions  

        mF  

mL  BD D OD M BM 

BD 30*0 30*0 60*0 90*0 120*0 
D 30*0 60*0 90*0 90*0 120*0 
OD 60*0 60*0 90*0 90*0.5 120*0 
M 60*0 90*0 90*0 120*0.5 120*0 
BM 90*0 90*0 120*0 120*0 150*0 

6. CASE STIDY 

Let us consider the job shop manufacturing system. Five scheduling problems take part in simulations. In the 
paper the comparison of solutions reached by MOIA integrated with FSII and does not is made. The problem is to 
found a schedule that minimizes the makespan (C), the total tardiness (T), the total idle time of machines (I) and 
minimizes the total flow time (F). 

MOIA was programmed in the language Builder C++. The size of the initial population equals the number of 
objective functions multiplied by 10. In MOIA the linear order crossover and the displacement mutation were used. 
The probabilities of genetic operators have been assumed as 1. 

mTd  is selected by FSII. The temperature threshold is 
selected by FSI [7]. Details of the sensitivity analysis of MOIA are not included in the paper because of the limit of 
the length. MOIA was run 3 times for each scheduling problem size, and solutions are listed in Table 4. 

7. SUMMARY 

The application of FSII enables MOIA to reach similar solutions as those reached by MOIA without FSII. Taking 
into account criteria of the total idle time of machines minimization MOIA integrated with FSII reaches better 
solutions, but considering criteria of the makespan minimization FSII does not help to find better solutions. 
Depending on the importance of criteria, the decision maker can decide which solution to chose. FSII make the 
process of decision making easier friendly. 

 

 

 

 

s in g e lto n

   0      3 0          6 0          9 0            1 2 0        1 5 0

   B M            M            O D             D              B D   

mTd

744



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden 

 
Table 4: Results of simulations 
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ABSTRACT 

The traditional logistics industry gradually implements the automation (e.g., sorters) or semi-automation (e.g., 
conveyors) techniques to support the picking operation in order to save huge labor cost of distribution centers 
(DCs).  As for the semi-automatic picking system using the conveyor system, one of the critical issues is to 
appropriately assign the items to be picked to each workstation in the conveyor system in order to balance 
workload of each workstation and to enhance the overall resource utilization of a DC.  As for the job assignment of 
the conveyor-aided picking system, this study develops a model to generate workload-balanced job assignment 
suggestions to the planner.  In the proposed methodology, the expertise of job assignment for conveyor aided 
picking system is extracted via interviews in order to derive the empirical rules for conveyor job assignment.  After 
that, the empirical rules are quantitatively converted into empirical indices and the weights of empirical indices 
can be determined via the historical job assignment records.  This study also establishes a job assignment system 
for the conveyor aided picking system. 

1. RESEARCH BACKGROUND 

Previous studies have pointed out that, the picking operation in a distribution center accounts for about 40% of the 
logistics cost.  To reduce the picking cost and elevate picking efficiency have become the critical issues for logistics 
centers.  To enhance operation efficiency, many logistics centers have introduced conveyor systems and other 
semi-automated (or automated) equipment to support picking operations (Figure 1).  Therefore, in order to maximize 
utilization of the conveyor aided picking system and leverage labor force workload, to determine the items to be 
picked at each workstation has become an essential issue to the decision maker of a logistics centers. 

   

Figure 1: Applications of conveyer aided picking systems in Taiwan and Japan 

In the past, job assignment of the conveyor aided picking system is usually carried out according to judgment of 
the decision maker (e.g., empirical rules) and such decision is time-consuming and might lead to low picking 
efficiency.  In brief, the existing job assignment approach for conveyor aided picking system usually gives rise to the 
following problems (as shown in the as-is model of Figure 2):  

(1) Empirical rules for conveyor job assignment are not systematically extracted or represented 
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(2) Conveyor job assignment without expertise or empirical rules is quite time-consuming and the corresponding job 

plan is usually ineffective. 

Therefore, in order to reduce rely on domain experts for job assignment in the traditional logistics center, the aim 
of this research is to establish a job assignment model for the conveyor aided picking system by integrating the 
extracted empirical rules from domain experts.  Thereafter, the picking operation planner can rely on the job 
assignment system to efficiently acquire an optimal assignment plan.  The to-be model of the proposed methodology is 
shown in Figure 2. 

 

Figure 2: The as-is and to-be models for job assignment of conveyor aided picking system 

2. LITERATURE REVIEW 

Research topics in previous studies related with picking operation plans and workflow balance can be classified 
into “optimization of picking operations”, “line balancing” and “decision support systems for picking operations”.  
Previous studies on picking operation optimization for logistics centers could be further divided into selection of 
optimum picking methods, picking cost improvement and picking efficiency improvement.  As for selection of 
optimal picking methods, Tung and Chen [1] use the FIQ method to analyze the key factors (e.g., the order number, 
ordered item and ordered volume) of the picking operations in a DC and model a picking method on the basis of the 
factors.  On the other hand, Liu [2] indicates that the logistics key factors are usually defined ambiguously.  
Considering the nature of the key factors, a set of fuzzy rules is established on the basis of traditional EIQ analysis to 
determine the optimal picking method for a logistics center.  Regarding improvement of picking operation cost, Geng 
et al. [3] establish a heuristic model to search the low-cost picking plans by using the Very Large-Scale Neighborhood 
(VLSN) technique.  The proposed mathematical model is targeted to generate an optimal picking path in order to 
minimize the movement distance for order picking.  

As for improvement of picking efficiency, Rosenblatt and Eynan [4] propose categorized storage location 
assignment rules based on the inventory turnover rate.  As indicated in the study, as more categories exist in the 
storage locations, the expected picking time can be decreased.  Furthermore, Brynzer and Johansson [5] propose 
SLAEPS (Storage Location Assignment Strategy Emanating from Product Structure) to classify parts into different 
groups and parts belonging to identical groups are arranged at near storage locations to reduce picking data 
complexity.  In order to establish a workload-balanced picking system, Bozer and White [6] point out that picking 
efficiency should be concerned during picking system design.  In this study, an analytical design algorithm integrating 
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the approximate analytical model and cost analysis model is presented to evaluate the expected utilization of picking 
operators and S/R (storage and retrieval) machines and to allocate the optimal number of picking operators in order to 
minimize the cycle time of picking operations and maximize resource utilization. 

A lot of previous research has been dedicated to identifying the critical factors for line balancing.  According to the 
research scope, the related issues of line balancing can be divided into line balancing with a single performance index 
and line balancing with multiple performance indices.  As for the line balancing with a single balance index, Haq et al. 
[7] propose a hybrid genetic algorithm integrating genetic algorithm and modified ranked position method to obtain 
the optimal work assignment.  In this study, the modified ranked position method is first used to reduce the candidate 
region and then the genetic algorithm can be employed to minimize the workstation number.  Similarly, Ozmehmet 
and Tunali [8] proposed a hybrid algorithm integrating tabu search (TS) and genetic algorithm (GA) in order to take 
advantage of the TS banned list to reduce GA feasible region and shorten GA calculation time.  

Regarding line balancing with multiple balance indices, Mendes et al. [9] use a video camera assembly plant as an 
example to study the hybrid line balance issue for product assembly.  At first, the simulated annealing algorithm is 
employed to minimize the workstation number and variation of workstation workload.  The derived work assignment 
plan compliant with the objectives is regarded as an initial solution and is inputted into a simulation system with 
manufacturing parameters (e.g., expected operation time, machine failure rate and rework rate) that are rarely 
concerned in the conventional study.  Based on the simulation technique, the other performance indices (flow time and 
resources utilization) corresponding to the initial solution can be obtained.  Chen et al. [10] study optimization of the 
multi-objective assembly line problem (including minimization of cycle time, workstation load variation, tool 
switching frequency and continuous assembly complexity) and proposes a hybrid genetic algorithm to obtain an 
optimal solution that meets the performance objectives.  On the other hand, a self-tuning method is also used to correct 
unsolvable gene so as to accelerate the overall solving process. 

Previous literatures on decision support systems for picking line balance can be classified into decision support 
systems for order-picking sequence determination and order batching.  As for order-picking sequence determination, 
due to the high-diversity low-volume orders in the computer assembly industry, Chen et al. [11] propose an integrated 
information mechanism for shop floor control systems (SFCS).  In their system, a number of information control 
mechanisms including the barcode system, electronic pick-to-light picking system and e-Kanban system are 
integrated to increase efficiency of assembly, product package and distribution, reduce production error rate, and 
enable rapid response and high throughput.  Cheng [12] introduces smart computer aid picking system (SCAPS) into 
logistics centers in order to take advantage of the visual guide of storage locations to simplify three simple actions of 
picking operators, i.e., look, pick and press.  Both the time required for picking operators to search for the storage 
locations and the error rate of picking operation can be reduced.  Chen and Wu [13] use the data mining technique to 
deal with the order batching problem of logistics centers.  This study aims at minimizing the moving distance and 
moving time of picking operators and the association rules are applied to develop a clustering procedure for order 
grouping and assignment.  In this research, the data mining technology can be used to identify customer orders with 
highly associated items and the associated orders are merged into one order to enhance picking efficiency. 

3. JOB ASSIGNMENT METHODOLOGY FOR CONVEYOR AIDED PICKING SYSTEMS 

Previously, the job assignment of conveyor aided picking systems is usually conducted by finding a job 
assignment plan via empirical rules of domain experts.  However, the empirical rules might not be consistent for 
distinct domain experts and might even conflict with each other.  It is usually difficult to generate an assignment plan 
based on the picking schedule and the decision quality cannot be guaranteed.  In order to propose a picking workload 
balance methodology for conveyor aided picking systems, this study establishes quantitative models to convert the 
empirical rules into empirical indices.  On the other hand, two methods, i.e., the exhaustion method or random 
sampling method, can be selected to generate candidate assignment plans.  Finally, the quantitative empirical indices 
can be applied to the candidate plans in order to identify an optimal assignment plan for reference of the decision 
maker.  In summary, the proposed job assignment methodology can be divided into empirical rule quantification 
(ERQ), candidate assignment plan generation (CAPG) and optimal assignment plan selection (OAPS).  Relationship 
of the three modules is shown in Figure 4. 

3.1. EMPIRICAL RULE QUANTIFICATION (ERQ) 

In this study, we interviewed shop-floor operators in logistics centers that use conveyor aided picking systems in 
order to capture their expertise in job assignment for each workstation of the conveyor.  After that, the empirical rules 
are quantified into empirical indices and thereby an optimal plan can be selected on the basis of these quantitative 
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indices.  After interview, the common empirical rules used for conveyor aided picking system can be summarized as 
follows:  

(1) Rule 1: The items with larger picking volumes should be assigned to the beginning workstations for higher 
packaging flexibility. 

(2) Rule 2: The total picking volume of each workstation should be similar to balance workstation workload. 

(3) Rule 3: Items with similar profile patterns should be assigned to distinct workstations in order to reduce picking 
errors. 

(4) Rule 4: Items with similar weights should be assigned to distinct workstations to reduce picking errors. 

(5) Rule 5: Items with special shape should be assigned to the ending workstations for higher packaging flexibility. 

(6) Rule 6: Items from an identical vendor should be assigned to distinct workstations in order to reduce picking 
errors.  

As the picking operation planner in a logistics center uses the above empirical rules for job assignment, decision 
variation might occur due to the subjective judgment of planners.  Therefore, this study aims at developing 
quantitative models of the above six empirical rules. 

3.1.1. QUANTITATIVE MODEL OF RULE 1  

This model is established on the basis of the idea that the items with the larger picking volume is assigned to the 
first workstation of the conveyor aided picking system to enhance the packaging flexibility of the items with the larger 
picking volume.  The detailed procedure is stated as follows. 

Step (A1): Acquire item profiles 

On the basis of the picking schedule, the picking operation planner can acquire the item ID and picking volume 
from the picking table.  Without loss of generality, assume that the items to be picked are identified as B1 to Bk 
according to item sequence listed in the picking table.  

Step (A2): Estimate the minimum number of workstations required 

In this step, we make a rough calculation of the minimum number (TS) of the required workstations.  The 
minimum workstation number can be determined by dividing the number (TB) of items to be picked by the maximal 
number (TM) of items that can be loaded on each workstation.  

Step (A3): Generate candidate assignment plans 

The exhaustion method can be used to generate all candidate assignment plans (Mi) of items and workstations.  
The generated plans can be applied in the following decision model to rate the plans according to the empirical rules.   

Step (A4): Calculate workload ratio of each item 

The workload ratio of each item can be obtained by dividing its picking volume by the maximum picking volume.  
That is, 

k k all k
R(B ) N(B )/ Max( ( ))kN B= . 

Step (A5): Calculate the picking volume score of items with respect to workstations 

In terms of the picking volumes of items, the picking volume score of each item with respect a workstation can be 
calculated by dividing the workload ratio (R(Bk)) of the item by workstation rank. 

Step (A6): Calculate picking volume score of workstations in each assignment plan 

After determining picking volume scores (Pjk) of items, the picking volume scores of workstations in each 
assignment plan (TPij) can be obtained by summing up the picking volume scores of items. 

Step (A7): Calculate picking volume score of each assignment plan 

The picking volume score of each assignment plan can be obtained via the summation of the picking volume 
scores of workstations in that plan.  

3.1.2. QUANTITATIVE MODEL OF RULE 2  
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Following the first three steps in subsection 3.1.1 (i.e., Step (A1) to Step (A3)), the minimum number of 
workstations can be determined and all candidate assignment plans can be enumerated.  After that, the workload 
balance score (SB(i)) of each assignment plan can be derived via the following steps. 

Step (B1): Calculate the expected picking volume of each workstation 

By dividing the total picking volume of all items to be picked by the workstation number, the expected picking 
volume (E(N)) of each workstation can be acquired. 

Step (B2): Calculate the picking volume of each workstation in each assignment plan 

In order to compared with the expected picking volume, the picking load (L(Nij)) of each workstation in each 
assignment plan should be determined based on the total picking volume of items assigned to each workstation. 

Step (B3): Calculate workstation load variation of each assignment plan 

Based on the expected load, the square of difference (Dij
2) between the assigned workload and expected workload 

of each workstation can be derived.  A greater workstation workload variation indicates that the workload of the 
corresponding workstation is far from the expected workload.  Therefore, the total variation of workstation picking 
workload in each assignment plan can be derived to serve as a workload balance indicator TDi

2 of the specified plan.   

Step (B4): Derive the workload balance score of each assignment plan 

An assignment plan with a greater workload balance indicator TDi
2 indicates workload unbalance of the specified 

plan.  The workload balance score (SB(i)) of an assignment plan can be determined via reciprocal of the workload 
balance indicator. 

3.1.3. QUANTITATIVE MODEL OF RULE 3 

After acquiring the minimum number of workstations and all candidate assignment plans via Step (A1) to Step 
(A3), the pattern variation score of each assignment plan (SC(i)) can be determined via the following four steps.  

Step (C1): Identify the item patterns 

After acquiring the picking schedule, the picking operation planner always has to identify the patterns (Ck) of the 
items to be picked.  In this step, the items to be picked are categorized via their patterns.  

Step (C2): Calculate pattern variation index of each workstation in an assignment plan 

Variation of the patterns of distinct items in a workstation can be converted into an indicator (Zero(CIab[Mi,Sj])) 
with 0 or 1 via the following equations.  Here, “0” indicates the items are of similar patterns and “1” indicates the items 
are of distinct patterns.  

Step (C3): Calculate pattern variation score of each assignment plan 

By summing up the indicator values of items in all workstations of an assignment plan, the pattern variation score 
(SC(i)) of the plan can be determined.  A higher score indicates a greater pattern variation of items in workstations of 
a specified assignment plan. 

3.1.4. QUANTITATIVE MODEL OF RULE 4 

After generating the minimum workstation number and all candidate assignment plans via Step (A1) to Step (A3), 
the weight variation score of each assignment plan (SW(i)) can be obtained by the following four steps.  

Step (D1): Acquire weights of items to be picked in the conveyor aided picking system 

In a DC, the shop-floor operators weigh all incoming items and maintain the item weights in the database.  Before 
generating the weight variation score of each assignment plan, the weight (Wk) of each item (Bk) should be acquired.  

Step (D2): Calculate weight variations of items in each workstation 

The pairwise weight variations of items in each workstation can be derived via the following equation:  

],[],[],[ jibjiajiab SMWSMWSMWI −= , ba ≠  (1) 
 
Step (D3): Normalize weight variations of items in each workstation 
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The ratio of pairwise weight variation over the average weight (WRab[Mi,Sj]) can be used to denote the normalized 
weight variation of items.  As the weight scale at the end of the conveyor aided picking system is usually used to 
investigate the picking errors, the item weight variation should be significant as compared with the tolerance ratio (r) 
of the weight scale.  Therefore, this approach defines an indicator variable I(WIab[Mi,Sj]) to determine whether the 
normalized weight variation (WRab[Mi,Sj]) falls within the tolerance range [1-r, 1+r] of the weight scale for weight 
inspection.   

Step (D4): Calculate weight variation score of each assignment plan 

Based on the indicator value I(WRab[Mi,Sj]) mentioned in the above step, the weight variation score of each 
assignment plan can be determined by summing up indicator values of items for each workstation in the assignment 
plans. 

3.1.5. QUANTITATIVE MODEL OF RULE 5 

Following Step (A1) to Step (A3) in subsection 3.1.1, the shape score of each assignment plan (SS(i)) can be 
obtained via the following four steps.  

Step (E1): Acquire shapes of items to be picked 

In a DC, the shapes of items are identified manually and maintained in the database as the fundamental attributes of 
items.  For a DC, different item shapes might influence the convenience for items to be packaged into a case and 
therefore the item shapes should be acquired in this step.  The items can be classified into the corresponding categories 
(Tk) based on their shapes.  Usually, in a DC, the shape categories identified are “special shape”, “regular shape and 
size” and “big size”.  

Step (E2): Convert the item shapes into quantitative values 

A shape classification function can be defined to convert the shape of each item into a quantitative value (Fk) in 
order to represent the shape type of the corresponding item. 

Step (E3): Determine the shape score of each workstation in assignment plans 

Based on the results of Step (E2), the shape score (SRc[Mi,Sj]) of each workstation in assignment plans can be 
determined based on the shape variation of items in each workstation (Fc[Mi,Sj]) and the workstation rank (j). 

Step (E4): Derive the total shape score of each assignment plan  

Based on Step (E5), the shape score of each workstation in an assignment plan can be summed up to obtain the 
shape score (SS(i)) corresponding to an assignment plan.  

3.1.6. QUANTITATIVE MODEL OF RULE 6 

After generating the minimum workstation number and candidate assignment plans, the vendor variation score 
(SP(i)) of assignment plans can be determined by the following three steps.  

Step (F1): Acquire vendor information of items to be picked 

Vendor information is one of the typical attributes of items.  Since items from identical vendors usually have 
similar external patterns, it is more suitable to assign items from identical vendors to distinct workstation to reduce 
picking errors.  To determine the vendor variation score of each assignment plan, the vendor of each item (Pk) should 
be acquired.  

Step (F2): Determine the vendor variation index of book for each workstation 

The vendor variation index (PIab[Mi,Sj]) indicates whether the vendors of any pairs of item are identical in the 
specified workstation.  To obtain pairwise vendor variations of items in a workstation, this methodology defined an 
indicator PD(PIab[Mi,Sj]).  If PD(PIab[Mi,Sj]) is 0, it indicates that Ba and Bb are from the same vendors. 

Step (F3): Calculate vendor variation score of each assignment plan 

Based on indicator variables (PD(PIab[Mi,Sj])) obtained from the previous step, the vendor variation score of each 
assignment plan can be obtained by summing up the vendor variation index of items in each workstation of the 
specified assignment plan. 
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3.2. OPTIMAL ASSIGNMENT PLAN SELECTION (OAPS) 

To determine the optimal assignment plan, two issues, namely empirical rule weight determination and optimal 
plan selection should be concerned.  In the Empirical Index Weight Determination Module, the weights of empirical 
rules can be determined on the basis of the historical data of picking operation assignment for the conveyor aided 
picking system.  By analyzing the historical assignment decisions, importance of the six empirical rules in picking job 
assignment can be determined and appropriate weights for the six empirical rules can be given according to 
importance of six empirical rules.  In the Optimal Assignment Plan Selection Module, The procedure for selecting the 
optimal assignment plan is to calculate the index scores of each candidate assignment plan with respect to the six 
empirical rules, to calculate the total score (TS(i)) of each plan via the weights of empirical rules, and to determine the 
optimal assignment plan for the conveyor aided picking system.  The details are explained in the following. 

Step (G1): Summarize all index scores of each candidate assignment plan 

All index scores (SN(i), SB(i), SC(i), SW(i), SS(i), SP(i)) of each candidate assignment plan with respect to six 
empirical rules can be obtained via the six quantitative models presented in Section 3.1.  

Step (G2): Calculate weighted empirical index score of each candidate assignment plan 

By multiplying the weights (WT(i)) of the empirical indices with the derived index scores (SN(i), SB(i), SC(i), 
SW(i), SS(i), SP(i)), the total score (TS(i)) of a candidate assignment plan can be calculated.  

Step (G3): Determine the optimal assignment plan 

After obtaining the total scores (TS(i)) of all candidate assignment plans, the plan with the highest total score is 
regarded as the optimal assignment plan.  

4. JOB ASSIGNMENT SYSTEM FOR CONVEYOR AIDED PICKING SYSTEM 

According to methodology developed in previous section, this study established a job assignment system for 
conveyor aided picking system in order to assist picking operation planner to accurately and efficiently assign the 
items to be picked to workstations.  The inputs of this system are the picking schedule (which identifies the items and 
volumes to be picked) and item profiles (which identifies the item shapes and weights, etc.).  Based on the inputs, the 
optimal assignment plan can be determined via “candidate assignment plan generation”, “empirical index score 
derivation”, “empirical index weight derivation” and “weighted empirical index score derivation” for reference of the 
picking operation planner in a DC.   

Users can maintain the picking schedule and item profiles and designate the method for generating the candidate 
assignment plans.  Furthermore, users can modify empirical index weights on the basis of historical operation 
assignments.  After the user designates the method for generating candidate assignment plans, the system can generate 
the optimal assignment plan to assign items to be picked to the workstations on the conveyor aided picking system.  

Based on the structure of system functions, this study develops a job assignment system for conveyor aided 
picking system.  As the picking schedule and item profiles are gathered and entered into the system database, the 
planner could access this system to perform functions of adding, deleting, modifying and querying item data 
corresponding to each picking schedule through System Data Maintenance Module.  Meanwhile, the “Empirical Rule 
Weight Module” can be applied to determine the weight of each empirical rule on the basis of historical assignment 
records.  As the planner activates the “Optimal Assignment Plan Module”, the top 3 assignment plans with the items to 
be assigned to the corresponding workstations can be generated.  In summary, the functions developed in this study 
not only simplify the job assignment procedure of the conveyor aided picking system but also significantly reduce the 
time required for job assignment and avoided inappropriate human decisions.  The interfaces of the above modules are 
illustrated in Figure 3.  

5. CONCLUSIONS 

This study develops a job assignment methodology and system for picking operation in a conveyor aided picking 
system.  In the proposed methodology and system, the optimal assignment plan for each workstation of the conveyor 
aided picking system can be efficiently and accurately determined and serves as a reference for the picking operation 
planner.  The proposed model can be applied to the conveyor aided picking system to enhance workstation utilization 
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and workload balance and to shorten the time and labor required for job assignment in a logistics center.  As a result, 
the overall operation cost of DCs can be lowered and competency of logistics centers can be increased. 

 

Figure 3: Interfaces of system functions 
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ABSTRACT 

 Nowadays global competition, customer's Continuous preference for receiving further value, safety limitations, 
pollution issues and etc., have forced firms to seek continuously better production practices. Undoubtedly Lean 
model, between two main production practices, is more preferable, both in production and humanity, than mass 
production. On the one hand it is a flexible system that leads to higher quality and lower cost and on the other 
hand, it considers continuous improvement and respect for people as two basic principles. As firms' interest for 
achieving the lean production has increased, various authors have offered different models in order to assess 
their efforts in relation to leanness. Anyway, their models have disregarded some aspects of the lean systems. In 
this article, we will offer a relatively comprehensive model for assessing the degree of leanness of manufacturing 
firms. For this purpose, we first review the lean production literature and, specially, existing models and 
afterwards we expose their weaknesses. Our model is then developed. 

Keywords: lean production, lean models, technologies, tools and techniques, implementing infrastructures. 

1. INTRODUCTION 

The Increased globalization of markets, newly industrialized nations, advances in technology, and over-capacity 
in manufacturing world wide, have all contributed to enhanced levels of competition. All of this has put a premium 
on innovative manufacturing strategies, challenging existing recipes which have shaped and dominated 
manufacturing since the early part of this century [1]. Undoubtedly Lean model, between two main production 
practices, is more preferable, both in production and humanity, than mass production. On the one hand it is a 
flexible system that leads to higher quality and lower cost and on the other hand, it considers continuous 
improvement and respect for people as two basic principles.  

Lean production is Complex managerial concept which spans the entire company, from product development to 
strategies [2]. This system designed to be responsive to the needs of humans in business and deliver better outcomes 
for key stakeholders such as associates, suppliers, customers, investors and communities [3]  

As firms' interest for achieving the lean production has increased, different models have been offered in order to 
assess firms' efforts in relation to leanness. These models have regarded some aspects of the lean production system.  

In this article, a relatively comprehensive model for assessing the degree of leanness of manufacturing firms will 
be offered. For this purpose, we first review the lean production literature and, specially, existing models and 
through exposing their weaknesses, our model is developed. 
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2. LEAN PRODUCTION MODELS 

In order to improve manufacturing operations, we need to assess the state of operations at the manufacturing 
facilities. Assessment is a valuable tool that must be used to study the current state [4]. Lee [5] an international 
renowned expert in lean manufacturing has developed a lean assessment tool. This assessment tool helps to 
investigate, evaluate, and measure key areas of manufacturing. Nine key areas of manufacturing are evaluated by 
this assessment; each ranks the plant’s performance as a percentage. Participants will be asked to answer three to six 
questions for each area, namely: inventory; team approach; processes; maintenance; layout/handling; suppliers; 
setups; quality; and scheduling/control. The questions in each area attempt to focus on the key performances.  

In assessing changes towards lean production, Karlsson and Åhlström [6] make a distinction between the 
determinants and the performance of a lean production system. Factors such as increase productivity, enhance 
quality, shorten lead times, reduce cost etc. are factors indicating the performance of a lean production system. The 
determinants of a lean production system are the actions taken, the principles implemented, and the changes made to 
the organization to achieve the desired performance. The model developed in their article operationalizes the 
determinants of a lean production system. Although their model encompasses various functions, however, Karlsson 
and Åhlström concern with areas called “lean manufacturing” and to some extent also within product development.  

Goodson [7] has developed a tool kit that aids experts in as little as 30 minutes to “Read a plant fast” to tell if a 
factory is truly lean. He describes his approach as rapid plant assessment (RPA). To do this assessment you would 
need a team of experts to tour the plant. During the tour, the team observes all aspects of plant’s environment and 
looks for the evidence that the plant adheres to best practices. 

Greene [8] in himself thesis, uses The Capability Maturity Model for Software development (CMMS) developed 
by the Software Engineering Institute. In this model five levels of maturity are defined. Level 1 is defined as the 
awareness stage. This level indicates that some in the organization are aware of lean production principles, but it has 
not been defined for the organization, and there definitely is not an orchestrated effort to implement. Level 2 is 
defined as Sporadic Implementation. This is a stage that many companies find themselves, and companies are 
beginning to experiment with some of the tools of lean, but a lean production strategy is not yet fully defined. Level 
3 is the transition stage, in which a Formal Implementation strategy has been established. Often implementation is 
performed one product line/family at a time. Level 4 is the stage in which the formal implementation is complete. 
Companies in this phase have a very good understanding of what lean tools apply to their situation. They have 
probably adopted all of the tools that apply, and are improving their maturity with using the individual tools Level 5 
is the fifth and final stage, in which a production system is in an endless state of continuous improvement. In this 
stage lean production is standard procedure and a way of life. It is no longer a program pushed by management, but 
instead is owned by the operators of the system. The difference between Level 4 and 5 should only be reflected in 
the level of maturity among the individual tools, and not in the number of tools adopted. 

In developing a clear definition of what exactly comprises leanness, Soriano-Meier and Forrester [9] relied upon 
the model developed by Karlsson and Åhlström [6] that operationalizes the principles of lean production. Their 
research also incorporated the measurement of managerial commitment to lean production based on a model 
developed by Boyer [10]. The sources of information were at two levels of the organization: top management 
(usually chief executive level) and production and operations managers. A different questionnaire was administered 
to each level. Questionnaire one, addressed to use to gauge the extent of adoption of lean production principles. 
Questionnaire two, directed to managing directors/CEOs, was used to measure the level of commitment of 
management to lean production.  

Bohemia [11] in assessing leanness level of manufacturing organizations, categorizes them along three axes:   
management techniques/systems, design methods/tools, and production technology. These are 3 dimensions of his 
model. Each organization was given a score for each of the three axes. Each subsection was weighted by four 
independent academics in Business, Manufacturing and Industrial Design from 1 to 5, depending on its importance 
to the categorization of lean manufacturing. This was multiplied by the length of time that each subsection had been 
in use at that organization (i.e. used less than 1 year was given a score of 1, used 2-3 years was scored 3, used 4 or 
more years was scored 5). Finally, Cut-off points were determined for each axis so that organizations could be 
categorized into groups on that axis. The final groupings were lean manufacturers, Emergers, and non-lean 
manufacturers. Organizations were allocated to one of these groups in the following way: [11] 

• If they were in group 1 on all of the axes; i.e. management, design and technology, they were called lean          
manufacturers; • If they were in group 3 on any of the axes they were put into non-lean; • All other combinations 
were allocated to Emergers    
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Following the work of Karlsson and Åhlström [6], Sanchez and Perez [12] have suggested a check-list model 

and test the support to other surveys' results on the use of production indicators model in a sample of manufacturing 
firms. The indicators have been classified into six groups: elimination of zero-value activities; continuous 
improvement; team work; JIT production and delivery; suppliers' integration; and flexible information system. They 
state that purpose of minimizing number of indicators in the check-list is to make the model simple to use for small 
and medium sized production. Some of these indicators have already been proposed in Karlsson and Åhlström's 
model. Others were found in the literature on lean manufacturing firms. Each indicator has been defined in order to 
be more quantitative than qualitative, simple to understand and use, and based on user control magnitudes. [13]  

Table 1- different models for assessing lean production 

Model researchers/ 
Year 

Typology 
 of model Dimensions/ areas 

Dterminant       
factors          
of lean 

Karlsson & 
Åhlström 

(1996)  

Non-
quantitive 

Nine Areas and 34 determinant factors:  

Elimination of waste (5 factors), Continuous improvement (2 farctors), 
Multifunctional teams (5 factors), Vertical information systems (4 factors), 
Decentralized responsibilities (4 factors), integrated functions (2 factors), 
Pull instead of push (2 factors), Zero defects (6 factors), JIT (4 factors) 

Birmangham     
university 

Soriano-
Meier & 
Forrester 
(2001) 

Quntitive 

two questionnire: 

 top management: two dependent variables (commitment to JIT and 
commitment to TQM) and four independent variables (quality leadership, 
group problem solving, training, and worker empowerment  

and production & operations managers: (two dependent variables: degree of 
adoption of lean production principles, and degree of leanness; and 9 
independent variables: nine principles of lean production identified by 
Karlsson and Åhlström (1996)) 

Sanchez         
& Perez 

Sanchez & 
Perez (2001) 

Non-
quantitive 

Six Areas and 36 indicators:  

elimination of zero-value activities (6 indicators); Continuous improvement 
(8 indicators); team work (5 indicators); JIT production and delivery (5 
indicators);  
suppliers' integration (7 indicators); and flexible information system (5 
indicators) 

rapid plant       
assessment       

(RPA) 

Goodson 
(2002) 

Non-
quantitive 

To Visit the plant by a team of experts. the team observes all aspects of 
plant’s environment and looks for the evidence that the plant adheres to best 
practices 

Bohemia Bohemia 
(2002) Quntitive 

Three dimensions:  

management techniques/systems, design methods/tools, and production 
technology. Assessing organization in every dimension and detemining 
leanness level of organizatin 

Capability 
Maturity model   

for Lean 
production 

Greene 
(2002) 

Non-
quantitive 

Five Maturity level: 

Awareness, Sporadic Implementation, Formal Implementation, complete 
implementation, continuous improvement 

Strategos Inc  Lee (2004) Quntitive Nine Areas: inventory; team approach; processes; maintenance; 
layout/handling; suppliers; setups; quality; and scheduling/control 
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 As it can be observed, these models have disregarded some aspects of the lean system. Karlsson & Åhlström 
[6], Soriano-Meier & Forrester [9], Greene [8] have disregarded role of costumers and suppliers in leanness process 
because of emphasize to manufacturing function. Suppliers have become an integral part in product development 
team [14, 15, 16, 17].  They provide the information of sub-components, parts material, and parts supply necessary 
for the product designing, engineering, and manufacturing. In rapid plant assessment (RPA), organizations need to 
invite lean experts to observe factory. It is difficult or even impossible to access to real experts and also it needs to 
spend money. Furthermore, all of above model except of Bohemia [11] don't have considered to technologies. The 
evolution of new and better means of producing products has emerged in our society because of creative thinking 
and experiment. Just as mass production created by Henry Ford and lean manufacturing created by Taiichi Ohno 
have improved the way products are produced, implementing a technologically-based lean system of manufacturing 
may be more effective [18]. Watson [18] included that the qualitative results strongly support that there is a 
relationship between the level of technology integrated with lean manufacturing principles (independent variable) 
and organizational performance in terms of quality, cost, response time, productivity, morale, attendance, safety and 
ergonomics, inventory control and human resources. 

3. PROPOSAL MODEL 

Our model has three dimensions include: Tools & Techniques, Technologies, and Infrastructures. Figure 1 is a 
schematic presentation of our lean model. In flowing, we explain its dimension in details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 1: Schematic presentation of Lean production model 
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3.1. TOOLS & TECHNIQUES 

Greene [8] through reviewing lean production literature has identified a lean production toolkit. He believes that 
it is much larger and more comprehensive than any one toolkit represented in the literature. However, tools such as 
value engineering [19], concurrent engineering [11, 20], and QFD [11], customer & supplier involvement [5, 11, 12, 
19, 20], are advised too. In tools & techniques dimension, we use Greene model in addition to above tools. 

3.2. TECHNOLOGIES 

Advances in production technology have had a profound impact on the effectiveness of organizations to produce 
and distribute products. These advancements include technology that enables organizations to plan, communicate, 
and execute to support customer demands. “Advances in production technology have reduced the economies of 
scale, which help small land-midsize producers”. [21]. Technological solutions created to speed customer deliveries, 
improve manufacturing processes, and embrace enterprise will improve efficiency, management decision making, 
and customer satisfaction. [22]  

Hard technologies are the equipment that process materials into finished products, but also include computer 
hardware and software – numerical controls, computer-aided manufacturing, robotics, and product transformation 
equipment. It also includes wireless and internet technologies that have further enhanced the ability to compute, 
communicate, and plan to accommodate product demand. [23]  

We have use technologies identified by Bohemia along with two another technologies called IT and ERP. Since 
the advent of the concept of lean production, there have been many advances in information technology (IT), 
particularly the widespread deployment of the World Wide Web and the Internet. Almost every firm and business 
function has been impacted by the Internet in the last few years and whole new industries have arisen because of the 
technology. Of course, lean production systems are not immune from the effects of the Internet. Bruun & Mefford 
[24] claimed that Internet is a facilitator to the implementation of lean production and lean enterprises and, in fact, a 
synergy exists between the two. In other words, if appropriately applied, the Internet can help make production 
systems leaner, and even more significantly, make the entire supply chain leaner. Heckman [14] investigates how to 
manage IT-Suppliers relationship and finds that many firms are moving toward formal relationship through 
collaboration and communication. Better understanding of the suppliers' product information, material information, 
and schedule information can help engineers communicate their design requirements and cooperate with suppliers 
better.  

3.3. INFRASTRUCTURES 

Companies that succeed with implementing Lean Manufacturing principles have two things in common: strong 
leadership from the top and a willingness to change the organization’s culture [25]. We called this "infrastructure". 
Lean is not only a set of mutually supporting technologies, but a change in the entire organization’s culture and 
thought processes. The first requirement for lean is to have management commitment from the top management. 
Without this commitment, changes cannot be done in any facility. Building a lean manufacturing system is just like 
building a house. It requires many materials and components as foundation to support the system [26]. Though 
many variables may affect the success of a lean manufacturing implementation, many researchers agree anecdotally 
that commitment by top management is vital [19, 27, 28, 29, 30]. Management that fails to embrace the 
implementation may intentionally or unintentionally sabotage the effort [29, 31]. Top management should not only 
demonstrate commitment and leadership, it must also work to create interest in the implementation and 
communicate the change to everyone within the organization [29]. Management must be visibly connected to the 
project and participate in the lean manufacturing events [27, 29, 32]. A lack of investment by upper management in 
the lean manufacturing implementation may also affect the success of the implementation in less visible ways. If 
employees feel that the executive team does not respect their efforts, discouragement may take hold and the lean 
manufacturing effort will fail. Though it is often desirable to drive change from the factory floor, it is important that 
a transition to lean manufacturing be driven by the executive management team [29]  

Communication in any organization is important, but particularly in a manufacturing environment where 
multiple shifts are employed. When communication does not occur, production and quality may suffer and 
resentment between workers may occur [33]. Lean manufacturing requires clear communication, not only between 
shifts, but also between all value streams [34]. All customer-supplier connections within the organization must have 
a direct connection and there must be a clear method for sending and receiving responses to problems. [35]  
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It is to be expected that the role of the supervisors is noticeably different in lean production. The supervisors are 
no longer simply controllers and schedulers of workers. In an environment where each member has to contribute to 
improving the system, the supervisors have the task of creating a climate which involves each individual and which 
encourages them to discuss their ideas [36]. Supervisors, therefore, have to give up a certain amount of control, and 
have to change their roles and their management style, acting more as facilitators, coordinators and trainers [37]. 
Team organization typically places the supervisor in a much more demanding role than he has traditionally held 
[38]. Furthermore, Responsibility and authority will in particular have to be pushed down to the lowest levels of the 
organization [39]. As a consequence of the decentralization of decision making, changes in manufacturing often 
mean that the number of hierarchical levels in the organization can be reduced [40]. Since organization hierarchies 
are often flattened; if there is still a supervisory level in the organization, the role of the supervisor will change. [41]  

4. METHODOLOGY 

About 20 questionnaires were sent for lean experts via Email. Only 5 questionnaires have been come back. We 
use these questionnaires for determining weight of each element of lean production. This questionnaire has 3 levels. 
Main concept (lean production) is at first level. At second level, there are 3 dimensions (tools & techniques, 
technologies, and infrastructures). At third level, there are sections of each dimension, and at level of 4, we have 
element or subsections. At levels of 2 and 3, weights are determined by mutual comparisons (0<w<1). At forth 
level, each subsection was weighted from 1 to 5, depending on its importance for that section.  

In tools & techniques dimension, Capability Maturity model for Lean production, with some changes, is used. If 
organization was at level 1, awareness, it is non-lean, i.e. was given score of 0; if was at level 2 or 3, it is Emerger, 
score 1 or 2 and if organization was at level 4 or 5, it is lean, i.e. scores 3 or 4. In technology dimension we use 
Bohemia methodology (i.e. used less than 1 year was given a score of 1, used 2-3 years was scored 3, used 4 or 
more years was scored 5). In infrastructure dimension, we use Likert scale (from 0 to 4). Score 0 means non-lean, 
scores 1 or 2 means Emerger, and scores 3 or 4 means lean. These were multiplied by the weight of each element 
and Finally, Cut-off points were determined for each axis so that organizations could be categorized into groups on 
that axis. 

4. RESULTS 

Table 2 shows results of weights determining. Therefore, cut-off points on each axis were determined for each 
axis by below equations: 

Cut-off point for distinguishing non-lean & Emerger organizations: 

ij wC ∑
=

=
n

1i
      

And Cut-off point for distinguishing Emerger &Lean organizations: 

ij wC  3 
n

1i
∑
=

=      

 Where, W: weight,     n: number of elements,    j: dimension (1, 2, and 3) 
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Table 2- Final weight of each element (mean of 5 opinions) 

Dimension Weight Section Weight Elements Weight  W 
Concurrent engineering (4.2) 0.165 
Costumer involvement (5) 0.197 
Value engineering (4.8) 0.189 
CAD (3.6) 0.140 
QFD (4.6) 0.181 

Design 
(0.153) 

Supplier Involvement (5) 0.197 
Point of Use Delivery (4.2) 0.314 
One Piece flow (4.2) 0.314 
Kanban (3.6) 0.269 

JIT 
(0.291) 

Supplier development (5) 0.374 
Suggestion System (4.2) 0.393 
Setup Reduction (4.6) 0.430 
Standardization (5) 0.468 
Smoothing (4.2) 0.393 
Production to Takt time (4.8) 0.449 
Value Stream Mapping (5) 0.468 

Flexibility 
(0.364) 

Mixed-Model Production (4.6) 0.430 
TPM (4.6) 0.089 
SPC (3.8) 0.079 
PM (4.2) 0.081 

Maintenance 
(0.075) 

5S (4.8) 0.093 
Root Cause Analysis (4.8) 0.144 
PokaYoke (4.8) 0.108 
Line Stop (3.6) 0.120 

Tools & Techniques 
(0.257) 

Autonomation 
(0.117) 

Visual Controls (4) 0.144 
CAM (3.6) 0.276 
FMS (4) 0.307 
CIM (4) 0.307 
NC/CNC Machines (3.8) 0.292 

Manufacturing 
Technologies 

(0.474) 
U-shaped Cells (4.2) 0.358 

IT (4.2) 0.358 

Technologies 
(0.162) 

Supporters 
Technologies 

(0.526)  ERP (4.2) 0.358 
Training & Empowerment (5) 0.497 
Workers Awareness  (5) 0.497 
Workers commitment (5) 0.497 
Teamwork (5) 0.497 

Workers 
(0.171) 

Multi skilled workers  (5) 0.497 
Communication (5) 1.217 
Continuous improvement  (5) 1.217 

Organizational 
Qualification 

(0.419) Safety (5) 1.217 
Commitment of management (5) 1.191 
Style of management (5) 1.191 

Lean  
Production 

Infrastructures 
(0.581) 

Management 
(0.410) 

Changing Role of supervisors (4.6) 0.497 
 

So, we can determine cut-off points for each axis. Table 3 shows cut-off points and categorization of three 
groups.  Finally, Organizations were allocated to one of these groups in the following way:  

• If they were in group 1 on all of the axes; i.e. Tools & Techniques, Technologies and Infrastructures, they were 
called lean manufacturers  

• If they were in group 3 on all of the axes they were put into non-lean   

• All other combinations were allocated to Emergers 
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 Table 3- cut-off points and categorization of three groups 

Tools & Techniques Technologies Infrastructures  

Cut-off point group Cut-off point group Cut-off point group 

Lean > 18.69 1 > 6.77 1 > 27.05 1 

Emergers 6.23-18.69 2 2.26-6.77 2 9.02-27.05 2 

Non-lean < 6.23 3 < 2.26 3 < 9.02 3 

 

We can see a schematic presentation of these dimensions at figure 2. 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 2: Schematic presentation of grouping non-lean, emergers, and lean organizations  

6. CONCLUSION 

As firms' interest for achieving the lean production has been increased, different models have been offered in 
order to assess firms' efforts in relation to leanness. However, these models have disregarded some aspects of the 
lean production system. In this paper, a relatively comprehensive model for assessing the degree of leanness of 
manufacturing firms was offered. For this, we first review the lean production literature and, specially, existing 
models and through exposing their weaknesses, our model was developed. Our model has three dimensions include 
tools and techniques, technologies, and infrastructures. One of characteristics of this model is that it assesses 
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leanness from 3 perspectives. Also, the elements in each dimension are more complete than other models. 
Furthermore, we have high attention to Human resources and consider it in separate dimension. On tools & 
techniques axis, along with using Greene toolkit, other tools such as QFD, CAD, VE, concurrent engineering, 
relationship with costumer and supplier, have been used. On Technology dimension, ERP and IT have been added 
to Bohemia work and so this axis is more comprehensive than that of Bohemia.  

Results of weight determining showed that infrastructure is more important than two other dimensions. While 
tools weight is 0.257 and technology weight is only 0.162, the weight of this dimension higher than 0.5. On tools & 
techniques dimension, flexibility is more important than other areas. Also, on Infrastructures dimension, 
organizational qualification, management, and workers weight were 0.416, 0.410, and 0.171. Therefore, based on 
experts' opinions, it can to be said that organizational qualification and management are more important than 
workers for implementing lean.  
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ABSTRACT 

Real-time control is a dream from the sixties that with the advent of cheap micro-computers can today be 
materialised without higher investments. Still, in administrative operations this opportunity is far from bearing 
fruit. Many systems for e.g. financial control are still working with a thirty days’ delay between observations 
which makes them unreliable in a world in which speed of reaction is highly valued. 

It is recognised that the efficiency of administrative support functions highly effects the manufacturing 
operations. A case study was conducted in industry in the real, operational environment of a financial control 
department and the reasoning is built on the observations that were made. The paper proposed here has the 
intention to describe the principles upon which an adaptive system for the control of administrative operations 
can be conceived as well as the components of such a system. The system itself is a combination of manual and 
computer generated elements that, in a later stage, may be entirely automated. Today it is based on visible 
planning but exhibits the features of a “good controller” as specified in cybernetics: a model of the situation, a 
model of itself, short delay between situation, observation and decision, filtering using mathematical criteria, etc. 
There is also a discussion of the rules upon which operational autonomy can be established for the department. 
The expected impact on operations is an improvement of the value delivered.  

1. INTRODUCTION 

Administrative efficiency has been a research subject for a century. However, the development in the area has 
during the latest couple of decades been highly focused on automation and replacing human work tasks with 
computer software. Unfortunately, this progressive automation process has been carried out without much attention 
to the most important system functions. The most important function of a business process is what creates value. To 
maximize the added value through working with the right tasks and doing so by the right method is much more 
important than any automation effort by itself. To be efficient in the execution of task, a high degree of utilization as 
well as a high performance level is required. 

The authors of the present article are addressing this problem from an industrial engineering (IE) and a 
cybernetic perspective, using partly classical production engineering methods. The very same methods can be 
utilized for studies of administrative work. That is of course not a new revelation, an example is Leffingwell’s 
“Scientific Office Management” published as early as 1917 [1]. However, IE methods for improving administrative 
work have since a couple of decades been forgotten to a large extent. To the authors’ experience it is unusual that 
Swedish companies use formal methods for improving the administrative work, other than through automation. The 
PPA studies [2] and [3], have among other things pointed at the lack of productivity focus on administrative 
functions close to the production. With a high level of automation, functions like maintenance and production 
engineering may become the actual bottle-neck for the production. These functions are in need of an efficient 
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control system, in the same manner as the production itself. Production engineers must work on issues that are 
prioritized in order to ensure the fulfillment of the overall goals of the entire production system, and the engineers 
need to perform the task themselves in an efficient manner in order to make the outcome predictable and thus 
controllable. 

The research project presented in this article started out with studies of administrative functions close to the 
production. The very same ideas and methods have eventually been applied on other administrative functions, 
further away from the production itself, but still within the same manufacturing company. 

2. SETTING OF STUDY 

This case-study will describe a project performed in the financial control department of the maintenance & 
overhaul operations of a company in the aerospace business. It consists of eight business controllers and one 
manager. The department has three basic functions serving three different customers. The first function is 
accounting, performed, as in all companies, by the request of the government and its tax administration. The second 
function is performed by the request of the mother company and is about internal control, budgeting and 
forecasting. Both accounting and controlling are, by the nature of established procedures, periodical being 
performed regularly by the turn of every month or quarter. Together they add up to a predictable and easy to plan 
for workload. 

Invoicing is the department’s third function, and by far the most important. The performance of invoicing 
process was originally followed up at weekly meetings every Thursday. 

The customer mass of the maintenance and overhaul business is very diversified. The customers are found on all 
continents except the Antarctic, in the businesses of, among others, air freight, business jets, energy and passenger 
transportation. Accordingly, there are a lot of needs that have to be met and they are through a rich palette of 
business set-ups offered by the company regarding extent of maintenance and overhaul projects, terms of delivery 
and payment, type of contract, etc. This is the variety generator that has to be controlled in the invoicing phase of 
every project. 

3. CONDITIONS FOR REGULATION 

The performance of operations in a controlled manner has two dimensions, one regarding the internal 
environment of the department in which the work is performed and a second which regards the external 
environment that the department tries to control. Control also supposes the presence of a controller whose design 
will have bearing on its success. Since Ashby [4], it is known that the controller needs to exhibit at least the same 
amount of variety as the controlled system by being able to distinguish all its relevant states and to perform timely 
and efficient regulation action. It also needs a model of the regulated system, in our case of itself and of its 
environment. The necessity of a model for effective regulation is stated in Conant-Ashby theorem and is since then 
no longer optional but mandatory [5]. 

To sum up, the department has to regulate its own operations, i.e. the co-ordination between the different 
functions that it stands for, as well as the outer environment, i.e. the inflow of cash to the company. Both two 
actions can be addressed in a rigorous way. 

4. THE INTERNAL ENVIRONMENT 

A stable, controlled inner environment is a prerequisite for purposeful action. As mentioned before, the 
department performs several functions so adaptive mechanisms for mutual adjustment between them were needed. 
Originally, it was done on an ad-hoc basis through informal communication and weekly follow-ups at department 
meetings. 

The impact of this department on the operations of the company, notably its access to cash, and the potential of 
value improvement of this function hint that a structured approach in the deployment of its operations would have a 
large pay-back. Measurements showed that money could be found in shortening the time in which invoices are 
produced and making sure that they are timely paid. The cybernetic analysis of how the department controls its 
operations revealed the presence of time lags in the feed-back loops and the lack of a model of itself. It was then 
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decided to start implementation of visual procedures for the planning and control the work. It took approximately 
three months to arrive at a lay-out as in the picture bellow. 

 
Fig. 1: Visual mode  of long-term (upper half) and short-term (lower half) work load 

The board is divided in two longitudinal halves, one for the long term plan in which the time unit is a week, and 
the other for short term planning with the day as the time unit. Deliverables, i.e. engines that have been serviced and 
need to be invoiced are posted on the header of the long-term plan and broken down to daily basis. Activities for 
fulfilment of the other functions, budgeting and controlling are also posted so that the users of the system can easily 
get a complete picture of their actual and coming work-load. Every controller has a row in both long-term and short-
term plan. 

Meetings with durations of maximum 20 minutes and fixed agenda were started every morning during which 
feed-back was given with respect to what was accomplished last 24 hours, what lies in the near future and eventual 
need for adjustments.  

5. THE EXTERNAL ENVIRONMENT 

Invoicing is a process having the purpose of controlling the timely payment of invoices. Good performance 
equates a low and predictable amount of overdue money along the time-line, a fact relatively easy to establish by the 
means of a run chart with control limits. The performance of invoicing process at the start of the project suggested 
that these control activities are not sufficient, i.e. they do not achieve good regulation. Could a cybernetic 
examination of invoicing activities propose any solutions? 

According to Conant-Ashby theorem, a model of the system to be regulated is needed otherwise it cannot be 
controlled. In this particular case it is interesting to know the future behaviour of the customer, i.e. whether he 
intends to pay the invoice or, for different reasons, does not. This intelligence is useful before overdue day. A model 
should then distinguish the relevant controlled entities, i.e. business partners in debt, and their intentions. 
Fortunately, Pareto’s law asserted itself as the majority of invoiced amount comes from transactions with a limited 
number of partners so the effort to keep the model dynamically updated was little. 

Another board with three columns was used to visualise this model. The content of the columns, from left to 
right, is as following: 
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• The leftmost column exhibits long term manufacturing forecasts, stability conditions in the interaction with 
the mother company (time-to-invoice and share of overdue amount) and a monthly follow-up of their 
fulfilment. Changes in this column occur seldom, a few times each year. 

• In the middle column one finds the middle-term work break-down. Status on expected deliveries during 
current month and other work-orders is posted. This information is updated weekly. 

• The rightmost column contains a mapping of the actual situation. Work-load in the nearest future is 
measured by following up actual deliveries and status of invoiced work orders. In the middle there are 
three lists posted with invoices overdue the current day, invoices overdue next week and invoices overdue 
two weeks later. It is these lists that distinguish the invoices subject to special treatment and helping to 
bring knowledge about their future states. Statistical follow-up is found in the lower corner. The 
information in this column is updated daily before the morning meeting. 

 
Fig. 2: A model of the external environment 

6. RESULTS 

The first effect was the consumption of the back-log of items delivered but not invoiced followed by the 
shortening of time-to-invoice. Together they stand for a substantial decrease of tied capital that by far exceeds the 
eventual gains of performing the operations at a lower cost through e.g. outsourcing. These results were obtained 
without any changes of the routines, e.g. how the invoicing process was performed. The only changes were related 
to the information that the group fed-back to itself about what to do and when. No worsening in the quality of 
invoices or of other functions was noticed. 
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Fig.3: Development of invoicing from beginning of study. Quantitative control started second half of November. October 
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Daily management shortened the time lag of reporting overdue invoices to an average of 0.5 days. This reporting 
is done in a statistical process control (SPC) chart in order to distinguish between situations of random variation and 
situations that should attract the higher management’s interest. Averages, control limits and trends are calculated on 
data from the last twenty working-days. Transformations were performed if input data happened not to be following 
the normal distribution. Still, this graph accounted only for past events and was used as an overall health indicator 
of invoicing operations. Operational autonomy ends with management interventions, i.e. appraisal or re-direction of 
resources. Rules for them were based on statistics: the sustained crossing of a control limit, a trend (six consecutive 
observations all increasing or decreasing) or a drift (nine consecutive points on either side of the average line). 
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Fig. 4: SPC chart of invoicing process. The index denotes the productivity of the process 

In the example above there are two observations bellow the lower control limit indicating that management 
should intervene. A check revealed that it was a false alarm due to vacation. 
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Another result was foresight. The lists showing when the invoices were due are powerful tools in the hands of 
controllers who know by now which customers to contact and when for better understanding of their intentions. 
Today the group uses them proactively managing to further reduce the share of overdue invoices. 

7. CONCLUSIONS 

Industrial engineering and cybernetics supply excellent tools for the assessment and development of 
administrative work. Also, the contribution of administrative functions should not be underestimated. Similar results 
could, of course, have been achieved in operations but at a higher price. Once understood and visualized, 
information flows can be controlled at a lower cost than material ones. 

The fact that the case study comes from a financial department should be considered as strongly supporting the 
generalization of the method and the results.  E.g. manufacturing operations are highly dependent of their planning 
and engineering support and the consequences of how well tuned they are will express themselves in terms of e.g. 
delivery precision, work in progress and cost. Manufacturing companies need to become aware of these tools as 
they point out the prerequisites for efficient control of their manufacturing system. 
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ABSTRACT 

The job scheduling problem is one of the most complicated and well-known combinatorial optimization problems. 
A blocking constraint models that the assembly process of a machine requires a certain amount of space on the 
shop floor in the factory for a period of time. The sizes of the shop floor and machines will determine the number of 
machines which can be assembled at the same time. There are not many research papers regarding scheduling 
problems with space obstacles. Production activities play an important role in determining a company’s operating 
cost. In this study, jobs scheduling problem with space obstacles has been formulated, and apply a novel approach 
to this combinatorial problem. The objective is to minimize the tardiness cost. The factorial space obstacles were 
observed from a real company in central Taiwan during 2007. After validation, results demonstrated that our 
approach outperforms than previous dispatching rules. The results have shown that when production personnel 
have to schedule jobs into the factory, costs are reduced in this problem. Further studies are suggested to combine 
job’s height or human resource constraints into this problem. 

1. INTRODUCTION 

 Utilization of shop floor space with obstacles is an important issue in machinery assembly factory. The assembly 
process of a machine requires a certain amount of space on the shop floor in the factory for a period of time. The sizes 
of the shop floor and machines will determine the number of machines which can be assembled at the same time. The 
sequences of jobs in a factory will affect the utilization of the shop floor. The space on the shop floor could be divided 
into several chunks and some of jobs could be allocated for simultaneous assembling.  However, certain amounts of 
obstacles such as pillars and office areas are presented on the shop floor. When a new job arrives, the factory has to 
offer an integrated space to allocate the new job based on its shape. If the factory is at its capacity, the new order must 
wait for the space taken by jobs previously assigned to complete production. Due to space capacity constraints, we 
have to schedule the sequence of jobs carefully in order to maximize space utilization. We define it as a space 
scheduling problem. 

Allocation of different jobs in the shop floor to maximize the space utilization is not an easy task. For example, in 
Figure 1, job D1 is waiting for allocation due to there is no enough space for job D1in the shop floor. On the other 
hand, in Figure 2, the job D1 could be easily fitted into the shop floor. Beside that, there are some obstacles in the 
factory (Figure 3). The buffer areas, walkways and pillars are all obstacles. Although the shapes of jobs are rectangles, 
it is not easy to allocate jobs into the factory due to obstacles constraints. 

The sequence of jobs which are assigned into a factory and the position a job allocated will affect the 
performance of the shop floor. , Perng et al. [37] set some indicators for performance measure. These indicators 
include total tardiness, makespan, total flow time and space utilization. In this paper, the total tardiness is employed to 
be the measure of a schedule. The purpose of this paper is to find a schedule to minimize the total tardiness cost. 

2. PROBLEM FORMULATION 

Let N denote a set of n jobs. Let 1 2, ,..., ns s s  denote the start time for each job. Let 1 2, ,..., nt t t  denote the 

processing time requirement for each job. Let 1 2, ,..., nd d d denote the due date specified by customers for each job. 
Let σ  denote an arbitrary sequence. All possible permutations are [1-2-…-(n-1)-n], [1-2-…-n-(n-1)],…, 
[n-(n-1)-…-1] . There have n! possibilities. The traditional dispatching rule, such as SPT, FCFS, or EDD rule, is one 
of the permutation results. For a job i, a tardiness will be denoted by iT . The summary of notations is shown as 
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follows: 
 
N: a set of n jobs 

is : start time for each job i 

it : processing time requirement for each job i 

id : due date specified by customers for each job i 
σ : an arbitrary sequence 

iT : a tardiness for job i 
P:  unit tardiness penalty 

( )f σ : tardiness cost by σ  processing sequence 

{ ,0}i i i iT Max s t d= + −  
 
The objective is to find a sequence to minimize the cost. 

min 
1

( )
n

i
i

f P Tσ
=

= ∑                                                                                                                                                 (1) 

 
In the cost function ( )f σ , P denotes the unit tardiness penalty. This research assumes that if a job i has been 

completed early, the job has to stay in the factory until due date which is specified by customers. Thus, earliness  will 
not occur.  

 
 

 

Figure 1: Space constraints 

 

 

Figure 2: Allocation of a new job 
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                                                  a represent walkways 
                                                  b represent  pillars 

Figure 3: Obstacles in the factory 

3. LITERATURE REVIEW 

3.1. SCHEDULING PROBLEM WITH RESOURCE CONSTRAINTS 

An important class of scheduling problems with blocking production environment is a challenge of modern 
manufacturing system [13]. Johnson [17] found optimal solutions in a two-machine flow shop problem where each 
job has no more than two operations. Levner [25] provided a branch-and-bound approach for finding optimal 
solutions in machine scheduling problem with blocking constraints. Peach and Dale [36] described a computer-based 
single machine scheduling system. Their system using a series of scheduling rules schedules work which is inputted 
from a database. They considered scheduling problem with obstacles. Their computer system regarded obstacles as 
unfeasible solutions. Gartner and Wahl [12] proposed a system that helps to analyze design options, reduces tedious 
work, and eases assessment. The SHIFTPLANASSISTANT (SPA) and the PREANALYSIS-TOOLS were developed 
in intense cooperation with professional designers in the tradition of work-oriented design. They were used in several 
companies, and showed significant time-savings. It successfully improved schedule-design within all the obstacles of 
real-world planning. They proposed a computer-aided system, which can shorten production personnel operational 
time to consider scheduling with obstacles problems. But in this research, it does not discuss jobs space allocation 
issues. Vieira and Ribas [45] proposed Simulated Annealing to master production scheduling problem. The heuristic 
can avoid obstacles, and resource capacities are containing safety stock. In their paper, obstacles were resource 
capacity. In this research, obstacles are buffer areas, walkways and pillars. Rehbinder and Sanfridson [41] considered 
optimal off-line scheduling of a limited resource used for real-time communication channels system. In their paper, 
they considered obstacles were limited channel resources. They proposed a neighborhood search heuristic. The results 
showed it generates the best implementation of this controller. R-Moreno et al. [42] stated one of the main obstacles in 
applying AI planning techniques to real problems is the difficulty to model the domains. They proposed planning and 
scheduling system, which can automatically generate a plan. In this system, obstacles can be avoided automatically. 

Dispatching rules play an important role in determining the sequence of jobs. Chryssolouris and Subramaniam [7] 
used genetic algorithm (GA) to job shop scheduling problems. Jeong and Randhawa [20] proposed a neural network 
approach to automated guided vehicles system. They compared their space related dispatching rules, maximum 
remaining space (MaxRS) and minimum remaining space (MinRS), with traditional dispatching rules. Perng et al. [37, 
38] developed two spaced related dispatching rules, namely, largest space requirement (LSR) first rule and smallest 
space requirement (SSR) first rule. Rajendran and Ziegler [40] investigated the performance of dispatching rules and 
developed a heuristic for scheduling jobs in static flow shops with missing operations. Lee et al. [24] focused on 
minimizing total tardiness of jobs. Ho and Li [15] proposed a heuristic dispatching rule to scheduling with resource 
constraints problem. Ruiz and Maroto [43] presented a review and comparative evaluation of heuristics and 
metaheuristics for the well-known permutation flow shop problem. El-Bouri and Shah [9] define Cmax, makespan, is to 
search for the maximum Ci in a job shop. Mizrak and Bayhan [32] classified the dispatching rules in job shop 
scheduling problems. The list of rules are FCFS (first come first serve), SPT (shortest processing time), WSPT 
(weighted SPT), WLWKR (weighted least work remaining), EDD (earliest due date), MDD (modified due date), 
SLACK (least slack), CR (critical ratio), S/OPN (slack per remaining operation), MDSPRO (modified slack per 
remaining operation), S/RPT (slack per remaining processing time), ODD (operation due date), OSLACK (operation 
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slack), OCR (operation critical ratio), ATC (apparent tardiness cost), COVERT (cost over time), SB (shifting 
bottleneck) and WINQ (work in next queue). These dispatching rules can be applied to compare the new heuristic 
approaches. In this study, the longest processing time (LPT) first dispatching rule is also considered. Hung and Chang 
[16] apply dispatching rules, including the random rule, to semiconductor industry.  

3.2. SPACE ALLOCATION PROBLEM 

Facilities layout problem (FLP) are broadly studied in space planning, such as printed circuit board design; layout 
design of hospitals, schools, and airports; warehouses; etc. A space allocation problem is one of the FLP [45]. The 
focus of this research is on allocating shop floor space to machine assembly jobs in order to achieve better 
performance.  

The static layout problem can be modeled as a quadratic assignment problem (QAP) [21]. Hitchings [14] first 
recognized and reported on the dynamic layout problem (DLP). The DLP consists of a series of single period (static) 
layout problems, each with its own product flow, area data and block diagram output [23]. Finke et al. [11] surveyed 
both heuristic and optimal solution techniques for QAPs. The DLP can be modeled as a QAP by defining each 
department in each time period as an activity to be located. Constraints prevent departments from being assigned to the 
wrong time period.  

Kouvelis et al. [22] used a similar algorithm to find robust layouts. Erel et al. [10] used the dynamic layout 
problem to address the situation where the traffic among the various units within a facility changes over time. 
Balakrishnan et al. [1] applied the dynamic plant layout problem (DPLP) to deal with the design of multi-period layout 
plans. Brusco [5] solved the Minimum-Backtracking row layout problem with the branch-and-bound algorithm. Meng 
et al. [31] proposed reconfigurable layout problems. Dunker et al. [8] presented an algorithm combining dynamic 
programming and genetic search for solving a dynamic facility layout problem. Melachrinoudis and Messac [30] 
found a way to re-configure effectively. Mckendall et al. [29] proposed that in today's economy, manufacturing plants 
must be able to operate efficiently and respond quickly to changes in product mix and demand. They considered the 
problem of arranging and rearranging (when there are changes between the flows of materials between departments) 
manufacturing facilities such that the sum of the material handling and rearrangement costs are minimized. In their 
paper, simulated annealing (SA) were developed for the DLP. Mckendall and Shang [28] applied hybrid ant systems 
(HASs) to solve the DLP. 

4. BACTERIAL EVOLUTIONARY ALGORITHM 

Nature has served as an endless source of ideas for building variations. Bacteria have several processes that can 
transfer genes, and the analysis of genome sequences has revealed that these processes have made important 
contributions to bacteria evolution [27]. In recent years, the bacterial evolutionary algorithm (BEA) has been applied 
in job shop scheduling problems [34][33][35]. The steps for the bacterial evolutionary algorithm (BEA) as follows are 
(1) randomly initialized bacterial population (2) bacterial mutation (3) gene transfer operation (4) stop condition. Luh 
and Lee [27] applied BEA to job shop scheduling problem.  The steps in [27] are quoted as follows: 
Step 1: Random initialization of population 
       The initial integer string encoding chromosome population is randomly generated. An operation-based 
representation is used to guarantee the search space is the whole solution space and that any permutation of operations 
can correspond to a feasible schedule. 
Step 2: Niche Scheme 
       The feasible schedule from step 1, we define it as a niche scheme. 
Step 3: Makespan computation 
       To compute the makespan based on the feasible schedule. 
Step 4: Bacterial mutation 
       The partial sequences are picked out randomly from the selected source to destination chromosomes. For 
example, 
Source = [1-3-4-2-7-8-9-5-6] 
Destination = [1-3-4-9-5-6-2-7-8] 
Step 5: Gene transfer operation 
       If the mutation is good (get a better makespan), then keep the mutation. Otherwise, give up the schedule and go to 
step 4. 
Step 6: Stop condition       
       The whole process will stop when the generation equates to a pre-defined number. Otherwise the process reverts 
to step 1 for iteration. 
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       In order to compute the total tardiness cost, we changes step 3 from [27] as follows: 
Step 3: Tardiness computation 

       To compute the tardiness based on the feasible schedule. 

5. COMPUTATION RESULTS AND DISCUSSION 

For carrying out the computations of the performance of the proposed system using BEA, the programs were 
developed by using PHP and Microsoft Visual Basic languages. We used a Pentium IV (Celeron CPU 2.40GHz) 
computer for the computations. The test data were obtained from the OR-Library [2][3] due to real data were too few 
for overall testing. However, there is no data for job size requirement in the scheduling problem of this library. 
Therefore, the job size requirement and order information were obtained from a real company in central Taiwan. The 
information for obstacles (Figure 3) was also obtained from the company.       

There are some assumptions in this research, namely, all of the orders are rectangles, a job will not be moved until 
it is done and due, there is no constraint on job’s height. 

This research will compare the BEA performance with traditional dispatching rules in different number of jobs 
(12 and 25). The maximum repeat time in step 6 of BEA is 100 of iterations. The random rule will repeat test for 100 
times, and then selects the best performance measures. The results for different number of jobs are shown in Table 1-3. 

The objective is the total tardy cost. The results show that BEA could provide the best schedule for the lowest 
tardiness cost. However, BEA could not outperform other dispatching rules in space utilization and makespan, but it is 
still not too bad in this two indicators. 

 

Table 1: The Performance of Scheduling without obstacles ( Job number: 25 ) 

Sequencing rule Total Cost Space Utilization Makespan Computation time (sec) 

BEA 115            61.0 76 1.617 
Random 222            65.7 79 9.104 

SPT 503   62.5 99 0.108 
LPT 320   66.3 69 0.128 
EDD 145 57.0 79 0.143 
FCFS 405   60.7 90 0.140 
SSR 309   61.8 90 0.147 
LSR 554   63.4 88 0.107 

 

 

Table 2: The Performance of Scheduling with obstacles ( Job number: 25 ) 

Sequencing rule Total Cost Space Utilization Makespan Computation time (sec) 

BEA 648 35.5 157 9.868 
Random 876 33.1 144 9.359 

SPT 1116 27.0 168 0.311 
LPT 1735 28.7 143 0.361 
EDD 1065 25.1 154 0.332 
FCFS 1020 31.0 158 0.313 
SSR 856 29.0 177 0.345 
LSR 2084 24.1 163 0.422 
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Table 3: The Performance of Scheduling with obstacles ( Job number: 12 ) 

Sequencing rule Total Cost Space Utilization Makespan Computation time (sec) 

BEA 21 31.14 64 8.571 
Random 83 30.5 75 9.780 

SPT 239 24.89 100 0.171 
LPT 60 28.58 56 0.204 
EDD 21 31.14 64 0.186 
FCFS 155 26.87 84 0.174 
SSR 55 31.44 60 0.176 
LSR 263 28.11 83 0.22 

6. CONCLUSION AND SUGGESTION 

Utilization of shop floor space with obstacles is an important issue in machinery assembly factory. In this study, 
we intent to find a schedule to minimize the total tardiness cost. Thus, a space scheduling problem has been formulated. 
We employed the BEA approach for solving the space scheduling optimization problem. We found that the BEA is 
more efficient than other well-known dispatching rules for obtaining the best schedule for the lowest tardiness cost. 
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ABSTRACT 

In this paper, we focus on the vehicle dispatching problem of multiple-load automated guided vehicles (AGVs). It 
has been shown by researchers that the vehicle dispatching problem of multiple-load AGVs is much more difficult 
than that of single-load AGVs. In this paper, a two-phase method for multiple-load AGVs dispatching is proposed. 
In the first phase of the two-phase method, we cluster parts into different groups through the proposed similarity 
coefficient. The proposed similarity coefficient measures the similarity between two parts in terms of their 
slackness, waiting time and the distance between them. After that, at the second phase, we rank part groups 
through an urgency measurement also proposed by us.  This urgency ranking will be used for the multiple-load 
AGV dispatching. Multiple-load AGVs will be sent to serve parts in the part group that has been ranked as the 
most urgent. Simulation experiments were conducted to test the performance of the proposed dispatching method. 
The performance measures are throughput, mean flow time, and tardy part ratio. The simulation results show 
that the proposed dispatching method perform better than other dispatching methods (which do not use clustering 
and urgency ranking) in all three performance measures.  

1. INTRODUCTION 

In recent years, the automated material handling system has played more and more of an important role in 
several industries, such as the semiconductor, manufacturing, and logistic industries. AGV systems are now widely 
used in manufacturing due to their transportation capabilities and adaptability. For a single-load AGV system, 
dispatching problems are easy to solve, but for a multiple-load AGV system, dispatching problems are much more 
complicated. A multiple-load AGV has three states: empty, full and partially loaded. When a multiple-load AGV is 
either empty or full, it is easy to determine its next task. However, when a multiple-load AGV is partially loaded, its 
next task is more difficult to determine. A dispatching rule for a multiple-load AGV system is vital for the AGV 
system performance, and an efficient dispatching rule plays an essential role for transportation capability of a 
multiple-load AGV system.  

According to [3], the problem of multiple-load AGVs can be divided into the following four sub-problems: 
Task-Determination, Delivery-Dispatching, Pickup-Dispatching, and Load-Selection. Most previous studies about 
multiple-load AGVs dispatching propose rules for the third sub-problem and most of these rules consider only one 
attribute. Furthermore, they normally assign an AGV to the queue with the most urgent part and pick parts up in this 
queue according to a load-selection rule until this AGV is full. While this type of set up enables an AGV to serve the 
most urgent part in the system, parts not urgent may also be served just because these parts are in the queue with the 
most urgent one. The proposed two-phase method allows AGVs to pick parts up in different queues to prevent 
serving non-urgent parts. This study formulates a two-phase method that considers multiple attributes of parts for the 
pickup-dispatching and load-selection sub-problems of multiple-load AGVs. During the first phase, a clustering 
method with a group size limitation is used to group parts into several clusters. In the second phase, a ranking 
method is used to rank these clusters. After ranking is complete, an AGV is assigned to service the most urgent 
cluster. The detailed steps of the proposed method are described in section three. The purpose of this study is 
twofold: First, to compare the proposed method with methods that can only serve parts in one queue (i.e., the queue 
that has the most urgent part in the system). Second, to determine the difference when the proposed two-phase 
method considers multiple attributes and only one attribute. Ultimately, we hope this study can be useful for 
engineers and experts in building an AGV system.  
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2. LITERATURE REVIEW 

In this section, we review previous studies about AGVs dispatching rules and some applications of clustering 
concept. First we review studies about AGVs dispatching. Bilge and Tanchoco [1] indicated AGV is suit to fluctuant 
environments like job shop and multiple-load AGV can potentially reduce deadlock or unproductive time of vehicles. 
Jang et al. [7] presented an AGV routing policy in semiconductor and LCD production bay by look-ahead. Ho and 
Liu [3] proposed a control methodology for multiple-load AGVs. Their control methodology also identifies four 
problems that multiple-load AGVs will face. Ho and Chien [4] investigated task-determination problem and 
delivery-dispatching problem and propose different rules for them.  

In the past, there were few studies about multiple-attribute dispatching rule for multiple-load AGVs. In this 
section, we review studies about multiple-attribute dispatching rule. Klein and Kim [9] proposed various 
multi-attribute dispatching rules and compared with single attribute rules. The superiority of the multi-attribute 
dispatching rules is shown by simulation. Hwang and Kim [5] proposed a dispatching method based on bidding 
concept. This method considered three attributes and utilized a bidding function to dispatch AGVs. Jeong and 
Randhawa [8] proposed a multi-attribute dispatching rule for single-load AGV. This multi-attribute rule considered 
three system attributes concurrently and a neural network approach was used to obtain dynamically adjusting 
attribute weights based on the current status of the manufacturing system.  

Clustering concept is widely used in previous studies. Here, we review some applications of clustering concept. 
Inho and Jongtae [6] developed a new generalized machine cell formation technique considering production 
sequences, lot sizes, processing times, of machine grouping, and the plant layout via the self-organizing feature 
maps (SOFM). Dimopoulos and Mort [2] investigated problems in the area of cellular manufacturing. An 
evolutionary methodology is proposed for the construction of new similarity coefficients that can be used by 
standard hierarchical clustering methodologies for the solution of cell-formation problems. Clustering concept is 
used in various fields and this study uses it for AGV dispatching. Next section introduces the proposed Two-Phase 
method for multiple-load AGVs in detail.  

3. THE PROPOSED TWO-PHASE METHOD FOR MULTIPLE-LOAD AGVS 

In this section, the focus of this study and the Two-Phase method are introduced.  

3.1 THE FOCUS OF THIS STUDY 

As was mentioned in section one, the problem of multiple-load AGVs is divided into four sub-problems (see [3]). 
This study focuses on the pickup-dispatching and the load-selection sub-problems. The proposed Two-Phase method 
solves these two sub-problems by using clustering. For the Task-Determination sub-problem, this study adopts the 
Delivery-Task First (DTF) rule. Ho and Chien [4] proposed three rules (namely, the Delivery-Task First (DTF) rule, 
Pickup-Task First (PTF) rule, and Load-Ratio (LR) rule) for this sub-problem and studied their throughput 
performance and mean lateness of parts (MLP) performance. They found that the DTF rule has the best throughput 
performance and MLP performance. Under this rule, a multiple-load AGV will always perform delivery tasks first 
even when delivery tasks and pickup tasks are both available to it. And, the multiple-load AGV will continue 
performing delivery tasks as long as there are loads on it. Since the task-determination problem is not the main focus 
of this study, only one task-determination rule is adopted. The rule adopted in this study for the 
Delivery-Dispatching sub-problem is the Shortest-Distance Rule. Ho and Chien [4] proposed ten 
delivery-dispatching rules and studied their throughput performance and MLP performance. They found that the SD 
(Shortest-Distance) rule performs very well in both performance criteria. Under the SD rule, loads will be delivered 
according to the distance between the AGV’s current position and loads’ destination, and the load with the shortest 
distance will be delivered first. For the last two sub-problems, this study proposes a Two-Phase method to solve 
them. The following describes in detail in the following section.   

3.2 THE TWO-PHASE METHOD  

In this section, the proposed Two-Phase method for multiple-load AGVs is described in detail.  

3.2.1 PHASE ONE: CLUSTERING PHASE 

The purpose of this phase is to group parts waiting to be serviced by AGVs into several clusters. This phase 
considers three attributes and builds a dissimilarity equation to calculate the Euclidean distance between any two 
parts, one part and one cluster, or two clusters. The dissimilarity equation is shown as below.   
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DSij (Dissimilarity between part i and part j) 

= { ws (Si - Sj)
 2 + ww (Wi - Wj)

 2 + wd [D(i, j) / AGV Speed]2 }1/2  
 
where  

Si is slack time of part i 
Wi is wait time of part j 
D(i, j) is the distance between part i and part j (gotten from the real world system) 
ws is the weight for slack time 
ww is the weight for wait time 
wd is the weight for distance 
ws + ww + wd = 1 
AGV Speed is the speed of AGVs in the system 

 
This dissimilarity equation is used to calculate the dissimilarity between two parts, one part and a cluster, or two 

clusters. The smaller the value of DSij in the dissimilarity equation, the more similar the two parts are. The detailed 
steps of this clustering method are described as follows.  

Step 0. When the system has at least one part needing AGV service and an AGV, ν, just finished its task, ifνis 
assigned a pickup task, go to step 1. Otherwise stay in step 1.   

Step 1. Form a list, LP, that includes all parts that need AGV service and collect the slack time, wait time, and 
current position of all the parts in LP. Form a list, LG, that contains clusters to be grouped in this phase 
(clustering phase), and LG starts as empty. Set an upper bound, G, for cluster size and an upper bound, D, for 
dissimilarity. Form a list of forbidden combinations, F, for clusters whose size reaches G, and where F starts 
as empty.   

Step 2. Check the number of parts in LP. If it is one, terminate this method and assignνto serve this part. Otherwise 
use the dissimilarity equation to calculate the dissimilarity between every two parts in LP and group the two 
parts with the smallest dissimilarity as a new cluster. Then remove the two parts from LP, and add this new 
cluster into LG.   

Step 3. If there is any cluster in LG whose size reaches G, remove the cluster from LG and add this cluster into F. If 
any two clusters cannot be merged as one cluster because of cluster size limitation G, let the dissimilarity 
between these two clusters equal M (a huge number); then use the dissimilarity equation to calculate the 
dissimilarity between every part in LP, and use the average linkage method to calculate the dissimilarity 
between every cluster in LG and every part in LP, and between every cluster in LG.   

Step 4. Find the smallest dissimilarity value. If the smallest dissimilarity value is bigger than D, terminate this 
method and go to Phase Two. Otherwise go to Step 5.   

Step 5. If the smallest dissimilarity value is between two parts, group the two parts as a new cluster. Then add this 
new cluster into LG and remove the two parts from LP. If the smallest dissimilarity is between a part and a 
cluster, let the part join the cluster, then remove the part from LP and go to Step 3. If the smallest 
dissimilarity is between two clusters, merge these two clusters into one new cluster, add this new cluster to 
and remove the two clusters from LG; then go to Step 3.  

This clustering method has an upper bound for group size because of the capacity of AGV. It also has a 
dissimilarity upper bound to control the similarity within a cluster. After the clustering phase, parts that need AGV 
service will be divided into several clusters of different sizes, and with some single parts being left over. In phase 
two, we proposed a ranking method to rank the cluster and parts and assignνto serve a cluster or a part with the 
highest objective value (the most urgent cluster or part).  

3.2.2 PHASE TWO – RANKING PHASE 

The purpose of this phase is to rank clusters and parts obtained from Phase One. This phase constitutes an 
urgency equation to determine the urgent degree of every cluster and every part.   
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k is a cluster 
i is the index for parts in a cluster 
ws is the weight for slack time 
ww is the weight for wait time 
wd is the weight for distance 
ws + ww + wd = 1 
Smax is the maximum slack time of a part that requires AGV service 
Si is the slack time of part i 
Wmin is the minimum wait time of a part that needs AGV service 
Wi is the wait time of part i 
Trip distance is the distance that an AGV takes to serve cluster k 
AGV Speed is the speed of the AGVs in the system 

 
This urgency equation is used to calculate the urgency degree for clusters. The higher the value of Uk obtained 

from urgency equation, the more urgent the cluster is. This urgency equation takes the total time that an AGV needs 
to move to service parts within a cluster as a minus term because it represents the cost the AGV needs to spend to 
service this cluster. The more parts in a cluster, the more time is needed to serve this cluster. The detail steps of this 
ranking method are described as follows.  

Step 1. Use the urgency equation to calculate the Uk (urgency degree) for all clusters and every part obtained from 
the clustering phase.   

Step 2. Order all clusters and all parts according to Uk and assignνto service the cluster or the part with the highest 
urgency degree. 

The ranking phase constitutes an urgency equation to rank all clusters and parts. If a cluster has parts with 
smaller slack time, the cluster with a bigger wait time and a shorter distance between parts gets assigned a bigger Uk 
value. In other words, an AGV can service an urgent cluster without spending must time doing so.   

4. SIMULATION EXPERIMENTS 

4.1 ENVIRONMENT 

The layout and environment of this study are introduced in this section.   

1. There are thirteen stations in the manufacturing system. Stations 1 and 15 are the input and output stations, 
respectively. Each machine has one machine and can process one part at a time. The layout of the manufacturing 
system is shown in Figure 1.  

2. In the experiments, the system was modeled as a closed system, in which the number of parts (i.e. WIP) is fixed. 
In other words, a new part enters the system right after an old part has been completed and leaves the system. In 
the experiments, the WIP value is set at eighty to test the dispatching rule’s performance. 

3. The needed parameters for the Two-Phase method in this study are D= 0.4, ws= 0.05, ww= 0.1, and wd= 0.85. 
This study did many preliminary simulation experiments for these parameters to make sure the AGV system 
performs well.  

4.2 RULES FOR COMPARISON 

This study proposes a Two-Phase method that concurrently takes into account three attributes to group parts into 
several clusters first, then ranks clusters and parts obtained from Phase One. Finally, it assigns an AGV to serve the 
most urgent cluster or part. This study compares the performance of the Two-Phase method and the three 
single-attribute rules, which consider the three attributes in the Two-Phase method respectively, but without 
clustering concept. This study also compares the performance results of the Two-Phase method to those of three 
Two-Phase methods with only one attribute. This section introduces six rules, the performance results of which are 
used to evaluate the Two-Phase method. The six rules are as follows:  

1. Distance rule: When an AGV is assigned to perform a pickup task, the AGV will calculate the distances between 
the AGV’s current position and all parts that need to be picked up. The AGV will then choose the part with the 
smallest distance and go to pick up this part. As the AGV arrives at the specified output queue, the AGV will 
pick parts up according to the FIFO rule until there are no parts remaining in this output queue or until the AGV 
is full.  
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Figure 1: The layout of the experiment system  

2. Slack time rule: When an AGV is assigned to perform a pickup task, the AGV will go to the output queue of the 
part that has the minimum slack time in the system. As the AGV arrives at the specified output queue, the AGV 
will pick parts up according to their slack time value from smallest to largest until there are no parts remaining in 
the output queue or until the AGV is full. 

3. Wait time rule: When an AGV is assigned to perform a pickup task, the AGV will go to the output queue with the 
part that has the maximum wait time in the system. As the AGV arrives at the specified output queue, the AGV 
will pick parts up according to their wait time value, from largest to smallest, until there are no parts remaining in 
the output queue or until the AGV is full. 

4. Two-phase method (Distance): this rule is similar in nature to the proposed Two-Phase method, but only 
considers distance. In other words, ws=ww=0 and wd=1.  

5. Two-phase method (Slack): this rule is similar in nature to the proposed Two-Phase method, but only considers 
slack time. In other words, wd=ww=0, ws=1. 

6. Two-phase method (Wait): this rule is similar in nature to the proposed Two-Phase method, but only considers 
wait time. In other words, ws=wd=0, ww=1. 

 
The purpose of this study is twofold: the first is to determine the effect of clustering on an AGV system, and the 

other is to determine the effect of considering multiple attributes for the Two-Phase method. Furthermore, this study 
also tests how the number and capacity of AGVs affects all the rules. As Table 1 shows, there are three factors and 
several levels of each. The next two sections analyze these factors using three performance measures.  

Table 1: Factors and levels of this study 

Factors Levels 
Rules 7 rules 

AGV number 2,3,4, and 5 
AGV capacity 2,3, and 4 

4.3 THROUGHPUT PERFORMANCE 

This section compares the throughput performance of the Two-Phase method and the six rules. As Table 2 
shows, all factors, two-way interactions, and three-way interactions are significant at an α of 0.05.  

Table 3 gives us the Duncan test results. As Table 3 shows, the Two-Phase method performs best on throughput, 
with the distance rule coming in second. We also can see when single-attribute rules and single-attribute Two-Phase 
methods consider the same factor, the single-attribute Two-Phase methods perform better than the single-attribute 
rules (except for distance rule). This result shows the property of clustering concept and taking multiple attributes in 
account make the Two-Phase method performance best. From Table 4, we can see when the number of AGVs 
increases, performance also increases. The same is true for AGV capacity on Table 5.   
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Table 2: Full factorial ANOVA on the throughput results 

Source Type III Sum of Squares df Mean Square F Sig. 
Rule 589505428.4 6 98250904.73 158785.289 .000*** 

AGV_Number 508703660.6 3 169567886.9 274042.117 .000*** 
AGV_Capacity 1798640.425 2 899320.213 1453.41 .000*** 

Rule * AGV_Number 123832524.7 18 6879584.706 11118.237 .000*** 
Rule * AGV_Capacity 11617270.09 12 968105.841 1564.576 .000*** 

AGV_Number * AGV_Capacity 135174.023 6 22529.004 36.41 .000*** 
Rule * AGV_Number * AGV_Capacity 4800410.994 36 133344.75 215.501 .000*** 

Error 987550.2 1596 618.766   
Total 12761000088 1680    

Corrected Total 1241380659 1679    
 

Table 3: The Duncan test results for throughput on all rules 

Subset 
Rule N 

1 2 3 4 5 6 7 

Wait Rule 240 1744.575       

Slack Rule 240  2027.8      
Two-Phase Method (Slack 

time) 
240   2332.9042     

Two-Phase Method (Wait 
time) 

240    2448.5208    

Two-Phase Method 
(Distance) 

240     3223.5708   

Distance Rule 240      3248.0958  

Two-Phase Method 240       3304.5333 

 

Table 4: The Duncan test results for throughput on AGV number 

Subset 
AGV_Number N 

1 2 3 4 

2 420 1777.3238    

3 420  2503.6167   

4 420   2967.9762  

5 420    3225.369 

 

Table 5: The Duncan test results for throughput on AGV capacity 

Subset 
AGV_Capacity N 

1 2 3 

2 560 2573.255   

3 560  2633.1196  

4 560   2649.3393 

4.3 TARDINESS PERFORMANCE 

This section compares the tardiness performance of the Two-Phase method and the six rules. As Table 6 shows, 
all factors, two-way interactions, and three-way interaction are significant at an α of 0.05.  
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Table 6: Full factorial ANOVA on the tardiness results 

Source Type III Sum of Squares df Mean Square F Sig. 
Rule 43598073.24 6 7266345.539 15152.75 .000*** 
AGV_Number 29170711.59 3 9723570.528 20276.89 .000*** 
AGV_Capacity 186128.318 2 93064.159 194.07 .000*** 
Rule * AGV_Number 6395870.643 18 355326.147 740.973 .000*** 
Rule * AGV_Capacity 768835.108 12 64069.592 133.606 .000*** 
AGV_Number * AGV_Capacity 24262.199 6 4043.7 8.432 .000*** 
Rule * AGV_Number * AGV_Capacity 364507.215 36 10125.2 21.114 .000*** 
Error 765345.289 1596 479.54   
Total 162972896.3 1680    
Corrected Total 81273733.59 1679    

 
As Table 7 shows, the Two-Phase method has the best performance for tardiness. We also can see that when the 

single-attribute Two-Phase method and single-attribute rule consider the same attribute, the single-attribute 
Two-Phase method has a better performance. This result shows the proposed method has a significant effect in 
regards to tardiness. From Table 8, we can see that as the number of AGVs increases, the tardiness decreases. Table 
9 shows that as the AGV capacity increases, the tardiness decreases. All in all, AGV number and capacity can both 
improve the AGV system performance and lessen tardiness significantly.  

Table 7: The Duncan test results for tardiness for all rules 

Subset 
Rule N 

1 2 3 4 5 6 

Two-Phase Method 240 47.2582      

Two-Phase Method (Distance) 240 51.0626      

Distance Rule 240  88.9104     

Two-Phase Method (Slack time) 240   239.8782    

Two-Phase Method (Wait time) 240    251.0196   

Slack Rule 240     348.5048  

Wait Rule 240      517.0281 

 

Table 8: The Duncan test results for tardiness on AGV number 

Subset 
AGV_Number N 

1 2 3 4 

5 420 96.8088    

4 420  133.6913   

3 420   215.2425  

2 420    436.3499 

Table 9: The Duncan test results for tardiness on AGV capacity 

Subset 
AGV_Capacity N 

1 2 3 

4 560 210.188   

3 560  216.4128  

2 560   234.9684 
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5. CONCLUSION  

This study proposed a Two-Phase method to solve multiple-load AGVs’ Pickup-Dispatching Sub-Problem and 
Load-Selection Sub-Problem. The Two-Phase method utilized clustering and multiple-attribute concept to propose a 
clustering method and a ranking method. Simulation experiments were conducted to compare the proposed 
Two-Phase method with other methods. This study demonstrated the Two-Phase method performs well on 
throughput and tardiness, even when the AGV number and capacity is small. For future research, the authors will 
focus on developing different clustering methods which can affect the performance of the proposed method. The 
authors also feel that more attributes (in addition to slack time, wait time and distance) can be considered in the 
future study. Finally, it is our hope that the knowledge learned from this study can benefit practitioners in solving 
their AGV dispatching problems.  
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ABSTRACT   

In a cellular manufacturing system, the location of a cell’s I/O point affects not only the inter-cell flow distance, but 
also the intra-cell flow distance.  Traditional approaches often only consider the inter-cell flow distance when 
locating a cell’s I/O points.  The objective of this study is to propose a layout solution procedure that can 
concurrently solve the I/O point location problem and the intra-cell flow-path layout problem of every cell in a 
cellular manufacturing system.  In this study, we assume that cells have been arranged along a straight line 
inter-cell flow path.  It is also assumed that, for each cell, some flow-line analysis technique has been applied to 
determine the machines’ positions along the cell’s intra-cell flow path, but the intra-cell flow path and the machines 
along it have not been placed on the cell’s shop floor yet.  It is furthered assumed that the configuration of the 
intra-cell flow path is confined to the serpentine configuration.  The proposed method first classifies the flow 
distance incurred by inter-cell moves into five types, which are minimized by various linear programming models in 
the proposed solution procedure.    

1. INTRODUCTION 

The problem environment of this paper is a cellular manufacturing system, in which parts follow predetermined 
flow paths (e.g. AGV guide paths or conveyors) to move around. A cellular manufacturing system is a 
manufacturing system with many manufacturing units called cells. Within each cell, machines necessary for making 
parts with similar processing requirements are placed. According to [1], cellular manufacturing systems have many 
benefits, e.g. the reduction of space needed, the improvement of operators’ job satisfaction, and the improvement of 
quality. The flow distance of a cellular manufacturing system is incurred by two types of flow – inter-cell and 
intra-cell. In this study, we will focus on two layout problems – the intra-cell flow-path layout problem within each 
cell and the problem of locating each cell’s I/O points. The objective is to minimize the total flow distance incurred 
by the inter-cell flow. Traditional layout approaches often treat these two problems as separate problems and solve 
them individually. However, as one will see, these two problems are mutually affected, thus solving them 
individually and independently may not result in best solutions for them. For a typical inter-cell flow move like this, 
five types of flow distance will occur, as shown in Figure 1.  

 

Figure 1: Five different types of flow distance incurred by an inter-cell flow 

 Type I flow distance is from P’s current position (i.e. N) to the point M (at which P leaves the intra-cell 
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flow path of cell A).  
 Type II flow distance is from the point M to the point I (at which P enters the inter-cell flow path).  
 Type III flow distance is from the point I to the point J (at which P leaves the inter-cell flow path).   
 Type IV flow distance is from the point J to the point, K (at which P enters the intra-cell flow path of B).  
 Type V flow distance is from the point K to the point at which machine R resides.    

2. LITERATURE REVIEW  

Various problems need to be solved when designing a multiple-cell manufacturing system. As pointed out by 
[2], the design problem of a cellular manufacturing system involves three problems: grouping and production 
equipment into cells, allocation of cells to the area within the shop floor, and layout of the machines within each cell. 
The first problem is known as the ‘cell formation problem’. Many clustering algorithms have been proposed for this 
problem. According to [3], these algorithms can be classified into the following categories: systematic, matrix-based, 
similarity coefficient, mathematical programming, neural network, genetic algorithm and expert system approach. 
Cell formation problems have been studied by many researchers. Some researchers (e.g. [4]) have also published 
review papers on the cell formation literature. The problem of arranging cells on the shop floor is also known as the 
‘cell layout problem’. The cell layout problem shares many similar aspects with the traditional block layout problem. 
Layout problems can be hard to solve optimally as many of their evaluation criteria are qualitative and cannot be 
compared easily. Early approaches often model layout problems as quadratic assignment problems and rely on 
branch-and-bound algorithms or cutting plane algorithms to solve them. One can also find some layout procedures 
that adopt other methods, e.g. graph theory, expert systems cut tree, and genetic algorithm to solve layout problems. 
Hassan [5] identifies several differences between the block layout problem and the cell layout problem. One of the 
differences is their I/O point locations. The I/O point location problem has not been studied as extensively as the 
block layout problem. Among the studies on the I/O point location problem, some solve the problem as an individual 
problem and some with the block layout problem, or the flow path layout problem. Many researchers treat the 
machine layout problem within a cell as a typical machine layout problem. Ho and Moodie [6] identify four machine 
layout configurations – single-loop layout, U-shaped layout, straight line, and serpentine layout. They propose 
several flow line analysis techniques to determine the layouts of machines along a linear flow path. They then apply 
Simulated Annealing (SA) to further improve the solution quality. Ponnambalam and Ramkumar [7] adopt the 
flow line analysis techniques of [6] and use GA to improve the layout solution. Chen et al. [8] propose a 
network-based approach that has three stages: building feasible flow network, converting the flow network into a 
linear flow line, and applying SA to improve the linear flow line.   

3. PROBLEM ASSUMPTIONS  

In this study, the assumptions of our problems are listed and explained as follows. First, The cell formation 
result and the flow between machines are known. Second, for every cell, the relative positions of its machines along 
the intra-cell flow path have been determined, and its intra-cell flow path of each cell is linear. Third, the 
configuration of each cell’s intra-cell flow path is serpentine. Fourth, two safety distances, BSD(p) and MSD(p), 
need to be specified for each cell.   

4. THE PROPOSED SOLUTION PROCEDURE   

The objective is to minimize the total flow distance incurred by inter-cell movements by placing flow paths 
within cells and determining the I/O points proposed solution procedure has four phases. The procedure is divided 
into four phases which are explained in the following sections. Please note because of the page limit some models 
cannot be explained in detail. Appendix lists the definition of notations.    

4.1. PHASE I   

As explained above, this phase’s problem is to determine the input point and output point of each cell along the 
inter-cell flow path by considering only the Type III flow distance. IB(p) and OB(p) (p∈CS) are used to denote the 
input and output points obtained at this phase. Phase I’s problem can be optimally solved with the following linear 
programming (LP) model.   

)(),(
,,

)(),( qIBpOB
qpCSqCSp
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S.T.    

)()()(),( qOBpIBqIBpOB PBPBD −≥ , )()()(),( qIBpOBqIBpOB PBPBD −≥    qpCSqCSp ≠∈∈∀ ,,     (2) 

USB(p)OB(p)LSB(p) PBPBPB ≤≤ , USB(p)IB(p)LSB(p) PBPBPB ≤≤    CSp ∈∀     (3) 

The objective function tries to minimize the total Type III flow distance incurred by the inter-cell flow.  A cell 
p’s IB(p) and OB(p) must be between LSB(p) and USB(p) as shown in Figure 2. 

 
Figure 2: The position values of LSB(p) and USB(p)  

4.2. PHASE II   

At this phase, we will solve two problems for every cell p. In the first problem, we will find IW(p) which stands 
for the input point at which parts enter cell p’s intra-cell flow path by minimizing the Type V flow distance. And, in 
the second problem we will find OW(p), which stands for the output point at which parts leave cell p’s intra-cell 
flow path by minimizing the Type I flow distance.  These two problems are similar, thus can be solved with the 
same method.  The objective is to minimize the mr

pMSm
r,m DF ,
)(

•∑
∈

, where MS(p) is the machine set of cell p, m is the 

machine index, and r is OW(p) or IW(p). The distance between r and m is equal to PWmPWr − , these problems are 

actually a special case of the minimum location problem [9].   

4.3. PHASE III 

After Phase I and II, one should have known the IB(p) and OB(p), of every cell p on the inter-cell flow path. One 
also should have known IW(p) and OW(p) on the intra-cell flow path of every cell p. In an ideal condition, IW(p) and 
OW(p) needs to be as close to IB(p) and OB(p) respectively. The solution procedure proposed for the Phase III 
problem contains three stages. Figure 3 briefly describes each stage’s tasks. As shown, Stage One and Two are for 
the up-and-down and the left-and-right serpentine layout respectively. The layouts obtained from these two stages 
will be compared at Stage Three and the best layout will be selected as the final layout.    

 

Figure 3: The solution procedure proposed for the Phase III problem  

4.3.1. THE SOLUTION PROCEDURE FOR THE UP-AND-DOWN SERPENTINE LAYOUT 

As shown, two LP models are required for problems in different situations. LP Model I and II are for situations 
in which N2(p) > 0 and N2(p) = 0 respectively. The solution procedure will try various situations with different 
combinations of N1(p), N2(p) and N3(p), which define the numbers of complete H-segments in SEG1(p), SEG2(p) 
and SEG3(p) respectively. As illustrated in Figure 4, SEG1(p) is the segment between LSB(p) and IB(p), SEG2(p) is 
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the segment between IB(p) and OB(p), and SEG3(p) is the segment between OB(p) and USB(p). Not all situations 
will result in feasible layouts, only those with the right combinations of N1(p), N2(p) and N3(p) will. Only those 
feasible layouts with the best objective function value will be kept.       

 LP Model I (for N2(p) > 0)   

Objective Function    
As explained in section 4.3, the objective function is to minimize the sum of the flow distance from IB(p) to 

IW(p) and the flow distance from OW(p) to OB(p).  As shown in Figure 4, IBP(p) and OBP(p) are points projected 
by IB(p) and OB(p) onto the intra-cell flow path. Please also note that the objective function for the case with an odd 
N2(p) is different from the objective function for the case with an even N2(p). This explanation can be understood 
from the example shown in Figure 4. 

If N2(p) is odd,  )()(),()()(),( ))(())(( pOWpOBPpOWpIWpIBPpIW Fp1SDFp1SD inM •++•+    (4) 

If N2(p) is even, ),min()())(())(( )()()()(),()()(),( pOWpIWpOWpOBPpOWpIWpIBPpIW FFpVFp1SDFp1SD Min •+•++•+  (5) 

Type I Constraints    

)()()(),( pIBPpIWpIBPpIW PWPWD −≥  , )()()(),( pIBPpIWpIBPpIW PWPWD +−≥   (6) 

)()()(),( pOBPpOWpOBPpOW PWPWD −≥ , )()()(),( pOBPpOWpOBPpOW PWPWD +−≥  (7) 

Type II Constraints    
If )()( pIBpOB PBPB ≥ ,  )())(()()()()()()( pV1p2NpHp2Np1Rp1LPBPW pIBPpOBP •++•++=−  (8) 

If )()( pOBpIB PBPB > ,  )())(()()()()()()( pV1p2NpHp2Np1Rp1LPBPW pOBPpIBP •++•++=−  (9) 
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Figure 4: For the up-and-down serpentine layouts in which N2(p) > 0 

Type III Constraints 

)()()()()( p1SEGpHp1Np3Lp2L =•++  (10) 

)()()()()( p2SEGpHp2Np1Rp1L =•++  (11) 

)()()()()( p3SEGpHp3Np3Rp2R =•++  (12) 

)()()( pHp2Lp1L =+ , )()()( pHp2Rp1R =+  (13) 

Type IV Constraints 
If )()( pIBpOB PBPB ≥ ,   
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)())(()()()()()( pV1p1NpHp1Np3Lp2LPW pIBP •++•++≤    (14) 

)())(()()()()()( )( pV1p3NpHp3Np3Rp2RPWpLNTH pOBP •++•++≤−    (15) 

If )()( pOBpIB PBPB > , replaces PWIBP(p) in equation (14) with PWOBP(p) , and also replaces PWOBP(p) in equation (15) 

with PWIBP(p) to obtain new equations.  

Type V Constraints    
)()()()( p2SpVp1SpCW ++=    (16) 

Type VI Constraints     
0p3Rp3LDD pOBPpOWpIBPpIW ≥)(),(,, )(),()(),(   (17) 

)(, )()( pLNTHPWPW0 pOBPpIBP ≤≤    (18) 

)()(),( pBSDp2Sp1S ≥ , )()(),( pMSDpVpH ≥  (19) 

 LP Model II (for N2(p) = 0)   

LP Model II is for situations in which N2(p) = 0. It differs from LP Model I in several places, including the 
objective function and Type II, III constraints.   

4.3.2. THE SOLUTION PROCEDURE FOR THE LEFT-AND-RIGHT SERPENTINE LAYOUT 

As shown, four LP models (i.e. LP Model A, B, C and D) – each for a different left-and-right serpentine layout 
arrangement – are solved for every N(p), which is the number of V-segments in the flow path segment starting from 
IBP(p) or OBP(p) (depending on whichever is smaller) to the ending point E. In the following, we will explain these 
four models. As one will see, the left-and-right serpentine layout arrangements of these models differ in whether 
IBP(p) and OBP(p) are on the same H-segment or different H-segments, and whether the lower end of the intra-cell 
flow path is pointing to the left or right . To help readers understand these models, Figure 5 illustrates the notations 
appearing in them.      

 LP Model A (for Arrangement I) and LP Mode B (for Arrangement II)   

LP Model A is for Arrangement I, in which IBP(p) and OBP(p) are on different H-segments and the lower end of 
the intra-cell flow path is pointing to the right. Model B is for Arrangement II in which IBP(p) and OBP(p) are on 
the same H-segment and the lower end of the intra-cell flow path has to point to the right. Figure 5 gives an example 
of this arrangement. It also illustrates the notations appearing in the LP model presented below. Type I, IV, V 
constraints in Model B are the same as Model A.  

Objective function    
As in other models, the objective function is to minimize the sum of the flow distance from IB(p) to IW(p) (i.e. 

Type IV flow distance) and the flow distance from OW(p) to OB(p) (i.e. Type II flow distance).  As shown below, a 
different objective function will be applied depending on whether  )()( pIBpOB PBPB ≥  or )()( pOBpIB PBPB > .  
Furthermore, it needs to be noted that in Arrangement I the relationship between )( pOBPPW  and )( pIBPPW  is 
consistent with the relationship between )( pOBPB and )( pIBPB .  

If )()( pIBpOB PBPB ≥ , 2TERMTERM1  Min +    (20) 

 II tArrangemen for               FpBSDp3SD              

 I tArrangemen for    FpBSDp3SpVD   TERM1

pOWpOBPpOW

pOWpOBPpOW

)()(),(

)()(),(

))()((

))()()((

•++=

•+++=
  (21) 

II  ,I tArrangemen for                  FpBSDp3SD   2TERM pIWpIBPpIW )()(),( ))()(( •++=   

 (22) 

If )()( pOBpIB PBPB > , replaces DOW(p),OBP(p), FOW(p) in TERM1 with DIW(p),IBP(p), FIW(p).  

Type I Constraints   

Type I Constraints here also define DIW(p),IBP(p) and DOW(p),OBP(p) to be the same as equation (6)~(7).   

Type II Constraints   
These constraints define the relationship between )( pOBPPW  and )( pIBPPW .  Again, a different Type II 
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constraints will be applied depending on whether  )()( pIBpOB PBPB ≥  or )()( pOBpIB PBPB > .   

If )()( pIBpOB PBPB ≥ , I tArrangemen for  p1SpDISLB2pVpCPWPW pIBPpOBP ))()(()()()()( −•++=−    (23) 

II tArrangemen for     pCPWPW pIBPpOBP )()()( =−  (24) 

If )()( pOBpIB PBPB > , replaces )( IBP(p)OBP(p) PWPW − in equation (23) and (24) with )( )()( pOBPpIBP PWPW − to obtain new 

equations.   
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Figure 5: Up-and-down serpentine layout arrangements I and II  

Type III Constraints  
Type III constraints set bounds on )( pIBPPW  or )( pOBPPW . Depending on the relationship between )( pOBPB and 

)( pIBPB , different Type III constraints will be applied.   

If )()( pIBpOB PBPB ≥ ,   

for Arrangement I 

)()( pCPW pIBP ≤   )())()(()()()()()( )( p4Sp1SpDISLBpHPNpVpNPWpLNTH pIBP +−+•+•≤−  (25) 

for Arrangement II 

MIpVp1SpDISLB2PW pIBP •++−•≤ )())()(()(    (26) 

)()( pVMIp3S ≥•+    (27) 

MI1p3Sp1SpDISLBPW pIBP •−++−≤ )()()()()(    (28) 

)()()( pVMI1p3S ≤•−−    (29) 

)()())(()()())()(()( )( p4SpH1pNpVpNp1SpDISLBPWpLNTH pIBP +•++•≤−+−  (30) 

If )()( pOBpIB PBPB > , replaces PWIBP(p) in equation (26) to (30) with PWOBP(p) to obtain new equations.   
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In Constraint (26) to (29), the variable I is a binary variable. The lower end of the intra-cell flow path can point 
to the right, if I = 0; cannot, if I = 1.  

Type IV Constraints   
)()()()()()( p4SpVpNp3SpBSD2pCW +•++•= , )()()()( p2Sp1SpHpCL ++=  (31) 

Type V Constraints   
0p4Sp3S DD pOBPpOWpIBPpIW ≥)(),(,, )(),()(),(    (32) 

)(, )()( pLNTHPWPW0 pOBPpIBP ≤≤    (33) 

)()(),( pBSDp2Sp1S ≥ , )()(),( pMSDpVpH ≥   (34) 

 LP Model C (for Arrangement III) and LP Model D (for Arrangement IV)  
LP Model C is for Arrangement III in which )( pIBP  and )( pOBP  are on different H-segments and the lower 

end of the intra-cell flow path is pointing to the left. Model D is for Arrangement IV in which IBP(p) and OBP(p) 
are on the same H-segment and the lower end of the intra-cell flow path has to point to the Left. Type I, IV, V 
constraints in Model C and D are the same as Model A. The objective function, Type II and III constraints will not 
be listed in this paper, they can be derived to follow procedures of Model A and B.    

4.4. PHASE IV 

The proposed I/O point fine-tuning procedure in Phase IV contains two stages that will be explained in the 
following subsections.  Furthermore, new notations GIB(p), GOB(p), GIW(p) and GOW(p) are used to denote the 
input and output points on the inter-cell and intra-cell flow paths.  As one will see later, GIW(p) and GIB(p) project 
to each other, so do GOW(p) and GOB(p).   

4.4.1. STAGE A   

The main task of this stage is to analyze the serpentine intra-cell flow path within each cell and identify those 
segments and points that are crucial to us for finding the accurate input and output points of every cell. At this stage, 
we apply the following procedure to each cell p to make ourselves ready for the LP model at Stage B.   

1. From p’s intra-cell flow path, identify the target segment(s) at which one can set up two connection flow paths to 
connect p’s intra- with the inter-cell flow path.  The incoming connection flow path will connect GIB(P) and 
GIW(P), so that parts can move from the inter-cell to the intra-cell flow path, while the outgoing connection flow 
path will connect GOB(P) and GOW(P) in order for parts to move from the intra-cell to the inter-cell flow path.   

2. Project the crucial points on the target segment(s) onto the inter-cell flow path.       
3. Identify the content of CPI(p) and CPO(p), which are sets containing crucial projected points that need to 

considered when determining GIB(p) and GOB(p) respectively.  Also, identify the upper and lower bounds of 
GIB(p) and GOB(p).   

4.4.2. STAGE B   

The task of this stage can be easily solved with the following LP model.   

Objective function    
The objective function has three terms of which the first term is inter-cell flow distance and the second and third 

terms are intra-cell flow distance.   

∑ ∑∑ ∑∑
∈ ∈∈ ∈≠∈∈

•+•+•
CSp

pGOBk
pCPOk

pGOBk
CSp

kpGIB
pCPIk

kpGIBqGIBpGOB
qpCSqCSp

qGIBpGOB FDFDFDMIN )(,
)(

)(,),(
)(

),()(),(
,,

)(),(  (35) 

Type I Constraints   

)()()(),( qGIBpGOBqGIBpGOB PBPBD −≥ , )()()(),( qGOBpGIBqGIBpGOB PBPBD −≥ qpCSqCSp ≠∈∈∀ ,,    (36) 

kpGIBkpGIB PBPBD −≥ )(),(  , )(),( pGIBkkpGIB PBPBD −≥  )(, pCPIkCSp ∈∈∀     (37) 

kpGOBpGOBk PBPBD −≥ )()(, , )()(, pGOBkpGOBk PBPBD −≥  )(, pCPOkCSp ∈∈∀     (38) 

Type II Constraints   

)()()( pUBIpGIBpLBI PBPBPB ≤≤ , )()()( pUBOpGOBpLBO PBPBPB ≤≤ ∀ CSp ∈     (39) 
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5. SUMMARY 

Traditional layout approaches often treat the intra-cell flow-path layout problem within each cell and the problem 
of locating each cell’s I/O points as separate problems and solve them individually. In this paper, we have discussed 
the I/O locating problem and proposed a solution procedure. This proposed procedure contains four phases to 
systematically integrate these two problems together. As a result, accurate positions of I/O points can be obtained. 
The solution models for a multiple-cell system where the inter-cell flow path is a linear flow path and the intra-cell 
flow path is limited to serpentine flow paths have been developed by following the proposed solution procedures. 
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APPENDIX 

CS   the set of cells to be laid out in the factory 
B(p) the beginning point of an intra-cell flow path of a cell, p 
E(p) the ending point of an intra-cell flow path of a cell, p 
GOB(p) the output point of a cell, p , obtained in Phase IV 
GIB(p) the input point of a cell, p , obtained in Phase IV 
OB(p) the output point (on the inter-cell flow path) of a cell, p , obtained in Phase I 
IB(p) the input point (on the inter-cell flow path) of a cell, p , obtained in Phase I 
OW(p) the output point (on the intra-cell flow path) of a cell, p , obtained in Phase II 
IW(p) the input point (on the intra-cell flow path) of a cell, p , obtained in Phase II 
UB(p) the upper boundary point of a cell p 
LB(p) the lower boundary point of a cell p 
UW(p) the point that has a greater position value than either IW(p) or OW(p) 
LW(p) the point that has a smaller position value than either IW(p) or OW(p) 
OBP(p)    the projected point of OB(p) on the intra-cell flow path 
Pbi the position value of a point i on the inter-cell flow path 
Pwi the position value of a point i on the intra-cell flow path 
Di,I the distance from a point i to another point j 
BSD(p) the minimum safe distance between the border of a cell and its intra-cell flow path. 
MSD(p) the minimum safe distance between the parallel flow path segments in a cell 
CL (p) the length of a cell, p 
CW (p) the width of a cell, p 
CPI (i) the set of crucial points on the input segment of a cell, p 
CPO (i) the set of crucial points on the output segment of a cell, p 
LBI(p) the lower bound of a point, p 
UBI(p) the upper bound of a point, p 
LNTH(p) the length of the intra-cell flow path of a cell,p 
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ABSTRACT 

 This research investigates a two-stage hybrid flowshop scheduling problem in a metal-working 
company. The first stage consists of m parallel machines and the second stage has only one bottleneck 
machine. Three characteristics of the company have substantiated the complexity of the problem. 
Firstly, the setup time of each job is separated from its processing time and depends upon its preceding 
job. Secondly, a blocking environment exists between two stages with no intermediate buffer storage. 
Finally, machines are not continuously available due to the preventive maintenance and machine 
breakdown. Two types of machine unavailability, namely, deterministic case and stochastic case, are 
identified in this problem. The former one occurs on stage-2 machine with the start time and the end 
time known in advance. The latter one occurs on one of the parallel machine in stage 1 and a real-time 
rescheduling will be triggered. Minimizing the makespan is considered as the objective to developing 
the optimal scheduling algorithm. A genetic algorithm is used to obtain a near optimal solution. The 
computational results with actual data are favorable and superior over the results from existing manual 
schedules. 

1. INTRODUCTION 

In this article, we consider a hybrid flowshop scheduling (HFS) problem, also called a flexible flow line or a 
flowshop with multiple processors. A HFS consists of a multiple stages with each stage having parallel machines. 
There are multiple jobs immediately available for scheduling. Each job consists of a chain of operations. Each job 
must be processed by at most one machine in each stage and it must go through one or more stages on this order. Each 
operation takes a specific setup time and processing time on a stage. Each job has its due date. Preemption is usually 
not allowed. Two types of decisions must be made for HFS. One is for assignment of each job to a specific machine at 
each stage and the other is for sequencing of jobs on each machine [1].  

This research has been motivated by a real-life problem faced by our collaborating company which is specialized 
in metal-working. The preheating workshop combined with the rolling workshop forms a two-stage hybrid flowshop 
system. Some characteristics emerged in this industrial case have substantiated the complexity of the problem. We 
summarize them as follows: 

Firstly, general flowshop problems assume that the setup times, defined as the time required shirt from one job to 
another job on a given machine, are either included in processing time or are negligible. However, in our case, job 
setup times are separated from processing time and sequence-dependent. Loading a job into a machine is only possible 
when it’s preceding job releasing from this machine. The releasing of a job from one stage and it’s processing in next 
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stage are simultaneous. In other words, a job’s setup time in stage 1 is determined by its preceding job’s processing 
time in stage 2.  

Secondly, in a general flowshop problem, jobs can wait between stages by using intermediate buffers and WIP 
inventories made available in the shop. However, no such buffers are available between stages in this problem. The 
jobs must be processed once released from stage 1. Nevertheless, jobs have to be blocked inside the machine of stage 
1 to wait until the stage-2 machine is ready to process a new job. This is what is described as blocking scheduling in 
the literature [2]. Besides metalwork industry, this blocking environment is very common in food industry and 
chemical industry.  

Thirdly, machines are not continuously available. Two types of machine unavailability identified in this problem. 
One is deterministic unavailability caused by preventive maintenance. Stage-2 machine usually need to conduct such 
maintenance with the start time and end time known in advance. Since there is only one machine in stage 2, the 
product line has to stop during the maintenance. Another is stochastic unavailability caused by machine breakdown. In 
this study, we only consider the breakdown occurred on stage-1 machine. Since parallel identical machines exist in 
stage 1, in case one of them is breakdown, its task can be assigned to other machines without shutdown the production 
line. However, the breakdown will lead to the practical production deviate from the original planning and a real-time 
rescheduling will be triggered.  

In the remaining of this paper, we present in section two a brief literature review under four categories, namely, 
HFS, limited machine availability, blocking and no-wait scheduling, and sequence-dependent setup time. In section 
three, we give the description and definition of the problem. Section four discusses the proposed genetic algorithm to 
solve the HFS. In section five, we report experiments and computational results. And finally is the summary. 

2. LITERATURE REVIEW 

The scheduling problem considered in this paper can be described against the literature along 4 directions. They are: 
(1) Hybrid flowshop scheduling, (2) Limited machine availability, (3) blocking and no-wait scheduling, and (4) 
sequence-dependent setup time scheduling. 

2.1. HYBRID FLOWSHOP SCHEDULING 

Hybrid flowshop scheduling problems have attracted much research during the last few years.  
Considering the multi-stage hybrid flowshop problem, Oguz and Ercan [3] applied a genetic algorithm to solve a 

k-stage hybrid flowshop scheduling problem with multiprocessor tasks. The permutations of jobs were randomly 
searched at first stage and then jobs were assigned to machines of subsequent stages by the list algorithm. As same 
problem with different approach, Lee et al. [4] proposed a bottleneck-focused algorithm to tackle the k-stage hybrid 
flowshop problem. The schedule for the most heavily loaded stage was firstly constructed and then schedules for other 
stages were constructed by forward and backward list scheduling algorithms. 

The two-stage hybrid flowshop scheduling problem is a special case of multi-stage hybrid scheduling. Although the 
structure of this case seems simple, its solution is challenging. Gupta [5] demonstrated that a two-stage hybrid 
flowshop problem with minimizing makespan is NP-hard even if only one stage is composed of 2 parallel machines. 
Vignier et al. [6] conducted a synthesis of works dealing with two-stage hybrid flowshop problem. Two heuristic 
resolution methods were given and compared. Riane et al. [7] formulated a dynamic program to deal with a hybrid 
two-stage flowshop with dedicated machines in which one machine in stage one and two different machines in the 
second stage. Chen [8] worked on the analysis of heuristics for scheduling a two-stage flowshop with parallel 
machines at one stage. The theoretical analysis of the worst-case performance was conducted.   
In terms of real-life industrial application, Wong [9] worked on a hybrid flowshop scheduling problem for apparel 

manufacture. A two-tier hierarchy model was developed to optimize two objectives respectively, namely, tardiness 
cost and completion time. The relevant industrial applications can also be found in pharmaceutical industry, the fibers 
industry, the textile industry and semiconductors manufacturing industry. 

2.2. LIMITED MACHINE AVAILABILITY 

The traditional scheduling problem assumes that machines are continuously available for processing throughout 
the planning horizon. However, in real-life industry, this availability may not be true due to a machine breakdown 
(stochastic) or preventive maintenance (deterministic). On this subject researchers mainly focus on two-machine 
flowshop unavailability problem [10][11][12][13]. The two-machine scheduling problem with a constant pattern of 
availability can be solved by the well-known Johnson algorithm [14]. Lee [12] showed that the two-machine problem 
becomes a NP-hard when an exactly unavailable period is assigned on one machine only.  
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The hybrid flowshop with availability constraints has been discussed by Allaouind and Artiba [15]. The 
complexity analysis and the branch and bound model were given in this work. For a more comprehensive overview of 
the scheduling with limited machine availability, we refer the reader to the surveys presented by Schmidt [16]. 

2.3. BLOCKING AND NO-WAIT SCHEDULING 

Scheduling problem with blocking and no-wait arise in serial product line where no intermediate buffer storage is 
available. In no-wait scheduling, jobs must be processed from start to finish without any interruption. In blocking 
scheduling, a job completed at a machine must remain there until the downstream machine becomes available.  

Hall and Sriskandarajah [2] addressed that the one of the most important reasons for the occurrence of a no-wait or 
blocking production environment lies in the production technology itself. In some manufacturing environments, some 
characteristics such as material temperature or viscosity require that each operation follow the previous one 
immediately. The examples can easily be found in metal industry and chemical industry. Wagneur and Sriskandarajah 
[17] studied a no-wait scheduling case in steel industry in which the processing time of an operation is dependent upon 
the wait and temperature.  

Considering the solution algorithm of no-wait and blocking flowshop scheduling, the two-machine, no-wait 
flowshop problem has been solved using a polynomial time algorithm by Gilmore and Gomory [18]. Bonney and 
Gundry [19] developed heuristics to minimize makespan of m-machine no-wait flowshop problem. Rajendran and 
Chaudhuri[20] improved Bonney and Gundry [19]’s work and proposed a simple heuristic algorithm which can obtain 
superior results in a large number of problems of various sizes. 

2.4. SEQUENCE-DEPENDENT SETUP TIME SCHEDULING 

In the classical flowshop problem, the job’s setup times are either included in the processing times or are ignored. 
However, in many real-life industrial problems such as surface mount technology or printed circuit board 
manufacturing, job setup is not a part of processing and the required time is sequence-dependent. As surveyed in Chen 
et al. [21], operations of a job can be presented in three phases: separable setup, processing and separable removal 
times. Furthermore, the flowshop problems with setup time can be put into four categories according to the sequence 
dependence and family setup time. 

Considering the parallel machines with sequence-dependent setup time, Lee and Pinedo [22] proposed a three 
phase heuristic for minimizing the sum tardiness. A specific industrial case of parallel machines has been studied by 
Luh et al. [23]. A near-optimal solution was obtained through an integrated solution methodology based on a 
combined Lagrangian relaxation, dynamic programming, and heuristics. 

2.5. SUMMARY 

Based on the above brief literature review, several observations can be made. Firstly, on the aspect of machine 
availability, limited reference can be found for solving the rescheduling problem caused by machine breakdown. 
Secondly, on the aspect of sequence-dependent setup time scheduling, virtually no references can be found in this 
situation: setup time of a job depends upon its preceding job’s processing time in next stage. Thirdly, on the aspect of 
no-wait and blocking scheduling, virtually no references can be found that machine unavailability is caused both by 
production technology and blocking environment. Finally, as a result, even if characteristics reviewed above have 
been well investigated separately by pervious researchers, little is known about the properties and interactions when 
all of them arise concurrently in one problem. 

3. PROBLEM DESCRIPTION AND DEFINITION 

3.1 PROBLEM DESCRIPTION  

The shop floor layout of our collaborating company is shown in Figure.1.  The preheating workshop combined with 
the rolling workshop forms a two-stage hybrid flowshop system. Preheating workshop (stage 1) consists of 3 identical 
furnaces; rolling workshop (stage 2) has only one rolling machine. Task of this system is preheating the alloy slabs in 
the furnace to reach a specific temperature and then rolling them into sheet with different width and thickness. Since 
the customer requirements are different, each slab has its specific processing time in these two stages. It is worth to 
mention that stage-1 machines can process a fixed number of multiple slabs which are pre-batched according to their 
similarity.  However, the stage-2 machine can only process one slab each time but the operation is also based on slab 
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batch, i.e., once an operation of a batch is started, all slabs in the batch must be completed without interruption. Thus, 
we can assume that each batch is an integer job. Since slabs in a batch will be processed concurrently in stage 1 and 
serially in stage 2, the processing time of whole batch can be determined as follow: the stage-1 batch processing time 
equals to the longest individual slab processing time; the stage-2 batch processing time equals to the sum of all slabs’ 
processing time. In the remaining of this paper, we will use a job to represent a slab batch.  

 

Machine 1

Machine 2

Machine 3

Stage 1
(Preheating workshop)

Stage 2
(Rolling workshop)In buffer Out buffer

slabs Batch

Jobs

 

Figure.1 Layout of preheating workshop and Rolling workshop 

 

3.2 PROBLEM DEFINITION  

Based on the simplification that consider a slab batch as a job,  this two-stage hybrid flowshop scheduling problem 
can be stated formally as follows: considering a set { }1, 2, ...,J n= of n  jobs to be processed in a two-stage hybrid 
flowshop, where stage 1 has m  identical parallel machines and only one machine in stage 2. All the jobs will visit 
these two stages and begin with stage 1. Each job has specific processing times in stage 1 and stage 2.  

The notations used in this paper are listed as follows:  

{ }1, 2,...,J = n       The set of jobs ， j J∈   

{ }1, 2,...,I m=      The set of machines in stage 1， i I∈   

1, 2,...,k = q          Number of jobs for one round scheduling 
1
jp                Processing time of job j in stage 1 

2
jp               Processing time of job j in stage 2 

jset            Setup time of job j in stage 1 
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1
jc               Complete time of job j in stage 1 

2
jc               Complete time of job j in stage 2 

jblock          Blocking time of job j 

jST               Start time of job j (a time point) 

π                  The sequence obtained from genetic algorithm  

( )kπ               The job at k position in the listπ , k=1, 2, … , q, ( )k Jπ ∈  

iβ                  The list of job assigned on machine i in stage 1 

iβ                   The job at  position in the list,ia iβ , ( )ii a Jβ ∈  

s                     The first available machine when assign a job on a machine in stage 1,  s I∈

b                     The breakdown machine in stage 1, b I∈  

[ ],r runs une    Unavailable time of machine in stage 2, 1, 2,...,r u=   

RE                   The probable resume time of the breakdown machine in stage 1 

CR                 Current ready time of machine in stage 2  

pop                 Population size of each generation 

The constraints of Blocking environment, sequence-dependent setup and machine unavailability are represented as 
follows: 

2 1
( ) ( )1

( )

max

0
v v i i

i i

a av m
a

C C
block β β

β
≤ ≤

⎧ −⎪= ⎨
⎪⎩

        i           (3.1) 
2 1

( ) ( )1
max

v v i ia av m
C C

otherwise
β β≤ ≤

> v≠

 
2

( ) ( 1)i i i ia aset pβ β −=                                                                                               (3.2) 

 

 
[ ]1 2[( ), ] ,j j j r rC block C uns une+ ∩ =∅                                                         (3.3) 

 
Constraint (3.1) shows the blocking environment existed in this flowshop system. In case a job ( )i iaβ  finished it’s 

stage-1 operation at , at that moment, the downstream stage-2 machine is processing job1
( )i iaCβ ( )v vaβ . Since there is 

no intermediate buffer available between these two stages, job ( )i iaβ  has to be blocked inside the machine of stage 1 
to wait until the stage-2 machine is ready to process a new job.  

 
Constraint (3.2) shows that job setup time is sequence-dependent. On a stage-1 machine, the loading of 

job ( )i iaβ and releasing of its preceding job ( 1i ia )β −  are simultaneous. In addition, the releasing of a job form 

stage 1 and its processing in stage 2 are also simultaneous. Thus, the setup time of job ( )i iaβ  in stage 1 is depended 

upon its preceding job ( 1i ia )β − ’s processing time in stage 2.   
 
Due to the preventive maintenance, stage-2 machine is subject to some unavailability periods. In such periods, 
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machine can not be charged with any jobs and the product line has to be suspended. Constraint (3.3) ensures that there 
is no intersection between processing period and unavailable period. The machine unavailability in stage 1 is 
considered as a stochastic event in this research. In case a stage-1 machine is breakdown, it will be eliminated form the 
machine set I  temporarily and trigger a rescheduling procedure. 

2 1 2
j j j j jC ST set p block p= + + + + j                                                (3.4) 

2
max 1

max( )jj n
C

≤ ≤
= C                                                                              (3.5) 

For each job, the time horizon of entire process consists of four parts, namely, setup time, stage-1 processing time, 
blocking time, and stage-2 processing time. j denotes the start point of setup. We can calculate the completion time 
of job

ST
j  and the makespan with (3.4) and (3.5). According to above description, we define this problem as a 

Two-Stage Hybrid Flowshop Blocking Scheduling Problem with Setup Times and Machine Availability Constraints. 
A genetic algorithm is proposed in next section to solve this problem.  

 

4. PROPOSED GENETIC ALGORITHM 

Genetic algorithms (GA) are iterative stochastic algorithms in which natural evolution used to model the search 
method. GA has proved to be a versatile and effective approach for solving optimization problems. Fig.3 shows the 
structure of GA adopted in this study. Note that two different decoding schemes are developed to tackle normal 
scheduling case and rescheduling case respectively.   

Gene

Initial Population

Encoding

N or Re

Decoding Scheme 1 Decoding Scheme 2

Selection

C or M

crossover Mutation

Elitist Strategy

End criteria

End

Rescheduling

Normal scheduling

Yes

No

 

Figure2: Genetic Algorithm Structure 
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)

4.1 INITIALIZATION OF POPULATION 

In a general scheduling problem, a schedule should include all jobs. But in our collaborating company, the situation 
is slightly different. Normally, there are n jobs waiting for processing which is workload for about one month. But the 
cycle time of one round schedule is 3 days. Only  jobs q (q n<  are selected to conduct one round scheduling. Even 

though the due day is a criterion, the job selection has high flexibility. A control variable  is given to determine the 

urgency job (
cV

)j cd V≤ . Besides the urgency jobs that have to be arranged in current schedule immediately, the 

remainders of q jobs can be randomly selected from non-urgency jobs. This situation gives the higher probability to 
obtain a good solution. At the same time, the solution space is extended.  

Considering the rescheduling case, there is an additional requirement to select the jobs: unfinished jobs in last 
schedule must be included. In other words, q jobs in a rescheduling case consist of unfinished jobs in last schedule, 
urgency jobs and randomly selected non-urgency jobs. 

q

After  jobs are determined, the initial population will be constructed by the encoding scheme described in section 
4.2. The initial population contains 

q
pop  individuals, where pop  is the population size to be kept constant through 

the generations.  

4.2 ENCODING OF SOLUTIONS 

A logical encoding of a solution to a classical hybrid flowshop scheduling problem is to consider the permutation 
of jobs at each stage. However, in this problem, due to the blocking environment existed, jobs sequence can not 
rearrange freely between stages. Hence, we consider the sequence of jobs in stage 1 as an individual. The individual 
can be represented as a string of permutation of  jobs. The full schedule of both two stages will be obtained by the 
decoding scheme described in section 4.3.  

q

4.3 DECODING OF SOLUTIONS      

As seen in the previous section, an individual is represented as a sequence of jobs at stage 1. Oguz and Ercan [3] 
employed a generalization of the List Scheduling algorithm to decode the full schedule in a multi-stage hybrid 
flowshop scheduling. In order to tackle constraints of blocking, machine unavailability and sequence-dependent 
setup times, a modified List scheduling algorithm is proposed. We adopt the essential concept of List scheduling 
algorithm that iteratively assign jobs to the machines to minimize completion time. In our modified algorithm, jobs 
will be iteratively assigned to the first available machine to preserve the sequence of the list and without violating the 
machine unavailable period. Meanwhile, the sequence of stage 2 can be determined by observing the blocking 
constraint. Two decoding schemes are designed to deal with the normal scheduling case and rescheduling case 
respectively. 

4.3.1DECODING ALGORITHM 1 (DETERMINISTIC MACHINE UNAVAILABLE CASE) 

Since the average processing time of individual job is long (more than 8 hours), we can not find a start time t=0 that 
all machines are available. The new schedule should base on the historical status. At the beginning, we have to collect 
the machine initial status as system in put.  We use (0)iβ to denote the historical job of last schedule remained on the 

machine i  in stage 1. The following initial data should be collected as input of decoding algorithm: , , 
(0)i

STβ (0)i
setβ

(0)

1
i

pβ  ,
(0)

2
i

pβ  and CR. Where . (0) (0)1
max( )

i ii m
CR ST setβ β≤ ≤

= +

 
INPUT: π , , , 

(0)i
STβ (0)i

setβ (0)

1
i

pβ  , 
(0)

2
i

pβ , CR , 0ia =  

FOR k=1, 2, … , q DO 
       (1) Find the first available machine in stage 1 which provides minimum   s 1

( )i iaCβ

( )1 1
( ) ( ) ( ) ( )1

: min
s s s s s s s sa a as m

s I C ST set pβ β β β< <
∃ ∈ = + + a  
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 (2) Calculate the block time of ( )s saβ , consider the machine unavailability in stage 2   

       IF    ( ) [ ]1 1 2
( )min( , ),min( , ) ,

s s s sa r rCR C CR C p uns uneβ β β φ+ ≠∩  THEN 

                                      1
( ) ( )s s sa rblock une Cβ β= −

sa  

 ELSE 

                                  ( ) 1
( )

0
s s

s s

a
a

block
CR Cβ

β

⎧⎪= ⎨ −⎪⎩
   

1 2
( )s saC C

otherwise
β > R

END IF 
(3) Calculate the complete time of ( )s saβ  in stage 2 

2 1
( ) ( ) ( ) ( ) ( ) ( )

2
s s s s s s s s s s sa a a a a aC ST set p block pβ β β β β β= + + + +

s
 

(4) Update the current ready time of machine in stage 2 
2

( )s saCR Cβ=  
(5) Update the index of listβ  of machine , and then, assign job s )(kπ  to machine s  

1s sa a= +  

( )( )s s kaβ π=  
(6) Update the initial date for next round assignment 

                             2
( ) ( 1)s s s sa aST CR pβ β −= −  

( )s sasetβ = 2
( 1)s sapβ −  

1
( )s sapβ =

( )

1
k

pπ  

END FOR 
 
As it can be seen from the above description, we considered the deterministic case of machine unavailability in 

stage 2. When a real-time based machine breakdown is reported in stage 1, a rescheduling procedure will be triggered 
to respond to this stochastic event. The following algorithm will be used to tackle job assignment in a rescheduling and 
job resume after the breakdown.   

4.3.2 DECODING ALGORITHM 2 (STOCHASTIC MACHINE UNAVAILABLE CASE) 

Step 1 Check the machine status in stage 1, eliminate the breakdown machine , from the machine setb I . 
Step 2 Record the probable resume time of machine b  as RE . 
Step 3 Iteratively assign jobs on normal machines by conducting decoding algorithm 1, until  

( )1 1
( ) ( ) ( ) ( )1

min
i i i i i i i ia a a ai m

C ST set p Rβ β β β≤ ≤
= + + < E  

Step 4 Put machine back to machine setb I , assign job ( )kπ  to machine , and then, update the initial date for next 
round assignment. 

b

1ba =  

( )( )b b kaβ π=  

( )b baST REβ =  

( ) 0
b basetβ =  

1
( )b bapβ =

( )

1
k

pπ  

Step 5 Continue to assign remainder jobs in the listπ  according to decoding algorithm 1 
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job 1 (0)β

Mahine1

Mahine2

Mahine3

job 1 (1)β

1 (0 )setβ 1

1
( 0 )pβ 1 ( 0 )block β 1

2
( 0 )pβ

1 (1)setβ 1

1
(1)pβ

1 (1)block β

Unavailable
1

2
(1)pβ

1 ( 2 )setβ

Machine 3 breakdown

job 2 (0)β
job 2 (1)β

Setup time

Stage-1 processing time 

Stage-2 processing time 

Stage-2 machine unavailable  

Stage-1 machine breakdown  

 

Figur3: Decoding Scheme 

4.4 FITNESS  

The fitness is used to measure the performance of each individual. Whereas in a minimization problem, the 
computation of the fitness function differs slightly from the maximization problems. We first calculate the makespan 
of all individuals. Then identify the longest makespan and denote as CMAX. The fitness can be presented as the 
deviation of individual’s makespan from CMAX. The fitness function is shown as follows: 

max( ) ( 1) ( )f x CMAX C x= + −                                                 (4.1) 

4.5 SELECTION 

The aim of selection is to keep good individuals and eliminate bad ones. This selection is based on the fitness value 
of individuals. The fittest individual of current population will be chose by using the elitism selection. And then, the 
roulette wheel method will be used to select rest 1pop −  individuals. All of the pop selected individuals will form a 
mating pool for the crossover and mutation. We perform the roulette wheel selection as follows: 
Step 1.Calculate the cumulative probability xq  for each individual x  

1 1
( ) / ( )

popx

x
h x

q f h f
= =

⎛ ⎞
= ⎜

⎝ ⎠
∑ ∑ x ⎟                                                            (4.2) 

Step 2.Generate a random number r from the range (0  ,1]
Step 3.If xr q<  then select the first individual; otherwise select the xth individual such that 1x xq r− < ≤ q    

Step 4.Replay step 2 and 3, until 1pop − individuals are selected. 
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4.6 CROSSOVER 

Crossover is the most important genetic operator which is to create new individuals based on mating pool. Through 
this operator, the new individuals will inherit good features from their parents in terms of keep some similar structures. 
In this study, we adopt an extension of two-point crossover operator to exchange gene sections between parents as 
well as keep the legality of offspring. The main steps of this crossover operator are described as follows: 
Input: Two parents from the mating pool. 
Step 1.Randomly select two crossover-positions at the parents. The sub-chromosome between such two points is 

called crossover-section. 
Step 2.Check genes in parent-1 (parent-2), if a gene in parent-2’s (parent-1’s) crossover-section also appears in 

parent-1, use symbol ‘0’ to replace it. 
Step 3.Switch the symbols ‘0’ with its neighbor gene until all symbols ‘0’ are concentrated into the range between two 

crossover-points. 
Step 4.Exchange crossover-sections between two parents and then obtain two offspring.  
 
For example, considering parent-1: (1-3-4-5-7-9-8-10) and parent-2 (7-12-8-5-2-1-4-6). Firstly, two crossover 

points are chosen randomly, e.g. 3 and 6. Two crossover-sections are determined, namely, (4-5-7-9) and (8-5-2-1). 
Secondly, genes in parent-2 (7-12-8-5-2-1-4-6) which also appear in (4-5-7-9) are replaced with ‘0’. We can obtain 
the modified parent-2 (0-12-8-0-2-1-0-6). Likewise, the modified parent-1 is (0-3-4-0-7-9-0-10). Thirdly, push ‘0’ 
into the range between point 3 and 6, i.e. (3-4-0-0-0-7-9-10) and (12-8-0-0-0-2-1-6). Finally, crossover-sections 
exchange and obtain two offspring: (3-4-8-5-2-1-9-10) and (12-8-4-5-7-9-1-6).  

4.7 MUTATION 

The aim of mutation is to introduce variability and diversity to the population so that the genetic algorithm will be 
able to escape from a local optimum. We employ two mutation operators in this study. One is the swap mutation 
operator. For this operator, mutation only occurs on the inherent genes of a chromosome. Another one is import 
mutation. Considering the special characteristic of this problem, besides the genes already appeared in a chromosome, 
there are some spare genes not arranged yet. Hence, we will use import mutation to introduce new genes into a 
chromosome.  

Swap mutation: select two genes at random, and then exchanges their positions.  

For example, if the individual is (1-3-4-5-7-9-8-10), we randomly select two genes, say, 3 and 8. Then exchange the 
positions. The new individual is (1-8-4-5-7-9-3-10). 

Import mutation: select one gene at random and eliminate it from the individual. Randomly select a spare gene and 
put back to the vacant position.  

For example, the individual is (1-3-4-5-7-9-8-10). Randomly select a gene, say, 3. Then import a spare gene, say, 15, 
into such individual. The mutated individual is (1-15-4-5-7-9-8-10). 

5. COMPUTATIONAL RESULTS 

The proposed genetic algorithm has been implemented in JAVA on a Pentium IV, 2.8GHz and 512RAM. We 
conducted the GA with following parameters: 

20Pop = ; The size of population. 

0.8crossp = ; The crossover probability 

0.2mutationp = ; The mutation probability 

100G = ; Generation of iterative.   
Currently, the scheduling in our collaborating company relies on manual work. Due to the tremendous data 

capacity and complicated constraints, this work is time/labor-consuming and becomes a bottleneck in this company. 
In order to test the effective and efficiency of our approach, parallel field experimentation has been done.  We colleted 
real-life production data from the company which include the customer order, initial machine status, and scheduling 
results. The first round scheduling result comparison is showed as follows: 
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Table.1 Input jobs 

j 1
jp (hour) 2

jp (hour) 

1 20 5 
2 12 5 
3 12 5 
4 7.5 5 
5 7.5 5 
6 4 5 

 

Table.2 Initial machine status 

i  
(0)i

STβ (0)i
setβ 1

(0)i
pβ

1
(0)i

pβ

1 0 5 12 5 
2 5 5 4 5 
3 10 5 3 5 

 

Table.3 GA scheduling result 

( )kπ  i  j  jST jset 1
jp

j
block 2

jp 2
jC maxC  

1 2 5 15 5 7.5 2.5 5 35
2 1 2 20 5 12 0 5 42
3 3 1 25 5 20 0 5 55
4 2 4 30 5 7.5 0 5 47.5
5 1 3 37 5 12 0 5 59
6 2 6 42.5 5 4 0 5 56.5

59 

 

Table.4 Manual scheduling result 

( )kπ  i  j  jST jset 1
jp

j
block 2

jp 2
jC maxC  

1 2 2 15 5 12 0 5 37
2 1 5 20 5 7.5 4.5 5 42
3 3 6 25 5 4 8 5 47
4 2 3 32 5 12 0 5 54
5 1 4 37 5 7.5 0 5 54.5
6 3 1 42 5 20 0 5 72

72 

 
We can see from above table, with the same machine initial status and  input jobs, the GA scheduling obtained the 

sequence as 5-2-1-4-3-6. Compared with manual work’s result 2-5-6-3-4-1, the GA scheduling sharply reduced the 
makespan (59 hours VS 72 hours). In addition, the total blocking time of GA result is much shorter than manual one 
(2.5 hours VS 12.5 hours) which indicates that the unnecessary processing time is reduced and the machine utilization 
is improved.   

With the same method, we conducted 10 rounds parallel comparison between real-life production scheduling and 
GA experimentation results. Each round of scheduling arranged 6-7 jobs, i.e. 3 day’s workload is covered. Totally one 
month’s comparison result is obtained. 
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 Since only few problem instances can obtain the optimal solution, the lower bound is used to evaluate the 
performance of the proposed genetic algorithm There is only one machine in stage 2 and all jobs need to be processed 
serially on it, the sum of stage-2 processing time plus the inevitable stage-2 unavailable time can be considered as the 
lower bound. Consideringπ is the job sequence of a solution ( )kπ is the th job and1k k q≤ ≤ , the lower bound can 
be represented as follows: 

1 2
( ) ( ) ( )1 1 1 1

min min ( )
q u

k k k rk q k q k r
LB set p p une unsπ π π≤ ≤ ≤ ≤

= =

= + + + −∑ ∑ r                 (5.1) 

 
Result can be presented in terms of Average Percentage Deviation (APD): 

max 100%C LBAPD
LB
−

= ×                                                                        (5.2) 

One month’s comparison results are shown as follows: 
 

Table.5 Comparison of manual scheduling and GA scheduling  

Manual scheduling GA scheduling 
Date Job Unavailable LB APD Labor cost APD CPU time

maxC maxCPeriod (%) (min) (%) (min) 
Jun.16 6 0 54 72 33.3 180 59 9.2 5 
Jun.19 6 0 56 76 35.7 180 60 7.1 5 
Jun.22 6 2 70 98 40.0 180 74 5.7 5 
Jun.25 6 0 58 74 27.6 180 58 0 5 
Jun.28 6 0 57 77 35.1 180 60 5.3 5 
Jul.1 7 2 74 102 37.8 180 80 8.1 8 
Jul.4 6 0 59 78 32.2 180 59 0 5 
Jul.7 7 0 70 96 37.1 180 76 8.6 8 

Jul.10 6 0 53 72 35.8 180 55 3.8 5 
 

As shown in table.5, the parallel experimentation started from Jun.16 and last about one month; 62 jobs have been 
scheduled; 4 hours’ machine unavailable period was involved. At last six columns, the comparisons of manual work 
and GA scheduling are given. According to the practical production based on manual scheduling, 745 hours were used 
to finish 62 jobs. The average APD is 31.46%. When the machine unavailability is involved in, the manual work has 
much lower performance. Considering the GA scheduling results, the total makespan is 581 and the average APD is 
4.78%. That means if this company adopt the GA scheduling, to process the same 62 jobs, 164 hours will be saved and 
the efficiency can be improved with 22%. In addition, in 10 problem instances, two optimal solutions have been found 
by GA scheduling.  

Besides the makespan, the labor cost is another important issue need to compare. In current situation, for each round 
scheduling work, three engineers are needed to work together for one hour. They need to coordinate the customer 
order, check the production line status and inventory level. Further more, the job arrangement is based on personal 
experience and the performance is not stable. If a GA based scheduling system can be introduced in this company, all 
of the relevant input data can be managed by database and a satisfied scheduling result can be obtained less than 10 
minutes.    

6. SUMMARY 

In this study, we focused on a hybrid flowshop scheduling problem in a metalwork company. This problem is 
characterized by blocking, machine unavailability and sequence-dependent setup time constraints. We proposed a 
genetic algorithm to solve this problem. A new decoding method is developed based on list scheduling algorithm. The 
comparison with real-life production results shows that our approach can highly improve the productivity and reduce 
the labor cost. For further research, the numerical experimentation will be done using not only the practical production 
data but also randomly generated data. A comprehensive sense analysis will be conduced. According to the further 
requirements of the collaborating company, a web-based E-scheduling system will be developed. The compatibility 

805



Genetic Algorithm for Two-Stage Hybrid Flowshop Blocking Scheduling with Setup Times and Machine Availability Constraints 
 

 13

with exist ERP system, the downstream balance, and the real-time rescheduling should be considered in that system.      
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ABSTRACT 

Poor enterprise productivity and waste of resources especially in small and medium size enterprises is commonly 
cited in the literature, however accurate data associated with waste is usually not available due to the intricate 
and time consuming nature of the data collecting process. Also, although waste minimisation/elimination tools 
and techniques suitable for continuous improvement for businesses have been widely taught and researched on 
by academics for many years including provision of regular consultancy services achieved by University/Industry 
Technology Transfer (UITT) initiatives, there is still a perceived gap between the academic support activity and 
adoption of these continuous improvement techniques by businesses; ranging from a total lack of awareness of 
available tools and techniques to insufficient training in the use of the tools.  

This paper aims to research and appreciate continuous improvement techniques currently used by SMEs both for 
waste minimisation and process improvement as compared with available tools evident in the literature. Data 
will be provided with a critical review and analysis of the underlying issues.  Preliminary study so far shows a 
wide gap between theory and practice. In the long term, the focus of this research is to design a model to 
facilitate the accessibility and easy adoption of continuous improvement tools for waste minimisation and 
continuous improvement by SMEs.   

1. INTRODUCTION 

SMEs that supply businesses in today’s highly competitive environment are normally under pressure to 
minimise waste and also improve business performance. This sort of pressure can be applied from shareholders 
wanting a return on their capital invested and also from customers demanding a prompt and professional service at a 
low cost. There may also be other pressures such as from legislation and from within the business, demanding rapid 
innovation and growth and improvement of the internal business process. SMEs are often under resource constraint 
and may not have the necessary range of skills available to larger organisations to research and implement 
continuous improvement techniques. Feedback from supplier SMEs shows that they cannot afford to employ 
business consultants to support performance improvement. Other reasons may be as a result of previous bad 
experiences from collaborating with such professionals and possibly some of them may not be convinced of the 
potential benefits of such an investment on process improvement consultants. 

It is expected that information could also be available to SMEs in the form of text books and research outputs. 
This preliminary study, however seeks to indicate that while a huge volume of work has been published that could 
possibly support SMEs to minimise waste and improve business performance without the need to employ business 
professionals, the rate of uptake has been very poor. The aim of the study carried out here, therefore, is to 
demonstrate a gap between available knowledge generated from theoretical research outputs on continuous 
improvement tools and techniques and the level of current use / adoption / standard practice in industry. In future 
work data will be obtained with a critical review and analysis of the underlying issues with a view to develop a 
model to facilitate the accessibility and easy adoption of continuous improvement tools for waste minimization and 
process improvement by SMEs.    
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2. OVERVIEW OF CURRENT RESEARCH ON CONTINUOUS IMPROVEMENT TOOLS 

Continuous Improvement (CI) is the planned, organized and systematic process of developing ongoing, 
incremental and company wide change of existing practices aimed at improving company performance Boer, 
Berger, Chapman [2], and Gertsen [5].  Some of the most commonly and frequently applied Continuous 
Improvement techniques used include: Brainstorming, Control plans, Process mapping, Statistical Process Control. 
Process Failure Mode Effects Analysis, Production Planning Approval Process, Team problem solving. Mistake 
proofing, Advanced Product Quality Planning. Poke-yoke, Preventative maintenance, Process flow charting, 
Nominal group technique; Gantt charts, Pareto analysis, check-sheets etc. 

There is a significant volume of literature sourced from various publishers describing previous research on the 
applicability of Continuous Improvement tools. Tennant et al [17] have researched on a Continuous Improvement 
process at Severn Trent Water, they described a problem solving model with an outline of Continuous Improvement 
techniques at each problem stage. Fager, Minnie, Fager, Welgemoed, Bessant and Francis [3], have studied the 
implementation of Continuous Improvement in a mining company, where they applied a reference model 
framework to structure and direction of the change process towards enabling more involvement of people during the 
innovation stage. Ljungstrom [9] has recently researched a model for starting up and implementing Continuous 
Improvement and work development in practice. They concluded that companies using the model can be successful 
in the start up of continuous improvement and work development stages. This model also creates opportunities to 
gain further benefits from Continuous Improvement and work development issues. Tonnessen [18] also researched 
on continuous innovation through company wide employee participation and concluded that development of 
practical tools to ease innovation in an enterprise is an important challenge for future research and development. 
Several other publications on CI techniques researched so far do seem to quantify the perceived gap in knowledge 
between theory and industry practice in terms of business waste reduction, however, they tend to focus on small 
groups of companies applying the Continuous Improvement methodology in a case study, Dwyer [4].   

Other relevant references which have mentioned CI tools and techniques are; McAtee [10], Miller [12], 
Labanowski [7] and Arndt [1], Lawrence [8], Robinson [13], Straker [15], Szendel and Tighe [16], McNichols, 
Hassinger and Bapst [11] and Hall [6].  In most cases, researchers tend to quote previously researched work, 
however they do not provide any survey data to support the success or failure of CI.  

The application of CI tools as part of the traditional problem solving model has been highlighted by Tennant et 
al [17]. Table 1, demonstrates how continuous improvement tools and techniques can be robustly applied at each 
stage of the problem solving process in a typical business management environment. At each stage of the problem 
solving process a combination of continuous improvement techniques is applied to achieve a robust analysis of the 
problem in order to generate an optimal solution.  

3. RESEARCH METHODOLOGY 

The study presented here is being carried out by a combination of literature review to appreciate the current 
research outputs on CI tools and techniques, and also by a structured / semi structured questionnaire and survey 
carried out in 50 SMEs in the Midlands region of the UK to establish the level of uptake by industry of available CI 
tools. An initial postal questionnaire proved unsuccessful with reply from one out of the 50 sent out. 
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Table 1: Application of Continuous Improvement Tools to Problem Solving Model 
Tennant et al, [17]. 
 
Problem Solving Stage Technique 
1 Specify the problem Statement Hoshin Kanri 

Balanced Scorecard 
Management by Objectives 

2 Define possible problems Brainstorming 
Process Flowcharting 
Checksheets 
Pareto analysis 
Nominal Group Technique 

3 Determine and validate  the root cause Brainstorming 
Process flowcharting 
Cause and effect diagram 
Pareto analysis 
Nominal group technique 

4 Generate potential solutions and select optimum Brainstorming 
Forcefield analysis 
Nominal group technique 
Solution effect diagram 

5 Develop and verify an action plan Brain storming  
Gantt Charts 

6 Implement the action plan Cross-functional teamwork 
7 Monitor effectiveness of problem solving process Checksheets 

Statistical process control 
Hoshin Kanri balanced scorecard 

4. RESULTS 

Results described in this study have been presented as indicative summary data of published papers on CI tools 
and techniques over the past twenty years, and also the results of a survey carried out in SMEs to enquire on CI 
tools used commonly in problem solving and for waste minimisation. 

4.1 PUBLISHED RESEARCH PAPERS ON CONTINUOUS IMPROVEMENT TOOLS  

A preliminary literature search showed thousands of related references to the key words ‘continuous 
improvement’. Table 2 provides a breakdown of indicative number of research papers on CI techniques obtained 
from relevant published databases. It shows evidence of CI tools that have been researched on and published over 
the last 20 years presented on a year by year basis and by a specific publisher. Literature review shows that over 
4000 articles on general CI techniques have been published in the last 20 years, however, a total of 319 provided 
detailed information on specific CI tools and their potential applicability. The table lists the number of core 
publications of CI tools, specific CI tools researched on, approximate number of papers per technique and publisher. 
It is therefore not clear why there is a gap in uptake of CI tools by SMEs for process improvement.  

4.2 GAP BETWEEN RESEARCH OUTPUT ON CI TOOLS AND THEIR USE IN INDUSTRY 

Table 3 shows a breakdown of the frequency of use for individual CI techniques. This data is based on a survey 
carried out on 50 SMEs based in the Midlands region of the UK. It appeared that only 17 out of the 24 CI 
techniques listed were being used. There is therefore a need to study and appreciate why the poor rate of uptake of 
these tools for process improvement by businesses especially SMEs. Obviously, certain tools such as key 
performance indicators and gauging were used more frequently (20%) than the others while the least frequently 
used were Histograms, Control plans, Run charts, and Process capability studies (2.5% frequency of use). CI tools 
such as Poke Yoke, Five whys, Scatter diagrams, Value Stream Mapping, Quality Function Deployment, Six Sigma, 
and Kaizen were rarely used or even never acknowledged 
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Table 2 Breakdown of Published articles on Continuous Improvement Tools in Only One Database 
 
Publication year Total publications mentioning CI tools and 

techniques in Elsevier Journals  
2008 (to date) 36 

2007 324 
2006 342 
2005 335 
2004 325 
2003 316 
2002 327 
2001 302 
2000 323 
1999 297 
1998 321 
1997 327 
1996 305 
1995 253 
1994 222 
1993 129 
1992 91 
1991 45 
1990 30 
1989 17 
1988 5 
Total 4673 

 

5. DISCUSSION 

It is not clear why certain tools are used more frequently than the others while some others are never even used 
at all. It may be that SMEs are more familiar with certain CI tools and techniques and therefore apply them more 
often than the others or they don’t have a full appreciation of how these tools are applied.  Typical tools such as 
Value Stream Mapping, Cause and Effect Analysis, Pareto Analysis, Process Capability Studies, Quality Function 
Deployment, Value Analysis etc will certainly aid in waste minimisation and increased profitability.   

 
The obvious research questions are; 

(1) Are businesses aware of the available CI techniques for problem solving? 
(2) Why is there such a large gap between academic output and take up by SMEs? 
(3) Do businesses appreciate the importance and significance of the CI techniques? 
(4) Do they feel confident to apply the tools? 
(5) What can academics do to get their work into SMEs?  
(6) Can the tools be made easier for users? 

These are some of the research questions the next stage of the study will address. 
 

The next stage of this study is aimed to appreciate why there is an apparent reluctance to use CI tools by SMEs. 
The ultimate objective of the study is to design a model to facilitate accessibility of most CI tools and their easy 
adoption for process waste minimization and continuous improvement by SMEs.  
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Table 3; Frequency of use of Continuous Improvement Techniques – a Survey 
 

Technique Survey % frequent use 
Control Chart 10.0 
Cause and Effect 7.5 
Pareto Analysis 10.0 
Brainstorming 10.0 
Process Failure Mode Effects Analysis 5.0 
Scatter Diagrams 0.0 
Histograms 2.5 
Poke Yoke 0.0 
Tally Charts 5.0 
5 Whys 0.0 
Total Productive Maintenance 5.0 
Design Failure Mode Effects Analysis 5.0 
Control Plans 2.5 
Key Performance indicators 20.0 
Gauging 20.0 
Run Charts 2.5 
Process Mapping 5.0 
Value Stream Mapping 0.0 
Process Cap Studies 2.5 
Value Analysis / Value Engineering 10.0 
Quality Function Deployment 0.0 
6 Sigma 0.0 
Kaizen 0.0 
Total Quality Management 5.0 

 
 

There has been little systematic analysis of the role of organisational practices in identifying key issues 
promoting successful knowledge transfers. Factors such as poor knowledge transfer, system ineffectiveness, and 
inflexibility, cultural differences, lack of appropriate information, embargo from patents, licenses and royalties all 
could affect technology uptake. These barriers can lead to businesses and academia operating in parallel and further 
prevent effective collaboration to the disbenefit of both parties. 

6. TECHNOLOGY TRANSFER FROM UNIVERSITY TO INDUSTRY 

American Universities are being strongly criticized for rapidly developing new technologies but slow at moving 
them into private sector applications. It is also thought that the long lag between the discovery of new knowledge 
and technologies at the universities and their use and adoption by firms could seriously affect global 
competitiveness of the firms Siegal et al., [14]. In 1998, American congress made some effort to remove any 
potential obstacles to university / industry technology transfer (UITT) by passing the Patent and Trademark Act. It 
was believed that university ownership and management of intellectual property would accelerate the 
commercialization of new technologies and promote economic development and entrepreneurial activity.   

Most universities have established technology transfer offices (TTOs) to facilitate commercial knowledge 
transfers to industry, yet there seems to be relatively little impact in the areas of CI. However there may still be 
issues arising from disagreement and misunderstanding at the transfer stage about motives, behaviors, cultural 
differences and intellectual property ownership. Businesses generally seek to obtain information transfer from 
university-based technologies for financial gain. Industry also suffers from a basic understanding of the function of 
universities and they sometimes have a misconception of the university attitude as ‘just give us the money and we 
will solve your problem’ Siegel et al.,[14]. 

Gertsen [5], has conducted research in Technology Transfer through survey and questionnaires issued to middle 
to large businesses with an average response rate of 43%. The survey found that only 37% of companies were 
involved in applying CI techniques to minimise waste. However, it was not clear from their study whether these 
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businesses employed business professionals and consultants. The study, also does not state why the remaining 
businesses in the study were currently not implementing CI tools and techniques. This research also hopes to carry 
out an in-depth study on the apathy on the side of businesses towards technology transfer.      

7. CONCLUSION 

CI tools and techniques as outlined in this study are essential for problem solving and day to day management of 
business performance by enterprises. The amount of academic research outputs published in databases such as 
Emerald, Elsevier, Science Direct and Interscience on Continuous Improvements and related tools over the past 
twenty years would appear to be evidence of the importance of those tools in process waste minimization. Their 
applications have even become more relevant in these days of sustainable management practices and resource 
efficiency optimization. However, a preliminary study carried here does seem to give an impression that enterprises 
are not fully adopting these tools (survey) compared to a large database of published literature available. There are 
speculations that enterprises are either not aware of these tools or their significance for problem solving or don’t 
feel confident (lacking in the necessary skills) to apply them. However, it could be that academics have 
overestimated the value of such tools in establishing a competitive advantage in SMEs, perhaps SMEs see their 
competitive advantage in other areas. The next stage in this study will establish the reason for the gap between 
available knowledge generated through academic research on CI tools and techniques and the level of use and 
practice in industry.  

The ultimate objective will be to develop a model to facilitate accessibility and easy adoption of CI tools and 
techniques for waste minimisation and process improvement by SMEs. This paper constitutes the preliminary stage 
of the study to bridge the gap between theory and practice.     

8. FOCUS OF FUTURE WORK 

Academic research databases hold a large number of publications on CI tools and techniques. Preliminary study 
shows that not many SMEs use CI tools and techniques to minimise waste and improve business performance of 
their processes. There is a need to establish why SMEs do not use CI techniques for waste minimisation and for 
process optimisation. Future research will determine if there is any quantifiable evidence available to justify the 
perceived gap between technological innovation and its rapid uptake by industry  with a view to develop a model to 
enhance accessibility and easy adoption of these tools. 
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ABSTRACT 

This report attempts to develop an approach to identify the most likely activity sequence in a resource constrained 
project with uncertain durations. The duration of each activity is a random variable with a given density function. 
An activity sequence, defined as the set of activities which are connected by technology and/or resource sharing. 
The approach is proposed to identify the most likely activity sequence and consists of two stages. The first uses the 
concept of QSGM (Qualitative Simulation Graph Methodology) to generate a set of possible activity sequences for 
each deterministic resource constrained project with certain durations, generated by a configuration of activity 
durations. Then all the possible sequences, generated by a specified number of configurations, are integrated into 
a scenario tree. The second stage is a backward-pruning procedure subsequently adopted to eliminate the worse 
branches from the scenario tree according to a specific objective function. This procedure leads to a 
reduced-scenario tree, on which basis the average project duration can be obtained and the occurrence probability 
of each activity sequence known. For demonstration purpose, a simple network example is considered. 

1. INTRODUCTION 

The most concern of a project manager is to identify the proper sequence of activities during project planning and 
executing so that he can appropriately arrange the necessary resource under limited resource availability. In projects 
whose constraints are only technological, using CPM analysis project manager can easily identify the critical path, 
consisting of a sequence of activity with zero slack, when activity times are certain. When resource constrained is 
considered, CPM analysis is not appropriated. Wiest [8] suggested an amended definition of critical path: the critical 
sequence of activities. This sequence reflects both the traditional technological dependencies, as depicted explicitly in 
the project network, and the dependencies implied by the sharing of scare resources. Woodworth and Shanahan [3] 
first proposed an algorithm to identify the critical sequence in such a resource constrained project with certain activity 
durations. Bowers [6] described a more succinct algorithm and examined the attributes of the measure, comparing it to 
other possible measures of criticality. 

When activity times are uncertain, the critical path is not unique. In such a situation, it is possible to estimate the 
criticality of each activity. The criticality index (CI) of an activity is defined as the proportion of runs in which the 
activity was on the critical path [2]. Dodin and Elmaghraby [10] provided some theoretical background on this 
problem as well as extensive test results for large PERT networks.  

Instead of  investigating the criticality index (CI) of an activity [13], some authors [4, 5, 10] provided wider 
perspectives on project complexity resulting from both time uncertainty and network complexity, characterized by 
PERT-state and PERT-path techniques. At first, Mummolo [4] proposed a new network method, the PERT-path 
network technique (PPNT). He defined a PPN (PERT-path network) as a directed graph with a tree topology which 
facilitates deeper analysis of the possible (partial or complete) project evolutions. During the planning stage, the 
complete path state that a PERT system will actually follow is still unknown. During this stage, several evolutions are 
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possible, each of which has a probability for occurrence that depends on the planner’s estimates of activity-time 
probability distribution functions (PDFs) and PERT network topology.  

Due to uncertain activity durations, more than one path, a sequence of activity-finished events, is probably 
generated. Thus, when a project is executing, a PERT-path tree network representing all different sequences of 
activity-finished event is generated. Activities can be completed during the project time following a possible 
completion sequence according to the times and precedence constraints among the respective activities.  

Mummolo [5] evaluated the probability of each studied path on the basis of a PERT-path and represented the 
uncertainty of each schedule as an entropy value. Then, Pontrandolfo [10] evaluated the expected project duration by 
calculating the probability and the average length of each path. Since entropy is an objective value of risk evaluation, 
Bushuyev and Sochnev [11] simultaneously used Monte Carlo simulation to evaluate project risk with entropy and 
subsequently recommended entropy measurement as an alternative approach to risk analyses and project control. 

The most complex case is resource-constrained project with uncertain activity durations. Bocter [7] maybe first 
introduced and presented an alternative method of identifying the most important activities in a stochastic network 
with resource constraints, using the correlation of an activity’s duration with the project’s duration. However, project 
manager cannot effectively manage and execute a project only on the basis of the information of the criticality and 
cruciality of an activity. As Fernandze [1] advocated that “a solution to such a problem should provide the project 
manager with the guidance to determine the proper sequencing of tasks during the course of a project so as to optimize 
the objective function, while respecting the precedence and resource constraints.” However, it is impossible to 
identify the “critical sequence” in a resource-constrained project with uncertain activity durations, because it is not 
only one. For a resource-constrained project with deterministic activity durations (we called it an instance), it can be 
formulated by randomly generating a configuration of activity durations. A sequence may be critical under a certain 
instance, but it becomes non-critical in other instances. We will give a more detailed description in next paragraph. 
Hence, to obtain such a solution, we attempt to develop an approach for identifying the most likely activity sequence 
in a resource constrained project with uncertain durations. 

To illustrate the above-mentioned, a simple case is introduced. Suppose there is a 4-activity project shown in Fig. 
1, represented by an activity-on-arc (AOA) network. The durations and precedence relation of activities is given in 
Table 1. The duration of each activity is estimated by three times estimate method, i.e., pessimistic-, most likely-, and 
optimistic- time. There are two renewable resource types, type 1 and 2. The availability of resources 1 and 2 are 
assumed to be 1 and 2; respectively. In this case there are only two feasible schedules given in Fig. 2: either begin 
activity (1, 2) firstly (schedule A) or activity (1, 3) firstly (schedule B). Two possible configurations of the activity 
durations, randomly generated from its corresponding interval, are given in Table 2. From Fig. 2 we can find that, in 
configuration 1, the critical sequence is (1, 3) → (1, 2) → (2, 4) and schedule B is the optimal schedule. Whereas, in 
configuration 2, the critical sequence is (1, 2) → (1, 3) → (3, 4)} and schedule A is the optimal schedule.  

1

2

3

4

(5,6,8);(1,0)

(5,7,8);(1,0)

(5,6,9);(0,1)

(3,5,9);(0,1)

 

Figure 1: Four-activity AOA PERT network 
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Table 1: Data of a project 

Activity Duration(optimistic, most likely, 
pessimistic) 

Required amount 
of type 1 

Required amount 
of type 2 

(1,2) (5,6,8) 1 0 
(1,3) (5,7,8) 1 0 
(2,4) (5,6,9) 0 1 
(3,4) (3,5,9) 0 1 

 
Table 2: Two possible configurations of activity durations 

Activity (1,2) (1,3) (2,4) (3,4)
Configuration 1 8 8 6 8 
Configuration 2 7 6 9 6 

(1,3)

(1,2)

(3,4)

(2,4)

(1,3)

(1,2)

(3,4)

(2,4)

8 242216140

Schedule B 
(optimal)

Schedule A 
(feasible)

Configuration 1

(1,2)

(1,3)

(2,4)

(3,4)

(1,2)

(1,3)

(2,4)

(3,4)

6 13 22161270

Schedule A 
(optimal)

Schedule B 
(feasible)

Configuration 2

19

Figure 2:  Results of scheduling

2. AN APPROACH  

When resource constraints are present and the activity durations are random, the complexity of project scheduling 
problem increase dramatically even for relatively small projects. Fortunately, the increased availability of greater 
computing power has encouraged the use of simple Monte Carlo simulation rather than analytic approach [7].  

 
In the following, we attempt to develop an approach for identifying the most likely activity sequence in a resource 

constrained project with uncertain durations. The approach consists of two stages: stage one is to use the concept of 
QSGM (Qualitative Simulation Graph Methodology) which is proposed by [11] to build a set of paths for each 
resource-constrained project scheduling problem with deterministic activity durations, generated by a configuration of 
activity durations. A path is defined as a feasible sequence of activity events in the project. (Note that the term 
“feasible” means that the schedule meets both constraints of resource and precedence.) Then integrate all feasible 
paths, generated by a specified number of configurations, into a scenario tree. A configuration is defined as a set of 
activity duration realizations, one realization for each activity in the project. A path from the root to an extremity of the 
event tree represents a schedule. With each path a given probability is associated (the ratio of the occurrence number 
of the path over total number of iterations). Hence, the resulting scenario tree which consists of events, decision forks 
and chance forks represents all possible paths that a project execution can follow. As project is executed, some forks 
will be encountered. Each fork in the tree is either a decision fork, whose branches consist of alternative courses of 
action to decide which activity (or activities) should be performed first when resource conflict is occurred, or a chance 
fork, whose branches consist of the uncertainties resulted from uncertain duration of activity.  
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Stage two is a backward pruning procedure is subsequently adopted to eliminate the worse branches of the 

scenario tree with the larger average project durations. The procedure leads us to the reduced scenario tree. The 
information embedded in the reduced scenario tree only includes (start and finish) events, chance forks, and with each 
path a given probability is associated. At each decision fork, a decision would be made when there are multiple 
activities that could start the process, but there is a lack of available resources to start all the activities. The scheduler 
would decide which activity (or activities) would be allocated the constrained resources. 

 
By our proposed approach, the complexity of the problem can be simplified into the reduced scenario tree; the 

project manager can easily analyze and perform the project based on the information embedded in the reduced 
scenario tree.  

3. ILLUSTRATIVE EXAMPLE  

As an illustrative example, a stochastic network consisting of five activities with one renewable resource is 
considered. A 5-activity AOA PERT network is shown in Figure 3. The three values in parenthesis over the arrow 
represent the optimistic, most likely, pessimistic time of a activity. The available quantity of resource in each period 
during project execution is 2. The required amount of resource of each activity is 1. Table 3 presents three possible 
configurations of activity durations. (Note that for simplicity we assume that all the realizations of activity durations 
are integers.) 

 
Figure 3: Five-activity AOA PERT network 

3.1. CONSTRUCTING A SCENARIO TREE 

Applying the concept of QSGM, we can generate the corresponding possibly feasible paths (schedules) of each 
configuration shown in Figure 4. For configuration 1, there are two feasible paths: path 1 and 2. The lengths (i.e., 
project duration) of path 1 and path 2 are 15 and 17, respectively. Similarly, there are 4 and 2 feasible paths for 
configuration 2 and 3 respectively.  

Table 3: Three configurations of activity durations 

Activity (1,2) (1,3) (2,4) (3,4) (3,5) (4,5) 

Configuration 1 3 5 4 5 6 5 

Configuration 2 5 4 5 3 5 6 

Configuration 3 3 4 6 4 6 5 
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S35 F24 S45 F35 F45

S34 F35 F34 S45 F45S12 S13 F12 S24 F13
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Project duration

S12 S13 F13 S34

S35

F12
S35
S24 F34 S35 F24 S45 F35 F45

F34 S24 F35 F24 S45 F45

F12 S24
S34

F35 S34 F24 F34 S45 F45
F34 S24 F35 F24 S45 F45

S12 S13 F13 S34 F12

S35 F12
S12 S13 F13
S12 S13 F13

18

19
18

16

S12 S13 F12 S24 S34F13

S35

F34

F24

S35 F24 S45 F35 F45

S34 F35 F34 S45 F45S12 S13 F12 S24 F13

14

18

Feasible paths of configuration 1

Feasible paths of configuration 2

Feasible paths of configuration 3

Figure 4: Feasible paths of three possible configurations of project 

 

Then we integrate all the feasible paths of these three configurations into a scenario tree shown in Figure 5. The 
scenario tree is similar to a decision tree which consists of events, decision forks and chance forks. One merit of the 
resulting scenario tree is that any branch (i.e., any schedule) of the tree is feasible for resource and precedence 
constraints. The only thing to do for project manager is to decide which branch should be followed at each decision 
fork. 

In the following, we will explain how to integrate a scenario tree from the possible scenarios of each configuration. 
From the left-most of each path in Figure 2, the first two events S12 and S13 are the same, so we link them with an 
arrow mark. But at third event, there are two possibly occurred states: either F12 or F13. As project executed, we do 
not know which activity is completed first unless their durations are realized. Therefore, we must set a chance fork, 
denoted as CF(F12, F13), which is resulted from uncertain durations of activities (1, 2) and (1, 3). If activity (1, 3) is 
first completed, we immediately face a decision that either activity (3, 4) or activity (3, 5) start first. At this time, a 
decision fork, DF(S34, S35), is generated. Finally a scenario tree is constructed as in Figure 3. Note that there are two 
same paths in the scenario tree: one is the second path of configuration 1 and the other is the second path of 
configuration 3.  

From the integrated scenario tree, it provides the information includes possible paths (sequence of activity events) 
as project execution, the occurrence number and the length of each path. Therefore, the project manager can easily 
decide which activity should be chosen to start first according to his objective function.  

 Figure 5: Integrated scenario tree 

3.2. A BACKWARD PRUNING PROCEDURE 

After simulating and integrating of the all possible event sequences of activities in the project, the integrated 
scenario tree consists of three parts of information. The first one is the decision fork which is resulted from the 
resource conflict; the second is the chance fork which comes from the uncertain activity durations; the final is that with 
each path a given probability and the length are associated. Once generating all feasible paths by simulating a large 
enough amounts of configurations, then a scenario tree which consists of all possible and approximately complete 
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paths can be presented. Based on the integrated scenario tree and a specified objective function, we can perform our 
proposed pruning procedure to get a reduced scenario tree. 

 

In the following, we introduce the backward pruning procedure. 

Step 1. Examine each fork by ones in the scenario tree from the right-most to the root. If it is a chance fork, go to 

Step 2; or if it is a decision fork go to Step 3; otherwise, examine the next by ones. If there is no fork and the 

root of the scenario tree is reached, go to Step 4. 

Step 2. Calculate the expected project duration of the chance fork by summing the expected project duration of 

each branch path.  

Step 3. Prune away the branch with the worse objective function. 

Step 4. A reduced scenario tree is obtained. 

In the following we use the above instance to illustrate the backward pruning procedure. From Figure 4, in the 
scenario tree there are seven feasible paths which are resulted from four decision forks and two chance forks. In the 
backward pruning procedure, we examine the fork in the scenario tree from the right-most to the root. At first a chance 
fork, CF(F24, F34), is encountered, therefore perform Step 2. The expected project duration of the chance fork 
CF(F24, F34) is 14.5 days, i.e., (15 × 1 + 14 × 1) / 2. Then we check the fork next. Next three decision forks, DF(S34, 
S35), DF(S24, S35), and DF(S24, S34), are encountered, we perform Step 3. First we proceed with the decision fork 
DF(S34, S35). Since the expected project duration of the branch following S34 (14.5 days) is smaller then that of the 
branch following S35 (17.5 days). According to minimizing project duration assumed, the branch following S35 is 
deleted. Similarly perform the other two decision forks: DF(S24, S35) and DF(S24, S34). Until the backward pruning 
process is finished, the reduced scenario tree, shown in Figure 6, which only contains chance fork, will be obtained. 
The expected project duration of the reduced scenario tree is 15. From Figure 6, we know there are three possible 
paths remained according to minimizing the expected project duration assumed. With each path the occurring 
probability 1/3 of is associated. 

 
Figure 6: Reduced scenario tree from 3 configurations 
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 Figure 7: Reduced scenario tree from 10000 configurations 

3.3. IDENTIFYING THE MOST LIKELY ACTIVITY SEQUENCE 

If we simulate 10000 configurations instead of 3 configurations, then apply the proposed approach consisting of 
constructing a scenario tree and employing the backward pruning procedure. The reduced scenario tree can be 
obtained and is shown in Figure 7. Based on this reduced scenario tree, a project manager can easy to identify which 
path is most likely occurred. That is to say, the most likely activity sequence is S12 S13 F12  
S24 F13 S34 F24 S35 F34 S45 F35 F45 with highest occurrence probability 0.5328 (i.e. 5328/10000).  

4. CONCLUSION 

In this report an approach for indentifying the most likely activity sequence in a resource constrained project with 
uncertain durations is proposed. The approach involves two stages. Stage one is to use the concept of QSGM 
(Qualitative Simulation Graph Methodology) which is proposed by Ingalls and Morrice (2004) to build a set of paths 
for each resource-constrained project scheduling problem with deterministic activity durations, generated by a 
configuration of activity durations. A path is defined as a feasible sequence of activity events in the project. In the first, 
a specified number of resource-constrained project scheduling problems with deterministic activity durations are 
simulated, and the paths integrated into a scenario tree. In the second stage, a reduced-scenario tree is obtained by 
performing the proposed backward-pruning procedure according to a specific objective function. Based on the 
proposed approach, a project manager can wholly understand all possible paths of project evolution and easily to 
identify the most likely activity sequence in a resource constrained project with uncertain durations. 

However, the proposed approach has two drawbacks, one of which is that generating all possible paths is less 
efficient and time-consuming although future research may develop an algorithm to improve this inefficiency. This 
drawback led to a constraint in the scale of our illustrative examples. The second drawback is that the timing of each 
event (i.e., starting and finishing times) is not provided by the proposed algorithm although the bound of each event 
can be obtained. However, this limitation may be constrained by using the Matlab language, which masters matrix 
computing capability. If the data of all event times are collected, they lead to an increase in the computational time.  
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ABSTRACT 

Overall Equipment Effectiveness (OEE) provides a quantitative metric, based on the elements Availability, 
Performance and Quality, for measuring the effectiveness of individual equipment and entire processes. This is 
significant but insufficient because not only those three factors have an impact on the overall performance of a 
machine or process but also some others such as the efficiency usage of raw materials, their quality and cost, as 
well as the environment (e.g. logistics, production system, labour, etc.) where the equipment or process operates. 
This paper presents an improved approach, Overall Resource Effectiveness (ORE), which considers those 
elements in the overall effectiveness evaluation. The paper shows the logical development of the concept and 
formulas used in the calculation of ORE. Then, a practical investigation of this approach is done through a case 
study. The case study demonstrates that OEE is not a “generic” measurement system appropriate for all types of 
processes as well as the broader perspective and information of performance that can be obtained from the use of 
ORE.     
 

1. INTRODUCTION 

The information gathered from the performance evaluation of production processes and manufacturing systems 
can lead directors and managers to take better decisions about how to run and manage more effectively such 
processes and systems. Overall Equipment Effectiveness (OEE) is a performance measurement approach that has 
been increasingly used in industry not only as a measure of equipment performance but also as a support for 
decision-making. In this context, OEE can identify development opportunities and direct the focus of improvement 
efforts in areas related to equipment or process utilization, operational rate and quality. However, not only those 
three factors have an impact on the overall performance of a machine or process but also some others such as the 
efficiency usage of raw materials, their quality and cost, as well as the environment (e.g. logistics, production 
system, labour, etc.) where the equipment or process operates. This paper presents the development of a new and 
improved manufacturing performance measurement system called Overall Resource Effectiveness (ORE), which 
accounts for those factors ignored by OEE. Consequently, a broader perspective in the measure of performance and 
identification of development opportunities, which would invariably support directors and managers in decision-
making, could be achieved.   
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The paper exposes the basis in the development of ORE, its advantages over the traditional OEE and its practical 
application through a case study. The empirical study and application of ORE was carried out with the support and 
collaboration of the Europe’s leading Park Homes Manufacturer, Tingdene Homes Ltd. However, since the whole 
process to manufacture a park home is extensive and complex and as part of an initial investigation, the case study 
was restricted to one section of the process, the floor assembly. As a result, the case study exposes the fact that OEE 
is not a “generic” measure of performance appropriate for all types of processes as well as it empirically 
demonstrates the broader perspective, insight and machine or process knowledge - basic elements in manufacturing 
decision-making - which can be obtained from the use of ORE.     

2. OVERALL EQUIPMENT EFFECTIVENESS (OEE) – A LIMITED MEASURE OF MANUFACTURING EFFECTIVENESS  

Nakajima [1] defines OEE as a metric or measure for the evaluation of equipment effectiveness. Accordingly, 
OEE attempts to identify production losses and other indirect and “hidden” costs in areas related to equipment or 
process utilization (Availability), operational rate (Performance) and quality (Quality). These losses, according to 
Ericsson [2], are those that contribute to a large proportion of the total cost of production. In essence, OEE is the 
result achieved by multiplying the factors Availability, Performance and Quality together. However, the evaluation 
of the overall effectiveness of a machine or process made by OEE could be considered limited for two reasons. The 
first, which is exposed and investigated by Reyes [3], is related to the incomplete assessment of material utilization 
offered by the Nakajima’s [1] concept and calculation of overall effectiveness. Therefore, some material losses such 
as overfilling and/or overweight, which can be present in very common manufacturing processes such as bottling, 
canning, bagging or packing, are ignored by this measurement system.  

The second reason, which is the one addressed through this paper, is related to the lack of consideration of 
material and process cost variations within the overall effectiveness evaluation of a machine or process. Since the 
terms Availability (A) and Performance (P) are time-based and Quality (Q) is a unit-based one, the OEE measure is 
unable to account in its assessment of overall effectiveness, for example, inefficiencies or improvements in material 
or labour utilization, management, etc. Unstable manufacturing processes or machine operations as well as sudden, 
quick, temporary or permanent changes in a machine or process operation can have an impact on process cost. Like 
the Availability, Performance and Quality concepts, this makes the process cost a dynamic variable that can be 
changing constantly according to different situations. For example, if after a time and motion study an Industrial 
Engineer removes some of the operators from an assembly line in order to balance it and improve its efficiency, this 
operational adjustment would be totally ignored by OEE. Similarly, if one or more operators were added to the line 
in order to do a temporary rework, OEE would be also unable to account such situation.  

On the other hand, although in practice it could be suggested that the cost of the raw material used by a 
manufacturing process does not change as dynamically as the process one does, the lack of consideration of this 
variable, by OEE, on the overall effectiveness evaluation must be highlighted. For example, if in an injection 
moulding process a cheaper pigment substitute is used in order to reduce the cost of material, this material 
improvement cost would be ignored by OEE. Furthermore, if in a chemical process a different and alternative 
mixture were used with the intention of reducing the cost of material, this improvement would be also ignored by 
OEE. This lack of consideration of the material and process cost variables when evaluating the overall effectiveness 
of a machine or process can deprive Production or Process Managers of having a bigger and more extensive picture 
of the performance of their processes. Therefore, improvement areas and opportunities are not highlighted and 
recognized. In order to overcome these limitations of OEE, a new approach, capable of giving a more complete 
measure of the manufacturing effectiveness, has been developed.     

3. OVERALL RESOURCE EFFECTIVENESS (ORE) 

Overall Resource Effectiveness (ORE) is a manufacturing performance measurement system that has been 
developed with the objective of giving a more complete evaluation, than OEE, of a machine or process performance. 
The main difference between ORE and the traditional OEE is that the first evaluates the overall performance of a 
machine or process based not only on its Availability (A), Performance (P) and Quality (Q) but also in terms of three 
more elements such as Material Efficiency (M), process cost and material cost variations. See point 3.2 for the 
definition of those three elements and their concepts. The integration of those three factors into the traditional 
overall effectiveness evaluation has been able to expand the concept of this measure, and in this way, to help 
monitoring more variables, which can have a considerable impact on the performance of a machine or process. 
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Consequently, Production or Process Managers would be able to acquire a deeper knowledge of their processes and 
based on that, take better decisions regarding their management and actions taken to improve them.   

3.1. ORE DEVELOPMENT AND CALCULATION 

The ORE measure considers that an economic investment (input) in materials and resources is needed to run a 
manufacturing process. In the case of the material investment, it is represented by the Material input monitoring 
value (MIMV) concept, see point 3.2, whereas the money invested in the resources needed to run the process is 
represented by the Process input monitoring value (PIMV) concept introduced also in point 3.2. Furthermore, ORE 
not only assumes an overall process investment (input = PIMV + MIMV) but also a cash or investment recovered in 
process and material (output), which is obtained from and is in function of the number of units produced and 
accepted. Those are represented, respectively, by the concepts Process recovered monitoring value (PRMV) and 
Material recovered monitoring value (MRMV), see point 3.2 for a definition of these two concepts. Finally, ORE 
also assumes that a process can present some waste in material and resources, which are represented by the concepts 
Material wasted monitoring value (MWMV) and Process wasted monitoring value (PWMV), which are also defined 
in points 3.2. The ORE representation of a process is illustrated through figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                               Figure 1: ORE representation of a process  
  
 

The ORE measure evaluates how efficiently a process utilizes the material and resources inputs taking as a 
reference its material and resources outputs. This is mathematically shown through the next equation:  
 
                              ORE = Investment recovered (Output) = Overall Investment (Input) - Waste                             (1) 
                                            Overall Investment (Input)               Overall Investment (Input)               
 
From figure 1 it can be deduced: 
 
                                                       Overall Investment (Input) = PIMV + MIMV                                                      (2) 
 
 
                                     Output = Overall Investment – Waste = PIMV + MIMV – PWMV – MWMV                     (3) 
 
Therefore:    
 
                                                      Output = (PIMV – PWMV) + (MIMV – MWMV)                                                (4) 
 

 Process
Input 

Material 
(MIMV) 

Output 
(PRMV + MRMV)

Waste
(PWMV + MWMV)

Input
Resources 
(PIMV) 
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Substituting equations (2) and (4) in the ORE formula (1): 
 
 
                                                   ORE = (PIMV – PWMV) + (MIMV – MWMV)                                                      (5) 
                                                                                    PIMV + MIMV 
 
 

Since the most important wastes generated in manufacturing processes are due to problems in the availability and 
performance of the resources utilized to run them as well as the quality obtained from them, the concept TCPI – 
TCPW can also be computed as follow: 
 
                                                                  PIMV – PWMV = (OEE) (PIMV)                                                            (6) 
 
In the case of the TCMI – TCMW concept shown in formula (4), it can also be computed as follow: 
 
 
                                                                   MIMV – MWMV = (M) (MIMV)                                                            (7) 
 

Finally, using and substituting in the ORE equation (5) the equivalences of PIMV – PWMV and MIMV – 
MWMV presented in formulas (6) and (7) respectively, the ORE formula proposed is represented by the next 
equation as follows: 
 
 
                          ORE = (OEE) (Process input monitoring value) + (M) (Material input monitoring value)              (8)   
                                                   Process input monitoring value + Material input monitoring value 
 
 
If the M element is substituted in formula (8), it is reduced to the next equation: 
 
 
                           ORE = (OEE) (Process input monitoring value) + (Material recovered monitoring value)             (9)  
                                                      Process input monitoring value+ Material input monitoring value  
 

3.2. ORE CONCEPTS DEFINITION  

The Material Efficiency (M) concept evaluates how efficiently the raw material, in a manufacturing process, is 
used. The Material Efficiency (M) and the traditional Quality (Q) rates evaluate a manufacturing process based on 
the relationship output/input. However, their main difference is that while Quality (Q) is a unit-based measure, the 
Material Efficiency (M) concept is a cost-based one. The cost-based measure was chosen, over other types of 
measurement units such as weight or volume, as the most suitable to evaluate the Material Efficiency because of its 
ability to take into account and translate all the elements and different raw materials used in a process into just one 
common overall element. Therefore, the cost-based characteristic of the Material Efficiency calculation allows this 
concept to make a more complete evaluation of the material utilization than the Quality rate and thus, to capture the 
material losses, such as overfilling or overweight, ignored by this concept, see Reyes [3]. M is calculated as 
followed: 

 
                                                    M = Material recovered monitoring value   x 100 %                                            (10)                             
                                                                Material input monitoring value 
 
                                                                                       or 
 
                           M =  Material input monitoring value – Material wasted monitoring value  x 100 %                   (11)     
                                                                       Material input monitoring value 
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The Material input monitoring value (MIMV) and Process input monitoring value (PIMV) concepts can be 
defined, respectively, as the total amount of money invested in raw material and the resources needed to run a 
process. In the case of the Material recovered monitoring value (MRMV), it can be defined as the amount of money 
recovered in the form of material, accepted and/or recycled, after it has been introduced and processed in the system. 
It is calculated as follow: 

 
                            MRMV = Material input monitoring value – Material wasted monitoring value                  (12) 

 
 

Process recovered monitoring value (PRMV) refers to the amount of money or investment recovered in process 
(output), which is obtained from and it is in function of the number of units produced and accepted. It is calculated 
using the next formula: 

 
                             PRMV = Process input monitoring value – Process wasted monitoring value                     (13) 

 
 

Finally, the material and process wasted monitoring values consider the total amount of money lost in the forms 
of material and process. In the case of MVMV, it includes all forms of material rejected that were not recycled as 
well as material losses such as overfilling and/or overweight, whereas PWMV accounts for the total amount of 
money lost in resources (process) for problems in availability, performance and quality issues. These concepts are 
calculated as follow: 

 
                              MWMV = Material input monitoring value – Material recovered monitoring value                (14) 
 

and 
 

                               PWMV = Process input monitoring value – Process recovered monitoring value                   (15) 

4. ORE INVESTIGATION – CASE STUDY 

This section presents the practical application of ORE through a case study. The case study was carried out with 
the support and collaboration of a local company located in Northamptonshire, UK. Tigdene Homes Ltd is the 
Europe’s leading Park Home Manufacturer and also producer of UPVC windows, doors and conservatories as well 
as designer and manufacturer of low cost accommodation units for the UK and overseas. The company employs 
about 320 people and it has an annual turnover of 25 million GBP. 

The case study consisted in applying the ORE approach to monitor the effectiveness of the Tingdene’s 
production process. However, since the whole manufactured park homes process is extensive and complex and as 
part of an initial investigation, the case study was limited to investigate the application of ORE in just one section of 
the process, the floor assembly. The assembly of the floor is the initial stage in the whole process to manufacture a 
park home, and since it is done manually using carpentering principles, it is labour intense. The floor assembly 
department is composed of four operators directly involved in the process, and one supervisor in charge of the group 
and general operation of the area. Although the floor assembly process consists of more tasks, it can be summarized 
through the illustration presented in figure 2.  

4.1. PERFORMANCE FACTORS DEFINITION, COLLECTION AND MEASURES CALCULATIONS  

In order to start the ORE measurement process, the data needed to calculate this approach was collected for a 
period of one week, which in labour terms refer to four days of work or 2200 min (excluding breaks). The 
performance factors needed to calculate the Overall Resource Effectiveness (ORE) of the floor assembly section are 
described below and the measures collected for every one of them are presented in table 1. Factors 1 to 5 and 8 were 
collected directly from the shop-floor, whereas 6 and 7 were obtained, respectively, from the HR and materials costs 
data bases.  
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Figure 2: Illustration of the process followed to assembly floors 

Factor 1. Planned production time  
This is the effective planned time dedicated to production, which was calculated considering the whole working shift 
(600min) less any planned downtime. In this case, the only planned downtime recorded was that of the official 
breaks given to the production workers (50min).  

Factor 2. Unplanned downtime 
The unplanned downtime factor indicates the time that the floor assembly process was stopped due to sporadic 
disturbances that may have occurred as a large deviation from the normal operating state (e.g. lack of material or 
labour, quality or technical inquiries, non-planned production meetings, etc.).  

Factor 3. Ideal cycle time 
This is the ideal standard time, defined by the production department, required to assembly a floor. Although the 
floors manufactured are of different sizes, which have an impact on the production cycle time, these differences in 
production time are minimal. Therefore, the ideal cycle time is considered to be the same for any type of floor.   

Factor 4. Defects  
This factor indicates the number of finished floors that have been inspected, rejected and therefore reworked, due to 
they did not conform to the quality specifications.  

Factor 5. Production  
It refers to the number of floors produced, inspected and that have conformed to the quality specifications required.  

Factor 6. Labour 
This factor indicates the number of people employed in the assembly of the floor during a determined period of time 
as well as the equivalent economic investment made to run the process. Since the manufacture of the floor is labour 
intense, this factor is considered to be the main production or process cost, which can vary considerably depending 
on the labour availability and department requirements.   

Factor 7. Cost of material 
This is the cost involved in the material used to manufacture a floor. It includes all types of materials such as timber 
bearers, insulation, boards, screws, etc. and it can vary depending on the size and type of the floor manufactured.  

Factor 8. Cost of material scrapped 
This is the cost incurred due to raw material damaged in process. 

1. Bring and set metal 
chassis

2. Set and fix timber 
bearers to chassis

3. Cutting bearers for 
plumbing tubes 

4. Floor insulation 
setting 

5. Floor panels set and 
marked
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Table 1: Factors with impact on the ORE of the floor assembly department  

Factor Day 1 2 3 4 
1 Planned production time (min) 550 550 550 550 
2 Unplanned downtime (min) 0 0 0 0 
3 Ideal cycle time (min/unit) 60 60 60 60 
4 Defects (units) 0 0 0 0 
5 Production (units) 8 6 8 6 

 

1Availability (%) 
2Performance (%) 
3Quality (%) 
OEE (A x P x Q) 

100 
87.27 
100 

87.27 

100 
65.45 
100 

65.45 

100 
87.27 
100 

87.27 

100 
65.45 
100 

65.45 
5 4 5 4 6 Labour 

Labour cost (£/shift) 2209.2 1673.9 2093.3 1743 
7 Cost of material (£/shift) 10460 6720 10540 7120 
8 Cost of material scrapped (£/shift) 98 200 120 67 

 Material Efficiency (%) 
ORE (%) 

99.06 
97.00 

97.02 
90.72 

98.86 
96.93 

99.05 
92.44 

4.2. RESULTS ANALYSIS AND INTERPRETATION 

4.2.1. OVERALL EQUIPMENT EFFECTIVENESS (OEE) 

The data collection and calculation of the different measures presented in table 1 show that the OEE elements 
Availability and Quality are not appropriate measures of performance for this type of process. The Availability rate 
measures the total time that the system is not operating because of breakdowns, set-up, and adjustment, and other 
stoppages [4]. In this case, the Availability rate was not affected, see table 1, due to the nature of the process and 
working approach of the floor assembly department. Since this process is totally manual, it can only be completely 
interrupted by the lack of all workers and some specific materials (e.g. even with a shortage of personnel and some 
materials the process can be performed at a lower rate, which in this case it would be reflected through the 
Performance concept). Therefore, a very significant deviation from the normal operating state must occur in order to 
be considered as unplanned downtime.  

On the other hand, the Nakajima’s [1] Quality rate indicates the proportion of defective production to the total 
production volume. However, because of the manual and low speed nature of the floor assembly process, which 
gives the opportunity of detecting and correcting any possible problem before it occurs, the Quality rate of OEE 
might not be considered as an appropriate measure of performance for this process too. Thus, in this specific 
application no defects were found, see table 1. Finally, the Performance rate of OEE measures the radio of actual 
operating speed of equipment (e.g. the ideal speed minus speed losses, minor stoppages and idling) and the ideal 
speed [4]. The Performance rate was the only OEE concept considered as an appropriate measure of performance for 
this particular process. In this case, it was able to capture the differences between the ideal and real cycle time at 
which the process operated, which was greater when the labour personnel was reduced (e.g. days 2 and 4) due to 
absenteeism problems.  

4.2.2. OVERALL RESOURCE EFFECTIVENESS (ORE) 

The measure of performance made by OEE in this particular process proved what some authors have suggested 
regarding the inability of this approach to be used in manual processes, see Nord and Johansson [5]. However, in the 
case of ORE, since it included and monitored the behaviour of other factors (e.g. process cost, material cost and 

                                                           
The overall effectiveness elements A, P and Q were calculated using the Nakajima’s [1] definition and formulas 
1 Availability (A) = Planned production time – Unplanned downtime / Planned production time  
2 Performance (P) = Production x Ideal Cycle time / Planned production time  
3 Quality (Q) = Production – Defects / Production   
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material efficiency usage), which constantly vary according to different operational situations in the floor assembly 
process, a more complete and reliable assessment of the performance of this area was achieved. Because of the 
characteristics of the process studied, the performance factors process cost, material cost and material efficiency 
usage, included by ORE, were found to be more significant to measure the performance of the floor assembly 
process than the traditional Availability and Quality rates of OEE.  

As it was mentioned before, since the floor assembly is done manually, the main process cost was considered to 
be labour. Furthermore, this process cost constantly varies depending on labour availability and requirements of the 
floor assembly and other production departments within the organisation. On the other hand, although the cost of 
material is fixed, the size, type and quantity of floors produced make this cost to vary from shift to shift.  

In this particular case study, the ORE measure indicates, for example, that although the process cost (investment 
in labour) was greater in the first day, the amount of production obtained (8 units) and the efficiency usage of the 
raw material utilized helped to recover 97% of the overall resources invested to run the process, see table 1. In the 
same way, the percentage of overall resources recovered in days two, three and four were 90.72, 96.93 and 92.44 
respectively. Furthermore, the ORE measure also highlights the importance of having the full production personnel 
available. As can be seen in table 1, in days 2 and 4 the floor assembly department was short of labour, which 
affected the process cycle time and number of units produced. Therefore, although the process cost was reduced 
(labour) in those days, the relationship of this factor and units produced had a negative effect on the overall 
investment of resources recovered.  

5. SUMMARY AND DISCUSSION OF FINDING 

This paper has presented the development, investigation and application of an improved approach, ORE, for the 
measure of the manufacturing effectiveness. The integration of the factors process cost, material cost and the 
material efficiency usage, through ORE, has been able to make the overall effectiveness measure more complete, 
achievable and meaningful. In operational terms, these three elements were shown to be more significant measures 
of performance, for the type of process studied, than the elements A and Q of OEE. Furthermore, in practical terms, 
the case study revealed that the elements required for the calculation of ORE are easily available and collectable, 
which makes this approach an attractive alternative for the measure of manufacturing performance. On the other 
hand, this paper has also demonstrated that OEE is not an appropriate measure of performance for certain processes, 
in this case, manual and low speed rate processes, which makes this approach insufficient on its own as a 
performance indicator or improvement driver for processes of this type. Finally, in the case of ORE, although a more 
extensive investigation would be suggested to study the applicability range of this approach, the characteristics of 
this measure may indicate its suitability to be used in a wider range of processes than OEE. 

Finally, this paper has exposed OEE as a limited and sometimes inappropriate measure of the manufacturing 
effectiveness when applied in processes with certain characteristics. However, by no means this paper has suggested 
the OEE’s “death” or complete disuse. Reported cases in literature have demonstrated the successful use of OEE as 
well as its value and suitability as a performance measure when applied in some environments. For example, (1) 
high volume processes where capacity utilization is a high priority and stoppages or disruptions are expensive in 
terms of the capacity lost or, (2) processes where the labour and raw material cost are negligible (e.g. power 
generation plants). Therefore, this work must be consider as an opportunity to demonstrate Production or Process 
Managers that the system used to measure the performance for their processes must be selected according to the 
specific characteristics of each process.  
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ABSTRACT 

In this paper a candidate list strategy for neighborhood based iterative search methods in the area of circuit 
based problems is developed. In problems like different versions of TSP and VRP, when the neighboring solutions 
of the current solution are too many to be explored, neighborhood based search methods do not work well. 
Candidate list strategy is a wise way to select a small percentage of the neighboring solutions to be passed to the 
search algorithm. Based on a logical rule, the strategy eliminates most of the neighborhood solutions which are 
probably of no good quality. In this paper a candidate list strategy for circuit based problems, especially large 
TSP’s, is presented and tested to be contained within Tabu search or any typical neighborhood based 
metaheuristic. The strategy is dynamic and makes use of the fact that large edges are not likely to be in the 
optimal tour. In fact, our method is an extension to the well known granular Tabu search- GTS- method 
originally developed for the VRP. Experiments show that the strategy makes the search faster while it does not 
have a significant effect on the quality of the best solution found. 

 
 

1. INTRODUCTION 

Neighborhood based search techniques, like Tabu search, simulated annealing and the local search family, work 
by moving from an incumbent solution to another one in each iteration. It is obvious that the solution they move to 
will be the incumbent solution in next iteration. In this moving along the solution space, search techniques follow 
three different policies; first improvement, best improvement and random choice. In first improvement policy, while 
searching the neighborhood of the incumbent solution, as soon as a solution better than the incumbent solution is 
found, the move is applied and next iteration begins. In best improvement strategy the neighborhood is tested and 
the best one is chosen. In random strategies usually one of the k best neighboring solutions is randomly chosen. A 
good example of this policy is the well-known metaheuristic framework “GRASP”. 

Apart from the policy of movement in solution space, if the number of solutions around the incumbent solution 
is large, the search technique tends to not work well in terms of time and quality. Candidate list strategy is a 
screening method that wisely forms a list of some of neighboring solutions of the incumbent solution to which the 
search is allowed to move. In other words the list is supposed to consist of probably good moves (solutions) and the 
remaining moves (solutions) are not contained in the search process. In this way instead of considering all the 
neighboring solutions of the incumbent solution only those in the candidate list are tested to move to. More 
information on candidate list strategy can be found in [4].   

Circuit based problems are the class of problems related to graph theory in which a special structure (a path, 
walk, …) is to be found in a given graph/mixed graph that satisfies some constraints and optimizes an objective 
function. This class of problems appear in areas like manufacturing, supply chain, routing etc. Good examples of 
circuit based problems are traveling salesman problem (TSP), vehicle routing problem (VRP), Chinese postman 
problem and etc. For instance, in traveling salesman problem the above mentioned structure is a hamiltonian cycle, 
the constraints roughly specify that each node should be visited exactly once and the target function to be minimized 
is the sum of arc lengths in the cycle. 

                                                           
*Corresponding author: Tel. : (+98) 2166413034; fax: (+98) 2166413025;  E-mail: fatemi@aut.ac.ir  
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TSP is a very famous NP-complete problem that is usually used to show the effectiveness of search techniques. 
In TSP each node of the graph represents a city and a  virtual salesman is supposed to begin from one arbitrary city 
and visit all the other cities only once and return to the first city. The target is minimization of the tour length that 
salesman traverses. As expected, some instances of candidate list strategy have been applied to TSP because usually 
large neighborhood is a characteristic of it. In this work TSP is used to test the effectiveness of our candidate list 
strategy.  

All neighborhood based techniques for TSP are inspired by one of the two approaches; k-opt approach and 
ejection chain. The latter could roughly be seen as a candidate list strategy [2]. K-opt approach is the heart of the 
very famous LK technique [10]. 

A tour in TSP is said to be k-optimal (or simply −k opt) if it is impossible to obtain a shorter tour by replacing 
any k of its links (arcs constructing it) by any other set of k links. Obviously if a tour is −k opt it is −′k opt where 

kk ≤′≤2  [9]. The act of such an exchange could be seen as a way to explore the solution space and may be called 
a −k opt move. A local search that explores the solution space by means of −k opt moves is also called a −k opt 
local search. An example of a 2-opt move is demonstrated in Figure 1. In a −k opt local search the complexity is of 
the )( knO where n is the number of nodes. k itself is an issue and 32ork =  is very common. In reference [1] k=4,5 
is considered. Here we use k=2 for simplicity. However as n grows the effectiveness of any algorithm using −k opt 
local search decreases. That is simply because even for a medium-sized TSP, in a arbitrary incumbent solution in 
each iteration, the number of −k opt moves is quite large. This means that the number of solutions to be tested to 
move to is large and hence using a candidate list is justified.  

Our candidate list strategy is based on the fact that long arcs are not so probable to be in the optimal tour or even 
good tours. This is the same idea that is used in GTS [15] which is a Tabu search framework for the VRP. 

 
 
 
 
 
 
 
 

 

 

 

Figure 1: A typical 2-opt move 

 

2. LITERATURE 

The first LK method devised by Lin and Kernigan had a simple candidate list strategy; for each node only the 
five shortest arcs containing that node were admissible to be used in the exchange process of the −k opt moves [10]. 
Hence the complexity is O(5n) and the algorithm is much more faster but this comes in a price; what if one (or 
more) of the arcs of the optimal tour is not that small to be considered in the search process. In reference [8] another 
application of LK  is developed that uses the 20 shortest arcs. The method led to better solution quality but more 
time consumption. 

Another famous and more complicated approach to form candidate lists for TSP is to use the relation between 
minimum spanning tree and TSP [6,7,9,14]. The idea used in [9]  suggests that usually there is a significant 
sameness between the arcs in optimal minimum spanning tree and the optimal tour of TSP. Based on this a special 
structure called a 1-tree is defined which is shown to contain 70 to 80 percent of the arcs of the optimal tour. After 
forming  a 1-tree structure for the graph of the problem, a measure for all the arcs which are not in the 1-tree is 
developed that shows the relative cost imposed if that arc is contained in the 1-tree. The measure is called α-nearness 
and is assumed to be zero for the arcs making the original 1-tree. α -nearness is then used to screen the arcs for the 
candidate list.  
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Another approach based on Delaunay graph is used to form a candidate list [12,13]. Delaunay graph is joint and 
could be obtained in O(n). A disadvantage of this approach, however, is that candidate lists can only be computed 
for geometric problem instances. In contrast, the α -nearness approach is applicable in general. 

A rather new approach that can roughly be seen as candidate list strategy, or at least may contain such a list, is 
the concept of ejection chain. Ejection chain procedures are based on the notion of generating  compound sequences 
of moves, leading from one solution to another, by  linked steps in which changes in selected elements cause other 
elements  to be "ejected from" their current state, position or value assignment.  In the context of  the relation between 
TSP and ejection chain approach  one can refer to [2,5]. 

GTS is a Tabu search framework devised by Toth and Vigo for the VRP [15]. GTS states that only arcs the 
lengths of which are less than a special threshold should be contained in the search. If v is the threshold and c  is the 
average length of the arcs in a VRP solution found by a fast method then  

 

)1(cv β=  

 

where β  is a tuning parameter that is randomly chosen from  [ ]0.2,0.1 . Authors expressed that only 10 to 20 percent 
of the arcs satisfy equation 1 and this leads to a very fast, yet good, search technique.  

The same idea with a variableβ  for each node is used in [3]. The method was tested to be contained within a 2-
opt local search. Here we develop the method so that it may potentially be used within any iterative framework, like 
metaheuristics, that uses a local search. 

3. DYNAMIC CANDIDATE LIST STRATEGY  

Figure 2 is the optimal solution of a TSP with 532 nodes that has been obtained by Concorde 1.1 software 
package. The solution is optimal according to what is reported in [11]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Optimal solution of att532 problem from TSP lib [16]   

 

In the figure two nodes have been highlighted; node 1 and node 2.  Node 1 is a typical node that has a lower 
density of nodes around it and node 2 is in the opposite situation. If we consider a solution of TSP as a sequence of 
nodes, then we might say that changing the sequence around node 1 is likely to alter the tour length more than 
changing the sequence around node 2. To be more precise assume G(V,E) is the graph of a TSP where V is the set of 
nodes and E is the set of arcs. Also consider nV =  and (i,j) to be the arc between nodes i and j and ( )ji,  to be the 
length of that arc. Now for each node a parameter iβ  should be defined like the one in GTS (equation 1). It seems 

Node 1 
Node 2
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rational if  iβ  is greater for nodes like node 1 in Figure 2 (in comparison with nodes like node 2). Hence first a 
measure to distinguish between nodes according to the density around them is needed; 

 

( ){ } )2(cj,i|VjRi ≤∈=
 

 

where c  is the average length of the arcs in the tour found by a fast method like nearest neighbor. In this way one 
can define: 
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which implies that  0.5 1.5iβ≤ ≤  

Now our dynamic candidate list strategy  to be contained within a metaheuristic (Tabu search) is as follows: 

1. Solve the problem by nearest neighbor method and calculate c . Get α and I . Let 0x =  and 0m =  

2. n,..,2,1i =∀  let ( ){ }cj,i|VjRi ≤∈=  and 
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ix  

4. n,..,2,1i =∀  let cv ii β=  

5. IF n2x <  apply the search method (Tabu search) for Max_Iter iterations with respect to the values of 
iv ’s obtained in 4. In each iteration, if no improvement is observed, let 1mm += . If after I 

consecutive iterations no improvement is observed go to 6  

ELSE stop 

6. IF  m = I  go to 7 

 ELSE go to 8 
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ix , m = 0 and go to 4 

8. n,..,2,1i =∀  5.0
)Rmax(

R

i

i
i +=β , ∑

=

β=
n

1i
ix , and go to 4 

 

In the above algorithm, Max_Iter is the maximum number of iterations that Tabu search is run and α  is the step 
of increasing iβ  . First iβ  is set to a number less than or equal 1.5 for all nodes and, like what Toth and Vigo did, it 
increases up to 2 in the search process. I is the maximum admissible number of iterations where no improvement is 
observed before iβ ’s are increased. m is a variable that is used to control parameter I. In the algorithm iβ  is 
alternatively increased and decreased to make the search faster or to escape local optimality. This is the dynamicity 
facet of the method. 

 

4. TABU SEARCH FRAMEWORK  

 In our research a very general Tabu search framework is used. Each arc that is added to the tour in iteration k 
can not be removed before iteration k + Tabu_tenure_rem and each arc that is removed from the tour in iteration k 
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can not be added before iteration k+ Tabu_tenure_add. Tabu_tenure_rem and Tabu_tenure_add are the Tabu tenures 
which are the number of iterations that a move (adding or removing an arc) is forbidden after it (the move) is done. 
It is more reasonable to choose the two Tabu tenures randomly from an interval than to use fix values. 

Consider that AIAij and AIRij are the admissible iterations that (i,j) can be respectively added to or removed from 
the incumbent tour. Then if (i,j) is added to incumbent tour in iteration k  we let: 

 

AIRij = k+ Tabu_tenure_rem                                                                                                                             (4) 

 

And if (i,j) is removed from incumbent tour in iteration k  we let: 

 

AIAij = k+ Tabu_tenure_add                                                                                                                             (5) 

 

It is obvious that (i,j) can be added to incumbent tour in iteration k if AIAij ≥ k and (i,j) can be removed from 
incumbent tour in iteration k if AIRij ≥ k 

 

5. NUMERICAL EXPERIMENTS  

 In order to show the effectiveness of our candidate list strategy we have solved 5 rather large standard problems 
from TSP lib. Table 1 contains the results with using the strategy and without using it. A 2-opt local search has been 
used in the Tabu search framework where Max_Iter=2× n and both Tabu tenures are randomly chosen from the 
interval [(Max_Iter/10)-10, (Max_Iter/10)+10].  

For the candidate list strategy α is set to be 0.1 and we found it convenient to let I=[ ]Max_Iter/10 . The whole 
search technique was programmed under visual basic and run on a computer with an AMD Sempron 1800 MH CPU 
with one gigabyte of RAM.  

As it is seen in Table 1, candidate list strategy, when used within a simple Tabu search framework, reduces the 

running time of the search while it has a slight effect on the quality. Quality of the solution could be improved, any 
how, by using a more complex search procedure. For instance a metaheuristic that uses a 3-opt or 4-opt local search 
and makes use of long-term memory issues may be used to assure better solutions. But the candidate list strategy, 
even when used within more complex frameworks and for larger problems, seems to have significant effect on the 
running time. 

Table 1: :Summary of results with using the candidate list strategy and without using it 

Results of Tabu search with 
the candidate list strategy 

Results of Tabu search without 
the candidate list strategy 

Tour length Time (seconds) Tour length Time (seconds) 

n Problem 

43704 20 43704 27 318 lin318 

54328 47 54328 72 442 pcb442 

228420 358 228396 420 1060 u1060 

382008 608 381282 719 2392 pr2392 

28218 123 28105 156 532 att532 
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 Further research in this area can be centred on using the approach of this paper within more accurate and 
neighborhood search techniques. Also more complex ways of adjusting values of iβ 's can lead to more reduction of 
total running time. 
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ABSTRACT 

Production planning and control in manufacturing systems covers several aspects, at different hierarchical 
levels, including decisions on production and inventory quantities, resource acquisition, production allocation 
and sequencing. We present a DSS (Decision Support System) being developed to provide production managers 
with an effective tool to allocate production plants as well as schedule orders over time in order to fulfill both 
customers satisfaction and technological requirements. The DSS is a software package based on mathematical 
programming and heuristic algorithms. We introduce a framework for the introduction of several kinds of 
constraints and objectives that characterize such production planning problems. The evaluation of the DSS on 
actual case studies is presented in the paper, along with hints for future improvements and investigations. 

1. INTRODUCTION 

Production planning and control in manufacturing systems cover several aspects, at different hierarchical levels, 
including decisions on production and inventory quantities, resource acquisition, production allocation and 
sequencing. Consequently, different and often contrasting objectives can be pursued; as well as several constraints 
may need to be considered. In this paper, we address the case of a manufacturing company with production sites 
spread on a global scale: once a set of orders is given, each characterized by a certain due date, they must be 
allocated to the production sites and scheduled over time in order to fulfill both customer satisfaction and 
technological requirements. We present a DSS (Decision Support System) being developed to provide production 
managers with an effective tool for this task. The DSS is a software package based on mathematical programming 
models defined and solved within a user customizable decision framework. Customer satisfaction aspects include 
two main issues: respect of the agreed due dates and quality level requirements. The decision system considers the 
former as a strict constraint, while the latter translates into a set of production sites approved by each customer. 
Hence, not all production orders can be manufactured in any site. Furthermore, there might be a preference level 
among the sites allowed for a given order. On the other hand, technological requirements are related to production 
and logistic-related issues, such as the opportunity to group similar products in a same production site as well as 
optimize the usage of resources and materials available at each site. 

Decision support methods have been developed in the literature over the last years to address the ever-growing 
need for enterprises to manage worldwide spread activities. Supply chain planning involves several aspects at 
different hierarchical levels; they have been classified, among the others, in [1] as: strategy, major resources 
capacity planning, tactical production planning, scheduling, execution and feedback. This work addresses tactical 
production planning and scheduling issues. Trial-and-error approaches are often adopted in this area, as described in 
detail in [2]. Mathematical programming techniques in general and linear programming in particular have been 
widely used for production planning issues since the 1960s, see [3] for instance. Since from those early years, 
however, it appeared clear how managing the whole production as a single, monolithic problem was not an efficient 
solution to realize effective decision support systems. In [4], for instance, the problem was already divided into three 
different levels: strategic planning, management control and operations control. Linear programming-based 
production planning tools typically operate at a higher, aggregate production level. In order to address production-
planning problems at a deeper detail, integer and, often, binary variables need to be introduced into the mathematical 
model. This leads to more complex models such as the ones described in [5]. 

                                                             
* Corresponding author: Tel: +39 0832 297806; E-mail: pierpaolo.caricato@unile.it 
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Several approaches exist to decision-making and DSSs can be adapted to various domains. Hence, a DSS can be 
defined and developed following different approaches. According to [6], a DSS is simply “a computer-based system 
that aids the process of decision making”; in more precise terms, [7] defines a DSS as “an interactive, flexible, and 
adaptable computer-based information system, especially developed for supporting the solution of a non-structured 
management problem for improved decision making. It utilizes data, provides an easy-to-use interface, and allows 
for the decision maker's own insights”. We designed a DSS that is intended to help the decision maker take his 
decisions using results coming from data analysis and mathematical programming-based optimization procedures. 
The DSS is being tested on actual case studies and promising results are presented in the paper, along with hints for 
future improvements and investigations. 

2. PROBLEM STATEMENT 

Production planning plays an extremely important role in the management of any manufacturing firm. This is 
especially true when the production activities do not take place in a single factory but they are extended on a global 
scale: in this case, production planning can involve a great part of the whole supply chain. In this paper, we consider 
the case of a business that has its headquarters in West-Europe or United States, while most of its production is 
conducted in other parts of the world, such as East Asia, Latin America and East Europe. This situation is one of the 
most common in manufacturing industries, due to several economical and logistic aspects, such as labor costs and 
transportation issues.  

Considering a European manufacturing company, for instance, the customers may be spread all over the world, 
but they are usually concentrated in Western Europe and North-America; some likely exceptions may include 
countries such as Japan, Australia and rich places such as Middle-East Emirates or Chinese main cities. Such a 
scenario usually leads the company to activate production plants in different strategic places that can provide 
reduced production and transportation costs. For instance, both North-American customers and Chinese and 
Australian customers may be effectively served by a production plant in East Asia while European customers may 
be more conveniently served by production plants in East-Europe. The main issues to be considered while planning 
the production worldwide are the customer service level and production/transportation aspects. Both aspects are 
often in contrast, so a trade-off is usually needed. Customer service issues usually include the respect of commonly 
agreed due dates and quality requirements. Production and transportation issues are mainly related to labor costs, 
raw materials provisioning and transportation costs. 

The due dates are usually agreed between the commercial division of the company and the customer representatives. 
Obviously, respecting all due dates would be a perfect objective realization, but this is not always possible. Hence, a 
realistic objective to be achieved is the minimization of orders that are not shipped in time. A more sophisticated 
objective may also include a weight for each order, differentiating orders according to company strategic needs: for 
instance, the company might have special agreements with some customers, needing to privilege the respect of due 
dates for their orders. Quality issues involved in production planning are typically related to certifications obtained 
by some specific production plants. Such certifications may be released by standard certification institutes or, in the 
case of major customers, by the customers themselves. Hence, some products might be obliged to be produced only 
in specific plants. The optimization of production aspects is usually related to the possibility of grouping the 
manufacture of similar products in the same plant in order to achieve a better efficiency; this can also lead to better 
furnishing possibilities, concentrating the demand for raw materials in common among similar orders. 
Transportation efficiency can be achieved by an effective allocation of products manufacture to production plants. 
This involves the whole supply chain, both upwards and downwards, since an effective allocation can lead 
conspicuous savings both in raw materials furnishing and in terms of shipment costs. 

The task of the proposed production planning procedure is to select a subset of the portfolio of confirmed orders, to 
decide the plants where the required processing operations will be executed and to schedule their execution over 
time. The planning will pursue the twofold objective of optimizing the actual shipment dates in accordance with the 
due dates confirmed to the customers as well as optimizing production costs related to production and transportation 
issues. In particular, technological aspects such as certifications of plants and the ability to perform special 
operations will act as constraints in the planning, along with plants saturation in each division and case-specific 
constraints defined by the user. 
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3. MATHEMATICAL PROGRAMMING APPROACH 

The production-planning problem is defined on a relatively wide time horizon, such as a week or a month, 
planning all the orders to be produced in this interval. The width of this time range is related to the time by which 
the orders are available before they need to be planned or, in case the production is based on sales forecasts, on the 
width of the forecasts. This changes from company to company and is influenced by many factors, such as the cycle 
time needed to manufacture a new product, the typical composition of the orders portfolio, the marketing strategy 
adopted by the firm etc. Supposing that the production plan involves all the orders to be manufactured during a 
week, the orders will then need to be scheduled on a shorter horizon, such as a day. The procedure adopted to solve 
the overall production-planning problem is based on a multi-stage approach using mathematical programming 
models at each stage. Specifically, the problem is addressed in the following stages: 

1. selection of orders to be served according to customer service related aspects; 

2. allocation of orders to plants based on user-defined rules; 

3. sequencing of orders within a plant considering both customer service and technological issues. 

3.1. SELECTION 

The first step can be modeled as a subset selection binary problem in which each order is associated with a 
binary decision variable indicating whether the order is to be included or not in the following steps. Plants divisions 
saturation constraints specified by the user (see section 4) are considered at this stage, in order to be sure not to 
include orders that would exceed the overall plants capacity for each operation. Furthermore, if lower limits on 
saturation for some operations are defined, considering them ensures that the selected orders will require such 
operations in an appropriate amount. The objective is to select the widest possible subset of orders, while 
considering as well constraints on forced or forbad assignments produced by user-defined rules (see section 4). The 
first step model is iteratively solved on growing subsets of the orders portfolio, starting with highest priority orders. 
At each iteration, the orders selected in the previous iterations are forced to be selected. The priority of each order is 
calculated in accordance with its due date as well as with other priority measures defined by the user. 

The orders are grouped into sets of orders characterized by the same priority level. The due date agreed with the 
customer, along with other aspects, can be used to define the priority level of an order. The objective at this stage is 
to maximize the number of orders that are selected, hence: 

€ 

max xij
i∈I , j∈J
∑  (1) 

where, the binary variables are defined over both the orders I and the plants J. No ultimate assignment is done at 
this stage, but both i and j are required to be able to express constraints the user might have included, forcing some 
orders to be assigned to a specific plant or to forbid them from being assigned to other plants. In this case, let IR be a 
set of orders defined by a rule, while JR is a set of plants defined by the same rule. If the rule forces the assignments, 
then the model will include the following constraint: 

€ 

∀i ∈ IR ,∀j ∉ JR : xij = 0 (2) 

while, if the rule forbids the assignments, then the model will include the following constraints: 

€ 

∀i ∈ IR ,∀j ∈ JR : xij = 0 (3) 

Finally, saturation rules are considered in the model, allowing the user to specify saturation constraints over 
groups of divisions. For instance, the user might prefer to provide an overall saturation constraint for all the 
divisions of a certain kind, regardless of where they are located, or provide plant specific limits. Each saturation rule 
introduced by the user translates into a set of constraints: the couples (j,k) of plants’ divisions considered by the rule 
define the set S used in the following constraints: 

€ 

∀ j,k( ) ∈ S : τ ik xij
i∈I
∑ ≥ tS  (4) 

€ 

∀ j,k( ) ∈ S : τ ik xij
i∈I
∑ ≤TS  (5) 
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where, τik is the processing time required by order i in the k-th operation, while [tS , TS] is the saturation interval 
defined by the user for the set S. One of the interval limits might be infinite: in that case, the related constraint would 
not be inserted in the model. 

It is worth noting that, at this stage, the allocation decisions are taken only in order to fulfill the saturation 
requirements the user might have introduced. How much this model is influenced by the saturation constraints 
depends on the granularity of such constraints. If the user only defines a single rule for each kind of division, 
regardless of the plants, then the model will be free enough to maximize its objective, leaving the fine balancing to 
the following step. On the contrary, if the rules are too fine-grained, then the model will be too constrained, the 
results will not be highly optimized and little ability will be left to the following step to balance the workload among 
plants’ divisions. 

3.2. ALLOCATION 

The second step considers the subset of the orders portfolio selected at the previous stage. Orders are assigned to 
production plants considering the user-defined rules, with the objective to optimize the workload on each plant's 
divisions. User-defined rules play here a main role, forcing assignments of orders to specific plants or forbidding 
them and defining minimum and/or maximum saturation levels for each plant's division. The objective is to meet the 
saturation requirements as much as possible, while the feasibility of the problem is guaranteed by the overall 
selection made at the previous step. The user might also introduce preference constraints (see section 4); in this case, 
two objectives are to be pursued: to optimize the plants’ divisions’ saturation and to meet the user’s preferences as 
much as possible. First, the saturation objective is pursued and then a limited worsening of the saturation level is 
accepted in order to achieve the preference objective. The first objective is expressed as follows: 

€ 

minδ  (6) 

€ 

δ ≥ 0  (7) 

€ 

∀ j,k( ) ∈ S : τ ik xij
i∈I
∑ ≥ tS −δ  (8) 

€ 

∀ j,k( ) ∈ S : τ ik xij
i∈I
∑ ≤TS +δ  (9) 

where the continuous non-negative variable δ is used to achieve the best possible saturation levels. The other 
variables and parameters have the same definitions given in section 3.2. If the user defines preference rules, it is 
possible to associate a non-negative score pij to every possible assignment. In this case, the second objective is 
expressed as: 

€ 

max pij xij
i∈I , j∈J
∑  (10) 

Forcing and forbidding rules that the user might have introduced are modeled using the (2) and (3) constraints as 
showed in section 3.2. Finally, all orders have to be assigned to exactly one plant, hence the following constraints 
are used: 

€ 

∀i ∈ I : xij
j∈J
∑ = 1  (11) 

3.3. SEQUENCING 

Finally, the third step schedules the manufacturing of the assigned orders. In the previous steps, all plants’ 
divisions’ saturation levels were specified for the overall period of the production planning problem, for instance a 
week. In the sequencing problem addressed in the third step of the proposed approach, a finer time grain is 
considered, e.g. a single day. Hence, the output of the third step is to define the higher detail time (e.g. the day) in 
which the processing of each order must be started, in the production plant assigned by the second step. The 
objective of the mathematical model used to produce the schedule is to balance the workload for each plant's 
division throughout the considered time horizon within each time unit considered. Hence, if the time horizon is a 
week and the scheduling time unit is a single day, the objective is to keep balanced the workload for each plant's 
division according to the overall workload required for the entire week. 
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The decision variables used in the mathematical model for this step are the binary variables xit, where i is the 
index that identifies an order while t is the detailed time unit considered for the scheduling (a day in the example 
given above). The orders I considered are the ones selected by the first step and allocated by the second step of the 
proposed approach. Each order, hence, has to be scheduled, as the following constraint expresses: 

€ 

∀i ∈ I : xit
t∈T
∑ = 1 (12) 

where, T is the set of time units considered by the problem. This could be, for instance, the working days in the 
week. If the user has defined some priorities among the orders, then some orders will have a preferred date by which 
the order must be started. Let us define Ip the set of orders for which a priority is defined and let us denote Ti the 
preferred date for order i. The following constraints will express the priority requirements: 

€ 

∀i ∈ I p : xit
t>Ti

∑ = 0  (13) 

In order to introduce the objective function, we need to define variables to quantify the surplus and slack in 
relation to the desired saturation levels. Let Δjkt be a continuous non-negative surplus variable that expresses the 
amount of processing time on operation k assigned to plant j in time t and, in analogy, let us define the slack variable 
δjkt. The model will then include the following constraints: 

€ 

∀ j,k( ) ∈ S,∀t ∈ T : α ijτ ik xit
i∈I
∑ ≤T S + Δ jkt  (14) 

€ 

∀ j,k( ) ∈ S,∀t ∈ T : α ijτ ik xit
i∈I
∑ ≥ t S −δ jkt  (15) 

where, Kj is the set of operations allowed in plant j, while αij is a binary parameter that states whether the order i 
is assigned to plant j or not. The definition of the other parameters is the same reported in section 3.1, with the only 
difference that the minimum and maximum saturation levels for the entire planning period are replaced by the same 
limits divided by the number of time units within a period, in order to achieve the balance among the time units (e.g. 
days) within the period (e.g. a week). The objective function is the optimization of the average saturation levels 
achieved with the sequencing, hence:  

€ 

min Δ jkt +δ jkt( )
j,k,t
∑  (16) 

4. THE DSS 

The purpose of this work is to provide the production planner with a DSS (Decision Support System) based on 
mathematical programming that allows a flexible modeling of the problem. A mathematical programming model 
needs to be defined for the specific needs of the considered firm, including both customer service and technological 
aspects. A main objective of this work is also, however, to define a general framework to allow a fine-tuning of the 
provided model for specific features that may already be known to the manager as well as for needs that may arise in 
the use of the DSS over the years. Much effort is done, therefore, in the attempt to give a general description of the 
typical aspects of production planning problems for firms that operate on a geographically distributed supply chain. 

The presented DSS is a software tool that includes several modules, each one dedicated to a specific task. Each 
module is written so that its behavior is entirely specified through its interface. The main modules are introduced 
below and analyzed in the following sections: 

 the UIM (User Interface Module) is the software tool used by the manager to control the DSS; 

 the RPM (Rules Parser Module) works as an interpreter between the UIM and the MPE; 

 the MPE (Mathematical Programming Engine) is the module in charge of dealing with the mathematical 
programming formulation of the problem presented in section 3. 

The main objective of the UIM is to guide the user through the definition of the production-planning problem 
that has to be solved. Rather than presenting the user with a set of constraints or objectives, that are typical of 
mathematical formulations, the proposed approach lets the user define some “general rules”, that are more 
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understandable and that mimic the terms and logical processes that are already used by managers when they solve 
such problems with traditional tools, such as spreadsheets. 

The user defines rules in order to specify which features to include in the production-planning problem. For 
instance, possible rules might be:  

 all orders to be shipped to the West Coast of the USA should preferably be produced in any of the 
production plants in China; 

 all orders of customer X must be produced in the production plant Y; 

 the overall production time assigned to production plant Y cannot exceed Z hours; 

 the main objective is to respect the given due dates; 

 as a secondary objective, the number of orders for part types that have never been processed before on the 
assigned plants should be minimized. 

In order to provide the user with a “wizard”, i.e. a guided interaction path, the definition of any rule has been 
decomposed into three steps in sequence: 

1. define the set of orders on which the rule operates; 

2. define the set of plants the rule specifies; 

3. determine the type of rule defined: “must”, “forbid”, “preference”, “saturation”, “priority”. 

A set of orders can be defined in several ways: an order might be selected for its due date, for its customer, for 
the part types it includes, for the raw materials it requires, for the shipment destination, etc. The most general way of 
defining a set of orders is to allow the user to filter them according to any of the data fields that characterize the 
order in the available database of orders. Defining a set of production plants can also be accomplished through many 
user-defined criteria: e.g. the geographic location, the certifications achieved, the locally available tools, the 
experience on specific processes, etc. In this case as well, the most general way of defining a set of plants is to allow 
a user-defined filter operating on any of the data fields that characterize the plants in the available database of 
orders. 

Specifying a “must” rule means requiring the specified set of orders to be assigned to the specified set of plants, 
while a “forbid” rule means the impossibility for the planning procedure to use the specified assignments. Defining a 
“preference” leads to the introduction of a user-specified hierarchy of like or dislike on the specified assignments. A 
“saturation” rule refers to the need to assign a certain amount of work to the specified plants. The orders selected for 
the plants can be chosen among the specified set of orders. Finally, the priority rules allow the user to privilege some 
orders to be served before other ones. 

The RPM (Rules Parser Module) has the task to translate the user-defined rules into constraints or objectives to 
be used by the mathematical programming engine. The way in which every kind of user-definable rule is treated is 
described in section 3. Once the rules have been used, along with problem data, to define the mathematical 
formulations of the sub-problems, these models are treated by the MPE. The mathematical programming engine is 
implemented as a software library in the Microsoft™ .NET C# language that interacts with ILOG CPLEX™ mixed 
integer linear programming solver. The engine goes through the steps needed to solve the problem and if it succeeds, 
it passes the output data to the user through the UIM. Otherwise, if the computation fails, due for instance to 
incompatible rules, it passes infeasibility details to the UIM, which translates them into user-friendly error messages. 

5. TEST CASE 

A firm that manufactures furniture items in Italy provides the test case. We developed a DSS that supports the 
logistic division in the aggregate planning of activities for production plants located both in Italy and in foreign 
countries (China, Romania and Brazil). The planning is conducted weekly over both real and forecasted orders and 
its task is to define the production plants that will manufacture each order, along with an EPD (End Production 
Date) for each order. The EDP is the date by which the order must be ready for shipment. The production week to be 
planned is at least one month after the planning process, according to the due date agreed with the customer. Hence, 
the number of orders among which to choose is typically larger than the overall available production capacity. 
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5.1. PREVIOUS APPROACH 

Prior to the introduction of the DSS, the planning was obtained through a complex series of procedures mainly 
based on the use of a spreadsheet. In particular, the first problem to be considered was the saturation of production 
plants. Due to the limitations of the spreadsheet approach, only one division for each plant was considered: the last 
division before shipment, i.e. the assembly and packing division. A rough estimate of the available capacity was 
considered for each plant and then batches of orders were assigned to the plants, considering assignment constraints 
related to two main aspects: the models previously assigned to each plant and customers' requirements for specific 
plants. The objective was the minimization of transportation costs and it was pursued through a series of rules to be 
considered during the assignment procedure, such as assigning orders to be shipped to the Pacific Coast of the USA 
to the production plants in China, while those to be shipped in the rest of the USA to the plant in Brazil. 

Once the orders had been assigned to production plants, the EPD was determined trying to balance the workload 
for the last division of each plant. The balancing process involved a manual assignment of EPD to the largest orders 
to roughly balance the workload over the days of the week, followed by a finer uniformity achieved scheduling the 
smaller orders. The scheduling was obtained using the spreadsheet application integrated with macros. 

Two main drawbacks of the previously adopted procedure can be pointed out: 

 the only processing times used during the procedure are the ones that characterize the last stage of the 
production cycle; 

 the set of possible solutions that are evaluated is hardly limited by a manual approach, that makes it 
impossible further insight. 

5.2. THE PROPOSED APPROACH 

We applied the proposed approach to real instances of the problem coming from the test case. The DSS was 
installed and used by the logistic division for two months, during which it was used in parallel with the previous 
approach. The aim of this parallel execution was to tune the DSS and to validate the effectiveness and applicability 
of the proposed approach to real world problems. As a result, the DSS was finely tuned, introducing all the 
constraints and objectives that were previously considered, and completed with other ones that could only be 
considered thanks to the mathematical programming approach and to the definition of general rules.  

The first step, described in section 3.2, allows the user to make a first selection of which orders to consider for 
the planning procedure. The orders are selected by a mathematical model according to their priorities, as determined 
by their due dates, in order to saturate the production capacity of each plant. The user can specify, through the user 
interface, orders that are to be forced in the planning as well as orders to be kept out of it. This feature gives a 
greater flexibility to the DSS, allowing to consider special needs that would make the mathematical model too 
complex to be solved in acceptable times. For instance, the user might be willing to exclude a specific order since 
the credit checks on it have suffered some delay. The model resulting from such pre-processing is generally more 
constrained and, hence, can be solved more easily. 

The results of the first step identify the set of orders that are to be assigned by the following step. A strong 
constraint assures that each order is assigned to exactly one plant. The user-defined rules are translated into 
constraints for the assignment model: for instance, both “must” and “forbid” rules are translated into forcing to zero 
the binary variables that denote an unfeasible assignment. If a “must” rule identifies a single feasible plant, there 
will also be binary variables forced to assume the value 1. The overall difference between the expected and the 
assigned workload for each plant's division is minimized. 

Finally, the third mathematical model is used to plan the EPD for each order. The user can include priority rules 
for this step, such as forcing one or more orders to specific dates as well as prioritizing some orders. A first 
simplified mathematical model is solved to verify if the priority rules can all be contemporarily fulfilled and to 
minimize the maximum unbalance among the plants' divisions’ workflows in the week. On the basis of such data, 
the user can modify the priority rules or launch the resolution of the complete mathematical model, which minimizes 
the average unbalance. 

5.3. COMPUTATIONAL RESULTS AND BENCHMARK 

The proposed work addresses a specific industrial production-planning problem, as it often happens when 
dealing with a complex, worldwide supply chain including production plants geographically spread. The specific 
features of the supply chain and of the main manufacturer makes it impossible to use production-planning tools 
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available in the literature, since they usually concentrate on general planning problems, investigating on models and 
methods to solve them. The proposed approach rather provides an actual tool to be used by the partnering firm in 
order to plan its production. Hence, we propose a benchmark with the planning procedure actually used in the firm 
prior to the introduction of the DSS. 

During the two months of testing, the DSS was used to devise 8 production weeks. The average number of 
orders available for the first phase was 14697. As a result of the selection conducted by the DSS first module, the 
average number of selected orders was 10538. Detailed data are reported in Table 1. The fourth column shows the 
saturation achieved with the proposed plan for the plants’ division that has achieved the smallest saturation. It is 
important to remark that, at this stage, the saturation of plants’ divisions is not an objective, but the model considers 
only constraints over saturation levels. The saturation levels for each plant’s division are optimized by the second 
step of the proposed approach. The fifth column shows the minimum saturation level after the execution of the 
second step. Finally, each week was sequenced in order to balance the workload among the weekdays for each plant 
division. The average saturation unbalance, expressed in terms of absolute percentage deviation versus the desired 
saturation levels, is reported in the sixth column. 

Table 1: Computational results 

Week Available orders Selected orders Min. Sat. Step 1 Min. Sat. Step 2 Avg. Unbalance 
W1 13371 9871 81,3% 85,2% 12,3% 
W2 12678 9907 83,6% 88,7% 11,4% 
W3 14582 10791 84,7% 90,2% 14,2% 
W4 14209 11171 81,2% 88,7% 9,94% 
W5 15098 10988 85,6% 90,0% 10,8% 
W6 15326 11022 84,8% 89,7% 11,2% 
W7 14988 10421 80,5% 89,5% 10,1% 
W8 17325 10134 86,3% 93,4% 13,3% 
AVERAGE 14697 10538 83,5% 89,4% 11,7% 

6. CONCLUSIONS AND FUTURE ISSUES 

This work presents an application of mathematical programming techniques, mixed integer linear programming 
in particular, to model and solve realistic production planning problems. Rather than trying to model the entire 
system with a single formulation, however, the proposed approach splits the problem into more manageable sub-
problems. Each sub-problem is modeled through mathematical programming and a comprehensive framework that 
coordinates the solution of the sub-problems is provided. Future work to be done includes a more detailed 
classification of the approach within the existing literature as well as a benchmark of the proposed approach versus 
other approaches available in the literature. 
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ABSTRACT 

In resent production environment, diversification of customer needs have prompted manufacturers to implement 
make-to-order production processes that treat multiple-items and small lot-size. In many factories under the 
production system, Flexible Flow Shop in which workers handle for operations and several workers work in each 
stage of shop line is introduced to produce mix products. Since workers possess different skills naturally, 
performances of parallel processes hold unbalance in each stage. In addition, job splitting and works of split jobs 
are introduced to complete products in a short lead time. Scheduling problem for Flexible Flow Shop including job 
splitting and parallel machines possessing different performances is dealt with in this study. The problem is 
required to be evaluated by using two objective functions: job tardiness and total number of change for successive 
different jobs on each machine. Aiming to resolve it as multi-objective scheduling problem, hybrid type of Genetic 
Algorithm is developed to search for Pareto solutions efficiently. The developed algorithm is based on 
Multi-Objective Genetic Algorithm (MOGA) and consists of two types of assignment controls: job assignment to 
machines and the number of unit works assigned to each machine. MOGA is adopted for control of job assignment 
to machines. Simplex method or MOGA is adopted for control of the number of unit works. The developed 
scheduling method is examined by using simple model and its performance is discussed on quality of Pareto 
solutions and computational time. 

1. INTRODUCTION 

Shortening of Product lifecycle and diversification of customer's needs cause that customers require manufacturing 
various products in short lead time. It is difficult for manufacturing departments to complete products until due-date 
required by customers. In order to reduce production lead time, many actual factories introduce multi-stage process line 
system and available parallel machines or workers in each stage.  Furthermore, job splitting and works' assignment to 
parallel machines or workers is adopted as strategy to shorten lead time for products. The process can be treated as 
Flexible Flow shop. Flexible Flow shop is flow shop floor where parallel machines are available at each stage in 
multi-stage production process [1]. Hereafter, this shop is called as 'FFS' in abbreviation. This strategy makes it 
possible to largely reduce lead time of every job when plural loads into which the job is divided are assigned into 
parallel machines or workers simultaneously.  

Recent production factories tend to assign successive several operations to single workers in a final assembly line 
for producing various types of products. The operation process in the factories tends to FFS involving job splitting and 
parallel workers who possess different performances. Scheduling problem for the process line can be treated as FFS 
scheduling problem involving job splitting and parallel machines which possess different performances. The 
scheduling problem is required to evaluate two types of criteria: job tardiness and sum of the number of change of 
operations between successive different jobs. The former is evaluated for satisfaction of customer requirement and the 
latter for prevention of operation miss of workers and reduction of operation time for the change. In the scheduling 
problem, machines can be regard as workers and schedule are generated under the condition of different processing 
time among parallel machines. The scheduling problem for FFS is resolved as multi-objective scheduling problem in 
this study. This problem naturally involves two types of controls: the order of jobs assigned to machines and the number 
of unit works assigned to each machine. Because the problem needs large numbers of variables to decide Pareto 
solutions, large calculation time is required for generation of the solutions. Many researchers have studied the problems 
related to FFS model and proposed procedures based on various methods: Branch and bound method [2], Lagrangian 
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relaxation method [3], meta-heuristics method [4] and so on. However, they have not treated division of loads of a job 
and the divided loads assignment into parallel machines and studied procedures for reduction of due-date tardiness. 
Furthermore, these methods are proposed to resolve the problem for a single objective function. 

In this study, we separate two types of assignment controls into two controls of individual variables in scheduling 
procedure and propose hybrid type of scheduling method in which these controls are hierarchically integrated for 
obtaining Pareto solutions efficiently. The method is based on Multi-Objective Genetic Algorithm (MOGA) and is 
constructed by hybrid of MOGA and the other procedure for these controls. In this paper, first the FFS scheduling 
problem is formulated as the problem of Mixed-Integer Programming.  Secondly, hybrid type of Genetic Algorithm is 
proposed in order to reduce calculation time to search for the Pareto solutions. In the method, control for the order of 
jobs assigned to machines and control for the number of unit works assigned to each machine are separated. The 
number of unit works is controlled under the condition that the order of jobs assigned to stages is decided. Finally, 
performance of the method is evaluated by using simple model. The effectiveness of the method is discussed with 
regard to quality of Pareto solutions and calculation time. 

2. GENERALIZATION  OF FLEXIBLE FLOW SHOP MODEL INCLUDING JOB SPLITTING 

2.1. DEFINITION OF THE PROBLEM 

Figure1 shows schematic diagram of FFS scheduling problem resolved in this study. The number of jobs is n and 
the number of stages is m in the figure.  Job Ji passes through stage Pk in the ascent order of k. Here, i takes integer 
between 1 and n, and k integer between 1 and m.  Machines Mkl exist in stage Pk , the number of machines Mkl takes mk 
(k=1,…,m，lÎM(k)={1,…, mk }). All jobs are able to be divided into any number of loads and the divided loads are 
simultaneously assigned into parallel machines arbitrarily selected. Further, it is allowed that jobs overtake different 
jobs and the order of jobs allocated to each stage is arbitrarily changed in assignment process.   

The properties of Job Ji are symbolized as the follows: the due-date notes di, the release time ri, the number of works 
qi, standard processing time per unit work at stage Pk  pik. Here, although different items are continuously processed at 
each machine, switch time is not considered. Moreover, the following conditions are assumed:  

(a) Parallel machines on each stage hold different performances, 
(b) Works of a job are able to start in a stage after all works of the job finish in the proceeding stage, 
(c) Works in each load are prohibited interrupting and restarting. 

Aiming at due-date conformance scheduling, total job tardiness T̂  is defined by Equation(1) as one of objective 
functions in the succeeding section. Here, cik indicates completion time of job Ji at stage Pk. 

In this problem, independent variables (i) and (ii) need to be introduced to generate the optimal schedule: 

(i)  The order of jobs assigned to each stage, 
(ii) The number of operations assigned to each machine. 

Variable(ii) decides the onset time of first work in each load at each machine by investigating active schedules since 
the optimal schedule is among active schedules for minimization of total job tardiness. Therefore, the scheduling 
problem is defined as the problem to decide two variables (i) and (ii) aiming at minimization of the objective functions 
(1) and (2) in the next section. 
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Figure 1: Schematic diagram of Flexible Flow Shop 
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2.2. FORMULATION 

 In order to clear the characteristics of the FFS scheduling problem, we formulate the problem defined in Section 
2.1 according to Mixed-Integer Programming. The followings are variables and constants defined in the formulation: 

xijk:  When job Ji is an immediate predecessor of job Jj at stage Pk , xijk is 1.  Otherwise, xijk is 0, 

yikl :  The number of works of job Ji assigned to machine Mkl in stage Pk, 

cikl :  Completion time of job Ji assigned to machine Mkl in stage Pk , 

pikl :  Processing time of unit work of job Ji assigned to machine Mkl in stage Pk . It is defined as iklikikl pp h= , where 

ikp is standard processing time of job Ji assigned to machine Mkl in stage Pk , 

ikld : When job Ji is assigned to machine Mkl in stage Pk, ikld  is 1, otherwise 0 , 

iklh : Coefficient of operation to process job Ji assigned to machine Mkl in stage Pk . 

Independent variables xijk and yikl correspond to variables(i) and (ii) defined in Section 2.1, respectively.  In order to 
unify formulations in both cases of k=1 and k≠1, imaginary job J0 and imaginary stage P0 are introduced.  Here, it is 
assumed that item of job J0 is different from item of any other job.  The number of parallel machines is zero in stage P0, 
that is m0 =0.  The values of the other properties related to J0 take zero. The problem is formulized by using the 
following equations. 
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Equation(1) and (2) represent objective functions: total job tardiness and total of the number of change of 
successive jobs on each machine. Coefficient iklh  affects performance of machines and causes different processing 
time among parallel machines in each stage. Introducing the coefficient means condition(a) in Section 2.1. Equation(3) 
represents permission of divided loads assigned to the parallel machines. Equation(4) and (5) represent the condition 
that a single job is assigned as immediate predecessor of an arbitrary job at each stage. Equation(9) represents 
condition(b) explained in Section 2.1. M is a significant large positive constant in equation (8). 

3. HYBRID GENETIC ALGORITHM FOR MULTI-OBJECTIVE FUNCTIONS  

Works of each job assigned to machines does not depend on the priority of jobs assigned to each stage in the 
scheduling problem. The combination of works of each job assigned to machines is naturally larger than the 
combination of the priority of jobs for assignment on each stage. On the other hand, job tardiness is strongly affected by 
the priority of jobs on stages. When we combine the two types of combinations and control the new combination 
directly, control parameters obtaining inferior solutions are possible to be evaluated in process of direct control of 
whole parameters. Therefore, the number of combination of these controls causes explosion of number and difficulty of 
search for Pareto solutions rises. 

In order to avoid the explosion of the number of combination of these controls, we separate these controls into two 
individual controls: job priority on stages and the number of works of jobs assigned to machines. Then, the individual 
controls are incorporated into a hybrid procedure based on a genetic algorithm. The hybrid procedure constructs 
hierarchy structure between different controls of chromosomes. Hereafter, the hybrid procedure is denoted as 'Hybrid 
Genetic Algorithm' method or 'HGA' method. Fig.2 shows a schematic diagram of evaluation process in the HGA 
method. 'ChromA' and 'ChromB' denote a chromosome for job priority control and a chromosome for control of the 
number of works of jobs, respectively. The plural chromosomes of ChromB belong to a single chromosome of ChromA. 
A pair of a single chromosome of ChromA and a single chromosome of ChromB yields a single schedule. Fig.2 also 
shows an evolutional process of ChromA in the HGA method from n-th generation to (n+1)-th generation. From the 
population of ChromA in the n-th generation, a specific number of chromosomes are selected for the (n+1)-th 
generation. Then, new chromosomes of ChromA are generated by using crossover and mutation with selected 
chromosomes. Finally, we yield a new population of ChromA by combining the selected chromosomes and the 
generated chromosomes for the (n+1)-th generation. The new chromosomes of ChromB are generated in each 
chromosome of ChromA and new schedules are generated from pairs of ChromA and ChromB.  

 

 

 

 

 

 

 

 

 

 

 

Figures 3 shows examples of representation of ChromA and ChromB. Operations-based representation is adopted 
for ChromA. The job numbers are set in a one-dimensional array for ChromA. The number of each job number is 
identical with the number of stages in the Flexible Flow Shop. In addition, the order of job numbers indicates the 
priority order of jobs assigned to each stage. In Fig3(a), job numbers on the left side of the array mean that the jobs are 
assigned prior to jobs symbolized by job numbers presented on the right side. On the other hand, a two-dimensional 
array is used for representation of ChromB. In the array, rows indicate machine numbers and columns each job's 
operations. The number of unit works of jobs assigned to each machine is represented in array element. Fig.3(b) shows 
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the array of ChromB in the case that n=3, m=2, (m1, m2)=(2,3), q1=4, q2=2, q3=6.  Job J1 is divided into two loads at 
second stage. A single work is assigned to machine 2 and three works are assigned to machine 3 in the stage. Zero 
denotes that the job is not able to be assigned to the machine. ‘-1’ denotes that the machine is not available or does not 
exist. 

In order to operate genes in ChromB chromosomes in the evolutional process, two types of procedures are adopted: 
a genetic algorithm for multi-objective functions and Simplex method for Mixed-Integer Programming. These 
procedures are explained in Section 4.1. Two chromosomes symbolized ChromA and ChromB are used for controlling 
the two variables xijk and yikl , respectively.  

 

 

 

 

 

 

 

 

In Fig.2, ‘Procedure 1’ denotes the evolutional procedure for populations of ChromA and ‘Procedure 2’ the 
evolutional procedure for populations of ChromB. To select chromosomes of ChromA for a successive generation, 
Pareto preservation and parallel selection are used after selection using rank for sharing in ‘Procedure 1.’ In this study, 
either of MOGA or Simplex method for Mixed-Integer Programming is adapted to procedure ‘Procedure 2.’  

The Fonseca procedure [5] is used to calculate ranks of chromosomes. In the roulette wheel selection, the ChromA 
chromosomes are selected by using ranks of all ChromB chromosomes in all chromosomes of ChromA in the 
population. Probability to select  -th chromosome of ChromB is defined by equation (16) and (17). It is used for the 
roulette wheel selection process. 
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Here, n and rank  denote the total number of all chromosomes of ChromB and rank of  -th chromosome of 
ChromB, respectively. The following treatments are introduced in the HGA method: 

(Treatment1)  The chromosomes of ChromB, which yield Pareto solutions in each chromosome of ChromA, are 
reserved in the successive generation, 

(Treatment2)  The Giffler-Thomson method [6] is adopted for job assignment to machines. The method is 
simplified as ‘GT method’, hereafter. 

Treatment1 aims at reducing the number of chromosomes investigated for ranking. In the ranking process, all ChromB 
chromosomes related to all ChromA chromosomes need to be compared with each other. Because ChromB 
chromosomes generating Pareto solutions in each ChromA chromosome are related to ChromB chromosomes 
generating Pareto solutions in all ChromA chromosomes from a specific characteristic of Pareto solutions, 
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Î"Î" , ChromB chromosomes which do not generate Pareto solutions in all chromosome of 

ChromA can be deleted in the control process of the number of works of every job in assignments process. Here, ‘A’ 
represents a set of ChromB chromosomes that generate Pareto solutions in all ChromA chromosomes and ‘BAj’ 
represents a set of ChromB chromosomes that generate Pareto solutions in schedules generated using the j-th ChromA 
chromosome. ba indicates that a is not inferior to b . Pareto solutions are in a set of this problem’s active 
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schedules. Active schedules are generated in the process of job assignment by Treatment2. Treatment2 is executed in 
the evolutional process for ChromB in ‘Procedure 2.’ 

4.  EVALUATION OF HYBRID GENETIC ALGORITHM BY SIMPLE MODEL 

4.1. SCHEDULING METHODS FOR COMPARISON 

To evaluate the performance of HGA method and compare several types of HGA methods, we perform numerical 
experiments by using simple model. In this paper, MOGA with different evolutional process or Simplex method is 
incorporated into HGA method in order to control the number of works of jobs on each machine. 

As simple type of HGA method, Pareto selection and parallel selection are used in evolutional process for ChromB. 
The algorithm is called as HGA-PS method in abbreviation, hereafter. As for different type of HGA method, adaptive 
weight approach [7] and Pareto selection are adopted for control of ChromB. This HGA method is called as 
HGA-Adaptive method, hereafter. Adaptive weight approach is a technique to deal with evolutional process according 
to one-dimensional objective function defined by equation (18).  
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Where, max and min denote maximum value and minimum value for each variable. k denotes k-th generation. In 
HGA-Adaptive method, results obtained by equation (18) are used for roulette selection in selection process for the 
succeeding generation. Simplex method with branch and bound is adopted for control of ChromB by using 
formulations for Mix-Integer programming modified by decided priority order of jobs on every stage between equation 
(1) and (14). This HGA method with Simplex method is abbreviated as HGA-Simplex method. In the process, 
one-dimensional objective function is introduced by sum of weighted objective functions. The one-dimensional 
objective function is defined by equation )/()ˆ/ˆ( 21 NzNwzTTwz +=  from equation (1) and (2). Where, 1w and 

2w denote weighed coefficients under the condition of 0.121 =+ ww . zT̂  denotes the value of T̂ obtained by the 

HGA-Simplex method when 01=w  and Nz  the value of  N  when 02=w . In process of the HGA-Simplex 

method, first optimal solutions of T̂ and N are calculated under the condition of 01=w and 02=w . Form 

2.01=w to 8.01=w  with interval of 0.2, Simplex method is executed aiming to minimize the one-dimensional 
objective function. After obtaining temporal Pareto solutions under the conditions of six combinations of weight 
coefficients, MOGA with Pareto selection and parallel selection is adopted to search for approximate Pareto solutions. 
Because it takes long calculation time in the process of Simplex method, the process is completed after calculation of 
two minutes. Free software ‘glpk’ is used for calculation of Mixed-Integer Programming. Table 1 shows condition of 
evolutional operators of these methods. 

 

Table 1: Condition of evolutional operators of different methods 

 HGA-PS HGA-Adaptive HGA-Simplex 
Conditions of operators to control ChromA 

Population 50 50 50 

Maximum Generation 50 100 50 
Probability of Crossover   =  1.0 ,  Probability of Mutation    =  0.05 

Conditions of operators to control ChromB 
Population 50 50 50 

Maximum Generation 50 100 20 

Probability of Crossover   = 1.0,  Probability of Mutation     = 0.05 -- 
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4.2. MODEL 

The effectiveness of the HGA method is evaluated on a simple flow shop model. The model consists of 11 jobs and 
five stages. Furthermore, three machines are installed at each stage as parallel machines. These parallel machines 
possess different performances. Every standard operation time of all jobs has randomly been defined in Table 2. 
Due-date of job i is defined in equation (19): 
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kiii rpnd += å

=1

. (19) 

Here, as for job i , ni and ir  represent the number of works and the release time, respectively. Since all jobs are released 

at the identical time, the release time takes zero, 0=ir . As for three machines possessing different performance on 
each stage, the coefficient related to operation time of job i at machine Mkl in stage Pk, jkih , takes one of three constant 

values, 0.8, 1.0, and 1.2. Table2 shows conditions of jobs in the model. The number of works of each job and standard 
operation time of each job on stages are decided randomly.  Probabilities for crossover and mutation in evolutional 
process for ChromA take 1.0 and 0.05, respectively. 
 

Table 2:  Condition of job for numerical experiment 

Standard processing time per unit work on stage Pk   Job i ni P1 P2 P3 P4 P5 
1 5 375 12 142 245 412 
2 4 632 452 758 278 398 
3 3 12 876 124 534 765 
4 2 460 542 523 120 499 
5 7 528 101 789 124 999 
6 6 796 245 632 375 123 
7 5 532 230 543 896 452 
8 4 14 124 214 543 785 
9 3 257 527 753 210 463 

10 2 896 896 214 258 259 
11 6 532 302 501 765 988 

 

4.3. EVALUATION OF HYBRID GENETIC ALGORITHM 

To evaluate Pareto solutions obtained by the HGA methods, the measure of proximity of solutions to Pareto front, 
),( 21 XXC , is introduced[8]. ),( 21 XXC  is defined by the following equations; 

}{
2

211122
21

:
  ),(

X
aaXaXa
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Î$Î

= . (20) 

Here, 21, XX  denotes two different sets to compare. ba  denotes that a  takes superior criteria values to b , or 
a  and b  take the identical criteria values. 2X  is the number of solutions in set 

2X . When the value of ),( 21 XXC  

takes a large number, the Pareto solutions in set X2 are superior to these in set X1.  

Figure 4 shows comparison of Pareto solutions obtained by the HGA methods. In addition, table 3 shows 
comparison of proximity of solutions and computation time among different procedures. These results show that 
HGA-Simplex method obtains the best performance among the methods. However, the method tends to take 
excessiveness computation time to obtain Pareto solutions for practical use. Since the method takes long computation 
time to obtain Pareto solutions, it needs to improve the procedure of Simplex method for Mix-Integer Programming in 
order to utilize the method for practical use. It is considered that HGA-Adaptive method obtains Pareto solutions 
distributed widely on Pareto front. However, Pareto solutions obtained by HGA-Adaptive method are inferior to these 
obtained by the other methods since the method can not reduce the number of change significantly. Although HGA-PS 
method is simple evolutional procedure for HGA methods, it obtains significant Pareto solutions and takes the shortest 
computation time among the methods. The results denote that HGA-PS method is practical although it is inferior to 
HGA-Simplex method with regard to quality of Pareto solutions.  
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Calculation is performed on the personal computer with specifications of 2.8GHz CPU and 1GByte RAM. 

5. CONCLUSION 

In this paper, scheduling method is proposed for Flexible Flow Shop including controls of job splitting and works 
of jobs assigned to parallel machines for multi-objective problem. The proposed method is based on Multi-Objective 
Genetic Algorithm method. Job assignment and the number of works of jobs assigned to parallel machines are 
controlled hierarchically. In order to evaluate its performance, several types of the methods are examined by using 
simple model. The numerical experiments show that HGA-Simplex method yields the best performance among the 
methods. However, it is not available to practical use. Although the Pareto solutions of HGA-PS method are inferior to 
these of HGA-Simplex method, the method is practical since the solutions are obtained in short computation time. 
This research was supported by Kansai University’s Overseas Research Program for the year of 2005. 
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Table 3:  Comparison of proximity of solutions and computation time among different procedures 

↓X2   X1→ HGA-PS HGA-Adaptive HGA-Simplex 
HGA-PS ― 0.63 0.01 

HGA-Adaptive 0.00 ― 0.00 
HGA-Simplex 0.73 0.77 ― 

Calculation time 1:44'45" 36: 54’ 15’’ 35: 08’ 24’’ 
 

Figure 4:  Comparison of Pareto solutions obtained by HGA methods 
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ABSTRACT 

There will continue to be increasing levels of operational planning complexity within industry 
through customer demands for greatly increased levels of product and process variety, reduced 
demand for individual products, shorter product life cycles and significant decreases in supply lead 
times. To ensure finite capacity scheduling systems can cope, higher levels of decision-making 
autonomy will increasingly be required since the efficiency of existing techniques used to plan, 
schedule and control manufacturing has always been constrained by their lack of effectiveness in 
complex environments. This paper examines two approaches, ie root cause analysis-based decision-
making and operations-based biological control principles, that when combined, may help to improve 
the finite capacity scheduling process and hence assist manufacturing industry to significantly 
improve global competitiveness through improved service of highly variable customer needs 

1. INTRODUCTION 

Increasing and sustaining competitive ‘order winning’ performance, through provision of added levels of 
product and service customization, as well as achieving increased ‘order qualifying’ cost, quality and delivery 
performance is greatly magnifying the complexity involved in maintaining balance between customer demand and 
capacity resource efficiency. As Figure 1 illustrates, on the Demand side the 'flow' of work can vary considerably 
due to new orders arriving, changes in customer priorities, and launching of stock orders against forward forecasts 
of demand. Moreover variability in 'leakages' occurs as deliveries take place, forecasts are translated into real 
demand and customers’ orders are cancelled. On the Capacity side, through the increased use of lean and production 
synchronization techniques, the Finite Capacity Scheduling (FCS) options available to increase capacity, (e.g. 
overtime, subcontracting, splitting batches, avoidance of bottlenecks), are becoming greatly interconnected and 
hence more complex to select and co-ordinate. In addition ‘leakages’ in capacity, due to machine breakdowns, 
operator absence, scrap, re-work and excessive changeover, are having significantly greater effects as competitive 
cost, quality and delivery performance targets continue to intensify. This resulting increase in complexity makes 
effective balancing and synchronization of resources and activities a key requirement to achieving appropriate levels 
of manufacturing agility, flexibility and responsiveness. Here FCS [1] has the potential to become an essential tool 
to achieving these performance aims. However, constraints to providing FCS support in an effective and timely 
manner are the efficiency of existing ‘order sequencing’ algorithms and the process by which schedules are changed 
in response to demand and capacity ‘leakages’ and to improving customer service.  

Overcoming these constraints normally requires significant manual input and expertise to make schedule 
improvements to maintain the validity of modified schedules. This process is, therefore, often time consuming, 
unresponsive to users needs for such schedule changes, and frequently requires high levels of expertise to achieve a 
satisfactory outcome. The need for this extensive manual input results from a lack of decision-support tools that can 
automatically identify opportunities for improving resource efficiency and provide guidance on how best to modify 
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schedules in response to these opportunities.  

 

 

 

 

 

 

 

 

 

 

 

This paper, therefore, reports on research being undertaken to provide improved decision-support to the FCS 
process that facilitates step improvements in the resource efficiency of individual schedules through (i) reductions in 
levels of raw materials, work-in-progress and finished goods, (ii) improvements in resource utilization of processing 
equipment, tooling and labour, and (iii) elimination of idle times due to improved synchronization of processing 
activities. The objective of the research is to structure a FCS as a biological-control network such that it provides 
the base for a novel Root Cause Analysis (RCA) problem-solving approach that can improve the levels of decision-
support available to planners by identifying the ‘root cause’ improvement opportunities that exist within production 
schedules.  

2. FINITE CAPACITY SCHEDULING 

The primary aim of FCS is to plan the utilisation of resources, e.g. materials, equipment, tooling and personnel, 
and work flow such that work-in-progress remains at a relatively constant level, lead times become more predictable 
and delivery dates more reliable. It is able to address this aim through its ability to identify each resource that 
comprises capacity such that a particular resource can be assigned to a specific job for the required activity duration. 
However, FCS has difficulty achieving these aims when it must deal with (a) high levels of operational complexity, 
(b) a wide variety of operational system types and (c) a wide variety of queue management, inventory management, 
resource planning, scheduling and capacity management decisions. The primary approaches by which schedules are 
developed within commercial FCS systems are: 

 Priority rule-based approaches which make use of predetermined decision rules, (e.g., “pick the order with 
least slack time remaining” or “pick an order that uses the same setup”), to determine the sequence with which jobs 
are processed. Disadvantages of using existing priority rule-based approaches include (i) there are a large variety of 
such rules, i.e. Kemppainen [2], identifies 36 of the most common rules which vary according to the type of 
customer order information used and their ability to update job priority indexes as works orders move through a 
production system, hence choosing the most appropriate can be time consuming and difficult, (ii) frequent 
reselection of priority rules may be necessary as capacity and demand priorities change, (iii) to create schedules that 
take into account the realities of day-to-day manufacturing decisions, complex rules often need to be developed and 
as product mix, processes, equipment or policies change then additional rules must be created or existing ones 
modified, (iv) if an existing priority rule base fails to balance resource efficiency and order delivery then the 
complexity of the rule base may need to be increased, and (v) priority rules operate effectively in isolation at 
individual processes.   

 Optimisation techniques where example methods include Linear Programming which makes use of linear 
mathematical models, Genetic Algorithms [3] an evolutionary based meta-heuristic that normally forms the 
scheduling engine of APS (Advanced Planning & Scheduling) systems [4], and Simulated Annealing [5] a 
probabilistic iterative search procedure. These general purpose techniques when applied to FCS are able to take into 
consideration a range of factors that constrain the resource efficiency of individual finite capacity schedules. In 
general, however, these methods are limited in terms of the size and complexity of the scheduling problems to 

Figure 1: FCS Capacity and Demand Balancing 
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which they can be applied, ie as problem size and complexity increase their ability to identify good solutions in a 
reasonable amount of time quickly decreases. 

 Heuristic Approaches of which there are a large variety including (i) the ‘placement sequence approach’ [6]  
the central aim of which is to use bounded equations to achieve stable schedules without the need for an iterative 
schedule improvement stage, (ii) the ‘squeeze method’ [7] which formulates an initial job sequence by relaxing 
constraints followed by simple iterative schedule changes designed to satisfying all constraints, and (iii) Drum-
buffer-rope (DBR) [8] scheduling which focusses on maximising the throughput at bottleneck machines. The 
effectiveness of these scheduling methods is normally restricted to specific production environments, for example 
DBR requires prior identification of bottlenecks and, hence, is of limited use in mixed product environments. 

Commercial FCS systems primarily make use of priority rule-based and/or optimization job sequencing 
approaches. In doing so they fail to fully meet the scheduling needs of the majority of organizations in the following 
areas: 

i. A major limitation of using priority rules is that they normally operate ‘in isolation’ at individual work centres 
since they are unable to look upstream or downstream to see the effect of a scheduling decision. Hence, even 
complex priority-based rules to select jobs from a current queue will be ineffective if an upstream work centre is not 
feeding the right jobs. For example, if an upstream work centre employs a least slack time rule, the opportunity to 
combine set-ups at this work centre may be missed because the jobs have not reached this queue. Overcoming this 
limitation using the priority based approach adds even more complexity to the rule base in attempts to coordinate 
the already complex rules operating locally at each work centre. Optimisation-based approaches have similar 
limitations when employed in complex scheduling environments. Isolating work centre scheduling in this way can 
result in resource inefficiencies accumulating, as a result of cause and effect interactions, throughout the schedule. 
Unless high levels of expertise and time are available planners may be unaware of improvement opportunities or 
may resolve effects created by the root causes. 

ii. The execution of existing FCSs can be disrupted by a wide variety of unanticipated disturbances such as 
equipment breakdowns or defective quality. The main alternatives available to respond to such disturbances include 
regenerating complete schedules, using interactive manual decision support to modify existing schedules or “doing 
nothing and letting the production system gradually absorb the impact of the interruption” [9]. Of these approaches, 
modifying existing schedules manually using an experienced planner is often the only alternative that seeks to 
remedy the detrimental results of such disturbances whilst being able to cope with the frequency of schedule 
disturbances that can occur. To undertake manual changes to schedules normally requires the schedule to be 
displayed in Gantt chart form and this chart manually manipulated. This is a highly time-consuming task and 
requires high levels of planning expertise merely to make simple changes. However, changes made at this stage of 
the scheduling process can again give rise to detrimental cause and effect interactions throughout the schedule and 
planners being unaware of the true consequences of their localized schedule changes. 

3. APPLYING ROOT CAUSE ANALYSIS TO FCS 

The limitations described above are detrimental to the FCS process since they give rise to or fail to prevent 
undesirable cause and effect interactions. In order to improve the decision-support for FCS, therefore, a suitable 
strategy must address this issue. One method of dealing with this is to actually take advantage of these interactions 
to identify their full effects on resource efficiency and to search for the root causes of problems. Such an approach is 
provided by Root Cause Analysis (RCA) [10, 11] the basic principle of which is the need for systematic, forward 
and/or backward searches, through its resulting effects, for the root cause.  

The development of the RCA methodology builds upon the underlying principles of existing Process Mapping 
techniques. These provide process-based precedence and performance metrics for visual identification of the 
potential operations-based problems that can occur within a production system. For example, the existence of long 
set-up times at particular machine tools would indicate potential disruptions in synchronous flow and hence build-
ups of work-in-progress and/or long lead times. There is an underlying assumption, although not explicitly stated, 
that cause and effect relationships exist between these performance metrics. It is the concept of collecting 
performance metrics for individual elements of a work system and using these to identify cause and effects that 
form the basis of the new methodology being developed. However, a step change needs to be made in terms of 
which elements are included in the methodology, what performance metrics are used and how explicit the cause and 
effect relationships between performance metrics are defined.  

The proposed RCA methodology, therefore, is based on (i) including within the methodology, not just process-
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based, but all resource types including inventory, capacity, process operators, and machine setters, (ii) identifying 
and defining quantitative performance metrics for operations-based problems, (iii) identifying, for each resource 
type, which operations-based problems can occur and, therefore, which pre-defined performance metrics, termed 
Resource Performance Metrics (RPMs), need to be collected at the resource. Figure 2 provides an example of  
RPMs and their causal links, (iv) defining Root Causes (RCs), Resulting Effects (REs) and End Effects (EEs) using 
the same RPM types and (v) comparing actual RPMs values at resources with target values to identify operations-
based performance issues. 

 

 

 

 

 

 

 

 

 

 

 

 

A suitable RCA approach would, also, need to possess the ability to identify the underlying types of Cause and 
Effect Relationships (CERs) that exist within a FCS and make use of these relationships to follow ‘cause and effect’ 
pathways to their root causes. However, existing RCA methods primarily focus on providing the functionality for 
undertaking the range of data identification and collection tasks involved in identifying and specifying problems 
from which searches for potential CERs then need to be manually undertaken using such methods as Brainstorming. 
As such they do not provide data analysis methods that enable automatic identification of CERs and RCs. A new 
approach is, therefore, being developed that tackles the CER identification task by addressing the required data 
analysis activities, i.e.:  

i. Identifying the set of Root Causes (RCs) and their Resulting Effects (REs) that contribute to the End Effects 
(EEs) as illustrated in Figure 3. In FCS terms EEs are the resource efficiency and/or customer service 
performance problems that need resolving.  

 

 

 

 

 

 

 

 

 

 

ii. Identifying the type, structure and relative magnitude of the causal relationships between RCs, REs and EEs. 

iii. Identifying whether an opportunity arises, in terms of both relative timing & resource linkages, of a RC/RE 
contributing to an RE/EE.  

Existing RCA methods have limitations in terms of being able to undertake these basic RCA activities. In 

Figure 2: Causal Links between RPMs 
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general, those methods that seek to identify RCs and REs normally adopt an unstructured approach which relies 
heavily on unbiased subjective opinion, high levels of expertise and familiarity with problem environments. When 
one or more of these are absent there is a high probability of misidentifying or failing to identify all important RCs 
and REs. 

4. ESTABLISHING LINKS BETWEEN CAUSE AND EFFECTS USING BIOLOGICAL CONTROL PRINCIPLES 

Developing a suitable RCA methodology depends on being able to automatically identify causal relationships 
between RCs, REs and EEs. Here, the approach being investigated has been adopted from recent recognition of the 
commonalities between biology and manufacturing [12, 13]. Of particular interest are the biological mechanisms of 
control involved in protein production [14, 15], ie the main products of gene expression, which is controlled using 
processes that are self-regulatory, autonomous and responsive to both internal and external needs. The function of 
these control and signalling processes are similar to those of FCS since they regulate which proteins will be 
expressed, the timing of their expression and the quantities of proteins expressed within a cell, i.e. in operational 
terms ‘production planning and scheduling’. However, the decision-making inherent in biological cell planning and 
scheduling processes is performed automatically as an integral part of the cell’s control processes. This integral 
process is unlike FCS where planning and scheduling are distinct from the subsequent control processes. Autonomy 
of decision-making within a cell is achieved since the cell produces regulatory proteins that automatically control 
the production of other proteins.  

Hence, it is not unreasonable to advance the hypothesis that extraction of the underlying principles by which 
biological cells regulate gene expression and protein production, may provide essential knowledge by which FCS-
RCA systems may also attain such abilities. There are obviously significant differences between the physically-
based processes involved in gene regulation and the information-based processes involved in FCS operations 
planning. As the basic principles of gene self-organisation are identified, therefore, it is expected that they may need 
to be modified to better fit their use in developing FCS systems with autonomous RCA decision-making abilities. 

Within biological cells the higher levels of ‘decision-making’ autonomy that exist within biological cells are 
controlled through feeding a quantitative assessment of their output rate or quality back as input into the process, 
which responds by making adjustments. Control feedback is mostly pervasive at all hierarchical levels and in 
contrast to manufacturing systems, in which design, planning, scheduling and control are usually achieved 
separately, intracellular regulation is often an integral part of a cell’s production process. The basic components of 
biological control processes are shown in Figure 4 along with examples of how ‘repressors’ and ‘promoters’, who 
are themselves the output of protein-based repressor/promoter control actions, work and interact to either activate or 
deactivate gene expression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Within biological cells the structure, dynamics, and function of these multi-level networks are highly complex. 

Figure 4: Gene Regulation Logic 
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In manufacturing terms, cells represent demanding mixed-model control environments, with regard to the co-
ordination of processing operations, material resources, and equipment, that are able to make the right products, in 
the right quantities, at the right levels of quality at the right times. In addition, it can be expected that evolutionary 
‘survival of the fittest” processes have tended to enable these processes to take place such that ‘costs’ of production 
and lead times are minimised, quality and delivery reliability levels are maximized.  

Figure 5 illustrates how such control mechanisms would apply within a manufacturing environment to either 
switch on or off processes, such as inventory release to shopfloor, manufacturing, packing and shipping, in line with 
the requirements of customers orders. In practice such control networks would be more highly complex since they 
would need to take into consideration the large numbers and wide range of such cause and effect relationships that 
would exist in practice. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

5. SUMMARY 

The research reported in this paper is aimed at improving the resource efficiency of the finite capacity 
scheduling process through the development of RCA-based decision-making functionality. As part of this RCA 
process there is a need to develop appropriate performance metrics, ie Resource Performance Metrics (RPMs),  that 
can be used to identify the existence of operations-based problems such as excessive amounts of inventory, poor 
schedule adherence and long lead times. In addition, a method is required to model the cause and effect 
relationships that exist between RPMs both within a specific resource and between resources. In this respect cause 
and effect networks, based on the biological control processes involved in gene regulation and protein production. 
Such networks have the added potential of enabling autonomous decision-making to be realized within the FCS 
process.  

The resulting RCS processes are being measured by (i) the ease with which they can be deployed, (ii) the low 
level of user expertise required for their deployment, (iii) the range of problems and production system types that 
can be analysed, and (iv) their effectiveness in identifying root causes from the effects they create. A further 
measure of success is the degree to which the developed methodology meets the requirements for a good RCA 
methodology. Here the methodology will need to be applicable to a wide range of operational problem types, enable 
an audit trail of individual RCA exercises to be maintained and provide relationships between cause and effect pairs. 
In addition, in developing the RCA methodology the data to collect at each process stage will be known, the number 
of potential CERs to investigate will automatically be minimized, and users will know where and where not to look 
for potential CERs, i.e. only those CERs that are linked via Resource Performance Metrics (RPMs) will need to be 
considered. Should a complete set of RPMs be unavailable at a particular resource or the root cause be of a non-
operational nature the RCA system needs to provide advice on which additional RPMs need to be added and which 

Figure 5: Biologically Regulation FCS Logic 

Receive
Customers

Order

Materials
Inventory

Signal to
promote
release of
 materials

Shipping
Customers

Order

Manufacturing

Packaging

Repress
Material
Release

Promote
Material Release

Repress
Manufacture

Promote
Manufacture

Released
 Materials

Repress
Packaging

Promote
Packaging

Manufactured
Items

Repress
Shipping

Promote
Shipping Packed

Items

Signal to
Repress
Shipping

Shipped
Items

858



Applying Biological Control Approaches                                                        to Finite Capacity Scheduling 
 
potential external CERs should be considered. 
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ABSTRACT 

The quest for a versatile performance measurement system for just-in-time (JIT) systems has been an important 
agenda item over the last few decades. Literature review shows that there is no mechanism so far to identify key 
JIT drivers and their impact on enterprise performance. The research presented here involved the development of 
a generic performance measurement model to identify and capture the influence of JIT practices on enterprise 
performance. The performance measurement model describes the link between JIT drivers (Xi) and measurable 
performance (Y). This mathematically determined model is aimed at assisting researchers in the systematic 
identification of the influence of key JIT drivers on enterprise performance using a multidimensional tool such as 
the extended balanced scorecard. The performance measurement model was applied to the production process of 
‘X Manufacturing (UK) Ltd.’, a global automotive component manufacturer. A novel eight-step implementation 
procedure was used to collect data, analysed and validated by design of experiments, modelling, dynamic 
simulation and analytic hierarchy process tools. The multidimensional performance measurement model 
developed in this research can be suitably applied to JIT plants using relevant organisation specific JIT drivers 
and performance indicators to optimise system performance. 

1. INTRODUCTION 

In this era of globalisation and fierce competition amongst businesses, there is a need to improve advanced 
manufacturing philosophies such as just-in-time (JIT) manufacturing to enhance business performance. The quest 
for a versatile performance measurement system (PMS) in the manufacturing industry and especially for JIT 
enabled systems has been an important agenda item over the last few decades [1]. Clinton and Hsu [2] argued that 
the balanced scorecard (BSC) could be a useful tool in systematizing the management control system to 
accommodate radical changes in activities that are brought on by implementation of a JIT manufacturing system. To 
foster manufacturing strategies such as JIT, PMS may need to link JIT techniques with key performance indicators 
(KPIs). Empirical research carried out so far involving the study of performance measurement in JIT production 
environments consists primarily of case studies of specific organisations. More recent studies, have also described 
the application of simulation and mathematical modelling in JIT research [3, 4]. Mathematical modelling of JIT 
generally focuses on relationships between changes in various production factors and the corresponding specific 
production performance measures. 

Some researchers have assessed the impact of limited JIT techniques on aspects of productivity and performance 
in US firms without conclusive and substantiated results. Previous researchers have failed to quantify the effects of 
various JIT factors on performance [5]. Consequently, there is no evidence in the literature of any mechanism to 
quantitatively relate JIT techniques and practices with measurable performance in a manufacturing environment. 
The obvious assumption is that an increase in financial performance would be attributable to a successful JIT 
initiative but this cannot be corroborated [4, 6]. This study therefore introduces a robust, comprehensive 
performance measurement tool enabling a multidimensional assessment of the impact of JIT techniques on 
enterprise performance.  
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2. PERFORMANCE MEASUREMENT MODEL 

A key objective of this study is to develop a performance measurement model, which is generic to JIT enabled 
manufacturing environments. The aim is to identify key JIT variables that drive performance using a Performance 
Measurement System such as the extended Balanced Score Card (BSC). The BSC reflects the balance between 
short-term and long-term objectives, financial and non-financial measures, lagging and leading indicators and 
external and internal perspectives [7]. The performance measurement model has two major components (Figure 1). 
The left side of the model lists universal JIT techniques, which theoretically drive enterprise performance. Universal 
JIT techniques are divided into three groups: unique JIT practices, TQM related JIT practices and human/strategic 
oriented JIT practices. These three categories have similar fundamental objectives, which are to assist pull 
production, minimise waste and lead-time, and achieve continuous improvement. The study of Sriparavastu and 
Gupta [8] concluded that the joint implementation of JIT and TQM techniques resulted in significantly higher 
performance levels than the results of implementing either one. 

Traditionally, productivity has been measured mainly from the financial perspective. One disadvantage of 
traditional financial PMS especially in JIT manufacturing is that it tends to ignore performance in terms of business 
innovation and growth, customer and employee satisfaction, supplier efficiency, sustainable production and internal 
business process perspectives, even though they are key drivers of financial performance. The right side of the 
model therefore depicts performance measurement using the extended BSC as a , multidimensional and elaborate 
PMS to assess enterprise performance not only from the economic and financial standpoints but also based on the 
influence of the customer, supplier, employee, internal business processes, external environmental groups as well as 
innovation and growth perspectives [9, 10]. 

 The conceptual model links key JIT drivers (Xi) and measurable performance (Y) through a mathematical model 
(i.e. Y = ƒ(Xi)) which enables the systematic identification of the influence of JIT drivers on organisational 
competitive priorities.  

Figure 1: Model Showing the Relationship between Operational JIT Drivers and Multidimensional Performance Measurement 

3. PERFORMANCE MEASUREMENT MODEL IMPLEMENTATION PROCEDURE 

The performance measurement model presented in Figure 1 describes a tool, which is capable of: 

(i) quantifying the impact of universal JIT techniques on operational performance 

(ii) identifying the strategic influence of those JIT drivers on the organisation’s competitive priorities 
using the extended BSC tool  

Comprehensive literature review and informal discussions with industry practitioners show that most 
manufacturing organisations have implemented different JIT techniques using their characteristic competitive 
priorities. This implies that PMS is unique to the production environment. The performance measurement model 
described here therefore provides a generic, comprehensive and non-perspective template which managers can 
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apply to develop their own PMS matching the company strategy and priorities. The performance measurement 
model implementation procedure is divided into three main phases and further broken down into a set of logical 
steps. An eight-step implementation procedure is given in Table 1. 

Table 1: Eight-Step Performance Measurement Model Implementation Procedure 

Phase Step Activity Objective 

Phase I Step 1 Determination of key JIT drivers and KPIs 

Step 2 Experimental design and linear mathematical 
modelling 

Step 3 Simulation and modelling  

 

Step 4 Simulation result analysis and mathematical 
modelling 

Identify key JIT drivers (Xi) and 
quantify their impact on operational 
performance (Y) 

Phase II Step 5 Development of performance hierarchy 

Step 6 Conduct survey  

Step 7 AHP analysis 

Assess the strategic influence of key 
JIT drivers on BSC perspectives and 
overall performance  

Phase III Step 8 Overall analysis - Comparison of the results 
of Phase I and II 

Process management and performance 
optimisation 

 

The application of the proposed performance measurement model and implementation procedure to a JIT 
enabled automotive component manufacturing environment is presented in the next section. 

4. CASE STUDY: ‘X MANUFACTURING (UK) LTD.’ (XMUK) 

‘X Manufacturing (UK) Ltd.’, a subsidiary of ‘X Corporation’ in Japan was chosen to be the subject of the case 
study. The company was founded in 1990 as one of the largest manufacturers of advanced automotive components 
and the first European businesses to manufacture and supply advanced automotive systems and components 
globally. The company produces an extensive range of products such as air conditioner units, heaters, blowers and 
panels for world leading automotive manufacturers; Toyota, Honda, Rover, Jaguar, NCC, MCC and Land Rover.  

Three data collection methods were used to acquire quantitative and qualitative data from XMUK for testing and 
validation of the conceptual model: (a) open ended and structured interviews with top managers, plant managers and 
production line associates, (b) direct observation of the plant in operation and (c) documents and archival records. 
Tools such as design of experiments, simulation and analytic hierarchy process (AHP) tool were used for data 
analysis and validation. 

The JIT production system considered in this is an 11 station mixed model heater assembly line-3, which 
produces heaters for MCC, MCC Roadster, and NCC automobile manufacturers. The following sections present the 
application of the performance measurement tool and implementation procedure to the heater assembly line-3 
production process.  

4.1. STEP 1: DETERMINATION OF KEY JIT DRIVERS OF THE ASSEMBLY LINE 

Case study findings show that the company implements selected JIT techniques based on managers’ past 
experience and tacit knowledge and used few ad-hoc KPIs to measure operational performance of the plant. 
However, the company still faced problems due to delay of final product delivery to the customers for various 
reasons, and therefore always tried to keep buffer stock to avoid late deliveries. The main reasons behind delay are 
the long lead-time and process time due to lack of supplier and customer integration in the production process, 
improper line balancing, lack of multifunctional employees and complex production and quality control processes. 
Figure 2 depicts detailed relations diagram with possible causes for the long process and takt times. 
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Figure 2: Diagram Analysis for Identification of Key Variables Affecting Process and Takt Times 

According to the relations diagram for the company, “extended process and takt times” were major concerns 
with nine causes and zero effects (0, 9). Using this tool, “complex quality control (QC) process”, “number of line 
associates (multifunction employee)”, “number of stations (line balancing)” and “high setup time (setup time 
elimination plans)” were identified as factors that were key to JIT and which consequently would impact on process 
and takt times. Their values were (4, 0), (4, 0), (4, 2) and (3, 0) respectively. These four JIT techniques are the 
major drivers affecting process and takt times and are now integrated into the customised performance measurement 
model (Figure 3) for further investigation. 

Figure 3: Customised Performance Measurement Model for X Manufacturing (UK) Ltd. 

The customised performance measurement model will now be tested and validated by conducting simulation 
experiments and AHP analysis to understand the effect of JIT techniques on performance of XMUK. 

4.2. STEP 2: EXPERIMENTAL DESIGN AND  MATHEMATICAL MODELLING 

In order to understand the effect of JIT drivers on line performance, several different experiments have to be 
carried out. The experiment is designed to identify and estimate the influence of the four key JIT drivers on line 
performance. In the simulation experiments, process and takt times are calculated and evaluated. Though there are 
four JIT drivers identified from the relations diagram, the variables are limited to three in the mathematical model. 
The number of stations and line associates are equal in heater assembly line 3 and these two JIT drivers are 
therefore considered as one factor. A three factor mathematical model developed in this study is expressed as (1). 

ε  ABCa  BCa  ACa  ABa  Ca  Ba  Aa  a  Y 76543210 ++++++++=  (1) 

where, Y is process time (PT) or takt time (TT), a0 is intercept coefficient, a1 to a3  are main effect coefficients, a4 to 
a7 are interaction coefficients, ε is error term, A, B and C are JIT drivers as shown in Table 2. 
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Table 2: Factors and Levels for the Experimental Design 

Factor JIT Driver Description Lower value 
(‘-‘ code) 

Upper value 
(‘+’ code) 

A Line balancing or 
Multifunction employee 

Number of stations or 
Number of line associates 

11 stations 
 (14 line associates) 

13 stations 
 (16 line associates) 

B Setup time elimination plans Setup time 10 minutes 20 minutes 

C Quality control Time spent on quality 
control 

Without quality 
assurance (0 seconds) 

With quality assurance 
(5 seconds at each station) 

 

4.3. STEP 3: MODELLING AND SIMULATION OF EXPERIMENTS 

Data obtained from plant observations and information obtained from managers were used to develop simulation 
models using the ProModel simulation software, with the establishment of a relationship between JIT drivers and 
line performance using mathematical models. The assembly time at each station was determined using a stopwatch. 
The average of ten stopwatch readings was taken as an assembly time for each activity. The Auto::Fit function of 
the Stat::Fit software is used to calculate the appropriate continuous or discrete distributions to fit the input data.  

4.4. STEP 4: SIMULATION RESULT ANALYSIS AND MODELLING 

Each experiment was simulated with ten replications and the maximum and minimum outputs for process and 
takt times were selected for performance analysis. Table 3 shows the combination matrix for 23 full factorial design 
and replication outputs for PT and TT in the manually operated mixed model heater assembly line 3.  

Table 3: Experimental Trials and Results for 23 Factorial Design 

Replication 1 Replication 2 
Response 

Line 
balancing 

(A) 

Setup 
time (B) QC (C) Process 

time (Min) 
Takt time 

(Sec) 
Process 

time (Min) 
Takt time 

(Sec) 
R1 - - - 396.0 73.8 397.8 73.8 
R2 + - - 299.4 48.6 299.4 49.2 
R3 - + - 396.0 73.8 397.2 73.8 
R4 + + - 309.6 48.0 309.6 49.2 
R5 - - + 421.8 78.6 423.0 78.6 
R6 + - + 330.0 48.6 330.6 49.2 
R7 - + + 421.2 78.6 423.6 79.2 
R8 + + + 334.2 48.0 334.8 49.2 

 

Statistical analysis and factorial fit for the data shown in Table 3 are presented in Table 4. Analysis of the main, 
two-way and three-way interactions obtained at a 0.05 significance level (α) together with the coefficients and p 
values are presented. 

Table 4: Factorial Fit for Process and Takt Times 

Process time (PT) Takt time (TT) 
JIT factor/s Coefficient p value Coefficient p value 

Intercept 364.01 0.000 62.51 0.000 
A - 45.56 0.000 - 13.76 0.000 
B 1.76 0.000 - 0.04 0.771 
C 13.39 0.000 1.24 0.000 

A*B 1.84 0.000 - 0.11 0.392 
A*C 0.56 0.035 - 1.24 0.000 
B*C - 0.71 0.012 0.04 0.771 

A*B*C - 0.79 0.008 - 0.04 0.771 

864



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 

According to the analysis, p values for all effects and interactions on PT are less than 0.05 (α). Therefore, all the 
effects and interactions on PT are significant. However, factorial fit shows that the main effect and interaction 
effects of setup time on TT are greater than 0.05. In this study, the coefficient of line balancing (multifunction 
employees) shows the highest impact on both process time and takt time compared to the other JIT drivers. The 
same explanation goes for their two and three-way interactions. Process and takt times therefore decrease when the 
number of stations (number of employees) change from lower to upper values. 

In this instance, management can decrease PT and TT by introducing more assembly stations (more employees) 
with better line balancing (improved multifunctional ability). Process time is found to increase when setup time and 
time spent on quality control change from the lower to the upper values. The impact of quality control on process 
time is greater than those for setup time but lower than for line balancing (multifunction employees). As expected, 
setup time and its interactions have no impact on takt time. This is because setup time occurs at the completion of 
one batch where as takt time is the time difference between the generation of two successful end products 

The following regression equations (2, 3) have been derived for the PT and TT where, A is Line balancing 
(multifunction employee), B is Setup time and C is QC: 

 0.79ABC - 0.71BC - 0.56AC  1.84AB  13.39C  1.76B  45.56A - 364.01  PT ++++=  (2) 

                 1.24AC  1.24C  13.76A - 62.51  TT −+=                                                                        (3) 

The company can use the above mathematical models to predict PT and TT by assigning upper and lower values 
of aforementioned factors. The next phase assesses the strategic influence of key JIT drivers on BSC perspectives 
and overall performance. 

4.5. STEP 5: DEVELOPMENT OF PERFORMANCE HIERARCHY 

Figure 4 shows the customised performance measurement hierarchy developed for XMUK. The following 
performance measurement hierarchy was developed with the following overall objective, measurement criteria and 
decision alternatives: 

• Overall objective – Improved overall performance of the company 

• Measurement criteria – Extended BSC perspectives 

• Decision alternatives – Key JIT drivers needed to compare, quantify and optimize 

Figure 4: Customised Performance Measurement Hierarchy for X Manufacturing (UK) Ltd. 

4.6. STEP 6: DESIGN QUESTIONNAIRE AND CONDUCT SURVEY FOR X MANUFACTURING (UK) LTD. 

A series of focused and structured interviews were carried out with top managers, executive staff members and 
line managers. The purpose of these interviews was to gain the opinion and views of the managers about the 
organisation’s competitive priorities, and the impact of JIT manufacturing techniques on extended BSC perspectives 
and overall performance of the company. The questionnaire was used to assess the influence of selected key JIT 
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drivers on each BSC perspective. The respondents were asked to give their individual opinion and indicate the 
magnitude of importance placed on selected key JIT factors for each BSC perspective. 

4.7. STEP 7: ANALYTIC HIERARCHY PROCESS (AHP) ANALYSIS 

The next step in the performance measurement model development process was questionnaire data analysis 
using the AHP tool. The geometric mean of weights assigned by the participants is considered in AHP analysis. The 
overall evaluation of the AHP analysis is given in Table 5. 

Table 5: Overall Evaluation of Key JIT Variables and Extended BSC Perspectives 

Overall Evaluation 
Decision Alternatives Line 

Balancing 
Setup Time 

Elimination Plans 
Multifunction 

Employee 
QC Weights 

Customer Perspective 0.286 0.116 0.198 0.400 0.250 
Financial Perspective 0.306 0.139 0.268 0.286 0.206 

Internal Business Processes Perspective 0.301 0.204 0.274 0.220 0.138 
Employee Perspective 0.305 0.186 0.330 0.178 0.130 
Supplier Perspective 0.219 0.089 0.212 0.479 0.079 

Innovation and Growth Perspective 0.354 0.113 0.222 0.311 0.120 
External Environmental Groups Perspective 0.206 0.155 0.170 0.469 0.077 
Overall Priorities for the JIT Variables 0.292 0.143 0.242 0.324  

 

According to the overall priorities of the JIT variables, the top priority has been given to quality control (QC) 
(0.324). Though the company’s top priority is quality, most of the managers and associates considered it a burden 
and described it as “quality pressure”. According to the analysis, the second most influential JIT technique is line 
balancing (0.292) followed by multifunction employees (0.242). The least significant factor is setup time 
elimination plans with an overall weighting of 0.143. 

4.8. STEP 8: OVERALL ANALYSIS AND RECOMMENDATIONS TO X MANUFACTURING (UK) LTD. 

It is necessary for the organisation to measure and manage their JIT processes in order to understand and 
appreciate their operational performance characteristics; to identify key JIT drivers affecting operational 
performance, assess competitive priorities and goals for future improvements. The customised performance 
measurement model was therefore used to identify the most influential JIT techniques affecting operational and 
overall performance for XMUK. 

As shown under the main findings in Table 4, line balancing and multifunction employees are the most 
influential JIT drivers on operational performance of the company; quality control has medium influence, while 
setup time elimination plans have marginal influence on operational performance. Feedback received from the 
managers (Table 5) show that quality control is the most critical JIT driver in overall business performance for the 
company. While shop floor managers try to improve process efficiency, top managers strive to improve quality of 
products and reduce cost of production in order to compete with rival brands. The shop floor managers are currently 
under relentless pressure from the company’s financial controllers to reduce waste and number of associates in order 
to reduce the cost of production. As a result, all the decisions of top managers are built around quality improvement 
and cost reduction, rather than process improvement. The quality assurance process and reduced number of 
associates (work stations) could improve the quality of products and profitability respectively. However, this will 
also eventually increase process time and give rise to a negative impact on the manufacturing process performance. 
It is therefore essential to strike a balance between both operational and overall competitive priorities in order to 
optimise the performance levels.  

The following recommendations are aimed at improving process efficiency and overall performance of XMUK. 

• Process and takt times can be reduced by approximately 22% and 36% respectively by applying 
optimal line balancing and employing multifunctional associates 

• Process and takt times can be reduced by approximately 7% and 3% respectively by building quality 
into the product and process rather than inspecting it in 

• Process time can be further reduced by reducing or completely eliminating setup time 
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This analysis therefore provides the company with enough grounds to undertake strategic investment decisions 
such as re-arranging the assembly line (e.g. U-shape conveyor arrangement) to optimise performance and 
developing associates multi functional capabilities to enhance the existing portfolio. Improvement of the main 
assembly line and the down stream process lines, development of the associate skill levels and implementation of an 
advanced integrated supplier network will take care of the quality of their products 

5. CONCLUSIONS  

The performance measurement model that linked key JIT drivers (Xi) and measurable performance (Y) through a 
mathematical model and a novel eight-step implementation procedure to transform the generic conceptual model to 
a practical performance measurement system has been presented. It was aimed to assist managers in the systematic 
identification of the influence of key JIT drivers on organisational competitive priorities using a multidimensional 
tool such as the extended BSC.  

The study applied the performance measurement model and implementation procedure to identify key JIT 
drivers (i.e. line balancing, multifunction employee, setup time elimination plans and quality control) and the KPIs 
(i.e. process and takt times) for XMUK. Experimentation using ProModel software enabled a computer based 
simulation to determine the impact of selected JIT variables on system performance. Line balancing (multifunction 
employee) stood out as the most significant parameter with a high impact on process and takt times, while quality 
control had a medium impact. According to the AHP analysis, customer and financial perspectives are company’s 
competitive priorities, while quality control followed by line balancing are the key JIT drivers in overall 
performance measurement. Based on simulation and AHP analyse results, it was suggested that the company should 
apply optimal line balancing, employ multifunctional associates, build quality into the products and processes rather 
than routine inspection and also eliminate setup time to optimise the overall performance of XMUK. 

The performance measurement model developed here can serve as a tool to enhance JIT manufacturing 
performance especially in identical automotive industry plants. It will enable strategic decisions on investment, 
process improvement, capability development, diversification with regard to new customers/markets and delivery of 
innovative products to customers, promote supplier integration and sustainable production. 
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ABSTRACT 

This paper contains a research on reducing the average time of the delay in the real-time dispatching of parallel 
machines with various products in a manufacturing process. The goal of this research is to find an efficient search 
method for fast and effective real-time dispatching in a manufacturing process. On the contrary to the 
Meta-heuristic or the traveling salesman problem(TSP) methods which take the long time to complete, the method 
presented in this paper, by using the expected completion time of the process minimizes the total delay time and 
maximizes the quality of the product. To verify this method, its effects have been examined in the computer 
simulation and compared with the effects of the Heuristic and TSP methods. The method presented in this paper is 
reliable in practice. It observes the due-date, improves the products. Using this method manufacturing companies 
can expect increase of the profits. 

1. INTRODUCTION 

Recently, many manufacturers have difficulty in making effective production scheduling as manufacturing 
environments are getting more complex. The main obstacles in getting optimal scheduling stem from the due date, 
sequence dependent setup time and job release times. Companies make constant efforts to enhance the quality of their 
products or services to survive the fierce competition. Securing higher customer satisfaction than competitors has 
become essential to the survival and prosperity in the era of infinite competitions. That is, companies in the modern 
society compete against each other to survive in the customer satisfaction-oriented paradigm, in which the top priority 
is to meet the customers’ needs for a product or service.  

 In the past of small-line mass production, producing the most products at the lowest possible costs was the goal of 
production and management. Today the goal has changed to making and delivering a product demanded by the 
customer at a lower cost due to the orientation to quality. But it’s not easy for a company to accomplish the strategy 
because the greater quality demands are the more difficult it is to make a delivery just in time. Quality enhancement 
means longer processing time on the available facilities, which in turn leads to longer waiting time and greater 
difficulty with meeting the due date. Meanwhile, the overall quality degradation of products is inevitable when 
meeting the due date is the only concern and thus allocating jobs to the machines without quality restrictions. Once it 
happens, it can harm the management and achievement image of the company, which will also lose trust of the 
customers and eventually its competitive edge. When a manufactured product fails to meet the quality standards and 
due-date, there occurs a additional cost or lost of sale, which refers to the cost involved with a product that doesn’t 
meet the customer needs.     Thus, today’s companies are on a mission to come up with an efficient strategy to keep 
upgrading quality and meeting the delivery date at the same time.  

Minimizing the maximum completion time or minimizing the mean completion time are the frequent objective 
(Potts 1985, Bruno et al. 1974) and important issue in many process industries such as semiconductor, steel and 
automobile manufacturing (Flapper et al.,2002). In order to reduce the manufacturing cost especially in high-tech 
industries with expensive equipments like as semiconductor manufacturing, the occurrence of over due must be 
minimized as low as possible and this calls for an effective schedule. 
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In textile industries, loom scheduling or dye-works shop scheduling are typical example. For loom scheduling, 
machine changeover time depend on the yarn characteristics. For dye-works shop scheduling, machine changeover 
times depend on the colors (Guinet 1991, Sumichrast and Baker 1987)  

This research suggested an efficient real time scheduling to consider meet the due date and quality, considering the 
rapidly changing the market circumstances. It researched efficient real time dispatching to meet the due date and 
resolve quality restrictions.  

2. LITERATURE REVIEW 

Over the years, researches have been carried out on scheduling problems regarding parallel machines. However, 
there was no previous research to consider both due-date and quality. This study set out to suggest an efficient real 
time dispatching method to resolve quality restrictions and allow for delivery in time for the purpose of quality 
improvement. Related literature was reviewed on the two subjects to see if there would be an efficient alternative. 

2.1 PREVIOUS STUDIES ON DISPATCHING RULES 

Generally, sequence dependent setup times and release time are known to be a critical factor in production 
planning and control since they affect significantly the performance of schedule.(Kim and Bobrowski, 1994; 
Missbauer, 1997) therefore, rapid and accurate scheduling is essential in manufacturing environments existing release 
time in order to minimize the idle time of machine. Common dispatching methods include FIFO(First in Out), 
EDD(Earliest Due Date), MS(Minimum Slack), and SPT(Shortest Process Time). There were researches that properly 
utilized and developed them to fit the production site. Kim and Boborowski(1994) investigated a plan to take into 
account order-dependent setup time and dispatching time. In the study, they conducted simulations to figure out the 
impacts of setup time on the production system like production by order and demonstrated that the issue of scheduling 
should be considered by the pool when setup time is order-dependent. 

 There have been researches on how to minimize the completion time (Cj) in a plan for a single machine with no 
setup time. When there are no limitations with dispatching time in such a case, one can easily obtain the optimal 
solution by using the EDD( Earliest Due Date) rule. But it turns into a difficult problem to solve(NP-hard) when there 
are limitations with dispatching time (Garey and Johnson, 1979). A pure parallel machine problem is an 
NP-hard(Pinedo, 1999). It’s even harder to solve a problem with order-dependent setup time (Ovacik, 1995).  

There have been researches on minimizing TWT(Total Weighted Tardiness)in initial solution, as well. Kim(1994) 
adopted a hybrid approach by combining the dispatching rules with neural networks to solve a problem of minimizing 
TWT(1|sij|TWT). Lee(1997) suggested a three-stage heuristic procedure to adopt ATCS(Apparent Tardiness Cost 
with Setup) to solve a (1|sij|TWT ) problem. Lee(1997) suggested a three-stage heuristic technique by combining the 
dispatching rules with simulated annealing to solve a problem of minimizing TWT(P|sij|TWT). In the study, he 
revised the ATCS rule suggested for a single machine problem before adopting it. Schutten(1996) addressed a 
problem of minimizing the total tardiness on an identical parallel machine(P|sij|TWT) by using the Branch and Bound, 
which, however, raises many problems with performance speed due to many neighborhoods.  

In those previous studies, most of the dispatching rules were used in respect to planning and based on the 
assumption that dispatching for a process progress was done according to a plan. But they usually fail to stick to the 
plan on the site due to constantly changing process situations and emergency work. It’s often the case to revise a plan 
due to abrupt work. Thus it’s necessary to study efficient dispatching methods applicable to the site real-time, which 
was not covered in the previous studies. 

3. PROBLEM DESCRIPTION 

 The study set out to suggest an efficient dispatching method to satisfy quality restrictions and meet the due date at 
the same time. <Figure 1> shows a process situation applied in the study. When a client places an order, work is 
composed with the product type and due date. Then the composed work is entered in the workstation queue and on 
standby. When processing is complete and the machine is idle, the works on standby are dispatched according to 
dispatching methods. Once selected, the works are fed into the machine and processed during the setup and processing 
time according to product types. After processing is over, the works are moved to a measuring place, get measured, 
and receive results. If the results say the works are good with no defects, the current process will be finished. When 
there are defects, the current lot will be disposed altogether.  
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Figure 1. Consist of WorkStation and Job flow 

 

The machines of the workstation have different processing time, work processing quality levels, and setup time 
according to product types. Processing time varies according to product types but is the same among the machines. 
The work processing quality levels vary according to machine and product types. And setup time has something to do 
with the product type on the machine right before the current one. It also varies between the previous product type on 
the machine and the current one. 

 Once a work is completed on the machine, it is measured and receives a result in the form of target and 
measurement. The difference between the target and actual measurement is called quality. The work result is decided 
on the machine. The processing levels of completed works differ according to the product types and machines. 

 Dispatching is decided according to the dispatching method on the occurrence of standby works when there is no 
work waiting in the workstation queue and there is an idle machine available at the occurrence. 

4. PROPOSE METHODOLOGY     

In an attempt to minimize the total completion time or the mean completion time in the process circumstance 
presented in the problem description, the research set out to suggest an efficient dispatching method to resolve quality 
restrictions and meet the due date. 

First, we model the problem of scheduling sequence-dependent jobs on identical parallel machines to show the 
simple mathematics problem. We can find initial solution of this problem by using the ATCSQ suggested by 
Ko(2008). Next, we present a heuristic to solve it. This heuristic is an application of and algorithm developed 
previously for industrial carriers. The last we make sure the performance of the heuristic result with these problem. 
The indicators related to the completion time are total completion time C j and the mean completion time. These are 
applicable to the sequential process occurrence covered in the study.  

The suggested method is presented in formula (1) 
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[notation] 

j (j = 1, 2, 3,  . . . , N) : the job index 

i (i = 1, 2, 3, … , M) : the product index 

n : the number of completed job 

Cj : the completion time of job j 

Pj : the processing time of job j 

Dj : the due date of job j 

Slj : the setup time between job l and  j 

Rtjmf : the probability of individual rank 

p : the average processing times 

s : the average setup times  

t : the current time  

Quality ij : the quality index of product i in machine j  

Thresholdi  

1 2 3, ,k k k : the scaling parameter 

5. THE DISPATCHING METHOD TO REFLECT QUALITY 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1 INITIAL SOLUTION 

5.1.1 ATCSQ(Apparent Tardiness Cost with Setups Quality) 

In order to resolve quality restrictions and minimize the maximum completion time, the study entered the second 
stage, where efficient works were implemented considering the due date, setup time and processing time. The study 
made better use of the ATCSQ suggested by Ko(2008) as a dispatching method by reflecting quality on it which 
calculates work weights by using processing time, allowance time, and order-dependent setup time reflected in the 
ATCS and the quality index. The works whose importance was high according to ATCSEQ calculations were selected. 

Job order

It makes  better initial solution, 
getting Optimal solution

Heuristic, Hungarian method

Initial solsution
(ATCSQ )

Job Dispatching

Figure 2.Consist of job flow 
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The selected works turned out to have little processing time, allowance time, and setup time on the given machine and 
high quality. That can be presented in the following formulas: 

The ATCSQ method is presented in formula (2) 
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The ATCSQ selects works of processing levels at a certain rank or higher, thus reducing defection rates and 
ultimately cutting down the production costs for the company. It can also contribute to resolving quality restrictions 
when applied to the production site.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2 TO IMPROVE THE INITIAL SOLUTION  

5.2.1 The improving algorithm 
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Figure 3.consist of algorithm of the dispatching method to reflect quality 
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 Similarly to the Hungarian method, the algorithm works by increasing the number of zeros in the matrix from 
available jobs and machines and searching for a set of starred zeros, one in every row and column. Zero are primed, 
starred, or neither during the algorithm. Primed zeros are zeros in a column without any more zeros, which because 
they are in the same row. 

It is given n jobs and m machines, and non-negative edges. It represented the cost of assigning job i to machine, find 
the cost minimizing assignment. 

In conclusion, we can find optimal solution. 

5. CONCLUSION AND AFTER RESEARCH 

The study has used the proposed heuristic with different objectives. First, it was developed to minimize maximum 
total completion time or the mean completion time. Second, this research proposes to use in the semiconductor 
industry to minimize the mean completion time objective or the maximum completion time objective, for workshops 
with identical parallel machines. Which utilizes the dispatching rule suggested in this research, is applied to an actual 
process of work field such as wafer production process in semiconductor production line, it will be the scheduling 
method that was not covered by the other dispatching rules. It can contribute to resolving quality restrictions and 
minimizing Mean completion time when applied to the production line. Thus the customers’ needs are met, which 
results in greater reliability and competitive advantage of the company. 

By way of applying the model which is suggested from this paper at the process, study can do link with a simulation. 
So next above research will be conducted to estimate the performance of the proposed the algorithm. 
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ABSTRACT 

We propose the printed and self-aligned method of organic thin film transistors. Source/Drain electrodes were 
composed of UV curable Ag paste and fabricated by screen printing process. Curing was performed by backside 
UV exposure. Al gate electrode was used as a photo-mask and unexposed channel area was patterned by develop 
process. Since the source/drain electrode was self-aligned in accordance with gate electrode, the parasitic 
resistance and capacitance are minimized. The fabrication was characterized by printing process, thereby 
allowing for roll-to-roll production.  

1. INTRODUCTION 

Organic thin film transistors (OTFT) have merits in fabrication such as simpler processes and lower cost. For such 
reasons, new attempts continue today so as to apply OTFT technology to advanced electronic applications including 
flexible displays, RFID, and other portable devices [1-2]. However, the OTFT technology may have some technical 
problems to be solved. One of them is that new alternative process is needed to produce the OTFT by lower-cost 
manufacturing such as printing and roll-to-roll processing.  

Several groups adopted printing technology in a field of OTFTs. Klauk et al. reported pentacene TFT with 
spin-coated polymer gate dielectric, including carrier mobility as large as 3cm2/V.s, and on/off current ratio of 105 [3]. 
Diallo et al. reported pentacene TFT with a gate dielectric made of a thin foil of Mylar TM transferred by a lamination 
process [4].  

And also, soluble organic semiconductors were used by printing process in OTFT. Sirringhaus et al. reported a 
high-mobility conjugated polymer TFT. The OTFT have mobility of 0.05 to 0.1cm2/V.s, and on/off ratios of >106 [5]. 
Park et al. have fabricated the solution-processed OTFT with carrier mobility of > 1cm2/V.s, current on/off ratio 
greater than 107 using the small molecular organic semiconductor 6,13-bis(triisoproply-silylethynyl) pentacene 
(TIPS-pentacene) [6].  

Source and drain electrode in OTFT were also fabricated by spray printing, inkjet printing using soluble conductive 
materials. Knobloch et al. presented a fully printed OTFT with a mobility of 6×10-3cm2/V.s  and functional integrated 
circuit in the form of a seven-stage ring oscillator with a frequency of 0.86Hz at -90V [7].  

 However, these OTFTs have a large overlap resistance and capacitance which are attributed to a large alignment 
tolerance between gate and source/drain electrode. This parasitic resistance delays pulse signals, thereby degrades the 
quality of image in flexible display and decreases operation frequency in RFID tags. Therefore, it is necessary to 
develop printing technology of source/drain electrode, which is minimizing overlap length between gate and 
source/drain electrode.  

In this paper, we developed a simple self-aligned method employing UV curable Ag paste as a source/drain electrode. 
Al gate electrode was used as a photo-mask and unexposed channel area was patterned by develop process. Since the 
source/drain electrode is self-aligned in accordance with gate electrode, the overlap resistance and capacitance are 
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minimized. The process is performed by screen printing, thereby allowing for roll-to-roll production. 

2. EXPERIMENTAL 

Figure 1 shows the fabrication process of self-aligned OTFT. While a glass substrate was employed in this work, 
plastic substrates can be applied because the process is performed at low temperature and strong solvents, which can 
damage plastic substrates, are not used. First, an aluminum (Al) gate electrode was deposited on the glass substrate by 
thermal evaporation to a thickness of about 40nm and patterned by lift-off process. A gate insulator, a cross-linked 
poly-4-vinylphenol(PVP), was spin coated from the solution and cured in a vacuum oven at 200°C. Then, UV curable 
Ag paste was deposited by screen printing, as shown in Fig. 1(a). Subsequently, curing was performed by backside 
UV exposure. To obtain thin Ag paste, the bottom part of Ag paste was cured. UV exposure region could be cured by 
reaction between monomer, oligomer and photoinitiator. Al gate electrode was used as a photo-mask and unexposed 
channel area was carefully patterned by develop process, as shown in Fig. 1(b-c). In order to obtain clean surface of 
gate insulator, acetone was used as a developer. Then, the patterned Ag paste was heated on a hot-plate in order to 
obtain a low sheet resistance of Ag paste. Finally, organic semiconductor was deposited by evaporation or drop 
casting, yielding bottom contact structure, as shown in Fig. 1(d). A pentacene active layer was deposited by thermal 
evaporation with a growth rate of 0.3Å/sec up to 45nm thickness at a substrate temperature of 80°C. 1wt% 
TIPS-pentacene[7] or regioregular poly(hexylthiophene) (P3HT) provided by Aldrich, was dissolved in 
chlorobenzene and drop casted.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The fabrication process of self-aligned OTFT and (a)screen printing, (b)backside UV exposure, (c)develop, (d)deposit 
organic semiconductor. 

3. RESULTS AND DISCUSSION 

The sheet resistance (Rs) was determined by four-point probe measurements. The sheet resistance of source/drain 
Ag paste is in range of 6-0.2 Ω/ , a little larger or similar to rf sputtered ITO (i.e., 2 Ω/ ), but a little larger than 
thermally curable Ag paste (i.e., 0.1 Ω/ ). The bottom part cured Ag paste exhibits low uniformity of sheet resistance. 
In order to obtain high uniformity and low sheet resistance, Ag paste have to be fully cured. But the fully cured Ag 
paste has a problem that the pattern of source/drain electrode was not clean, due to scattering of ultraviolet rays in 
thick Ag paste.  

Figure 2 shows SEM picture of gate cross section and top-view of self-aligned OTFT. The source and drain 
electrode is self-aligned in accordance with gate electrode and thus the overlap resistance and capacitance are 
minimized.  

875



Printed and Self-aligned Technology of Organic Thin Film Transistors 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (a)SEM image of self-aligned Ag paste and bottom Al gate electrode, (b) top-view of self-aligned OTFT. 

Fig. 3(a) shows the transfer and output characteristics of self-aligned pentacene TFT. The performance parameters 
were extracted from the measured transfer curve by comparing it with the transistor’s current-voltage equation;  

 

 

Where C is the capacitance of the PVP insulator, W is the channel width, L is the channel length, Vth is the threshold 
voltage, and µ is the field-effect mobility. The OTFT have a mobility of 0.01cm2/V.s in the saturation region, an on/off 
current ratio of 106, and the threshold voltage of 0.6 V. As a result of performance of self-aligned OTFT, UV curable 
Ag paste can works as a source/drain electrode.  

We failed to obtain electrical characteristics of self-aligned TIPS-pentacene TFT. There is a problem that the 
drop-casted TIPS-pentacene wasn’t formed between source and drain electrode. And the sheet resistance of Ag paste 
is very increased after drop-casting TIPS-pentacene. It seems that the TIPS-pentacene existing at channel area 
penetrates into source/drain Ag paste, during solvent is evaporated. This is attributed to small molecule of 
TIPS-pentacene. 

Fig. 3(b) shows the transfer and output characteristics of self-aligned P3HT TFT. The P3HT was formed between 
source and drain electrode. It seems that the P3HT less penetrated into source/drain Ag paste because P3HT is a 
conjugated polymer. The OTFT exhibit a mobility of 1.4×10-3 and an on/off current ratio of 10.  

Figure 3: (a) Transfer and output characteristics of self-aligned pentacene TFT (W/L = 1250µm/70µm), (b) Transfer and output 
characteristics of self-aligned P3HT TFT (W/L = 1750µm/55µm). 

Figure 4 shows the concept of roll-to-roll printing method of self-aligned OTFT. First, key requirement for gate 
electrode of self-aligned OTFT is to obtain high resolution, because the pattern of gate electrode has an influence on 
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channel length of self-aligned OTFT. Micro-contact printing or nano-imprinting is good process, because they are 
able to make high resolution of gate electrode. Next, gate insulator requires simple printing process. Laminating is 
good process, because it is able to be fabricated by dry roll process. Additionally, it is not necessary for a dry or wet 
etching to make gate contact hole, because the pattered laminating film can be used. The source/drain electrode is 
made by screen printing and backside exposure method, as previously mentioned. The self-aligned method is not 
limited to the Ag paste case, but includes any conductive paste or ink that is able to be cured by backside exposure. 
Finally, organic semiconductor was deposited by ink-jet printing.  

 

 

 

 

 

 

 

 

 

 

Figure 4: Concept of roll-to-roll printing method of self-aligned organic thin film transistor. 

4. SUMMARY 

We developed the fabrication method of self-aligned organic thin film transistors. This method utilized screen 
printing process as a source/drain electrode. In particular, the source/drain electrode was self-aligned in accordance 
with gate electrode and thus the parasitic resistance is minimized. This method simplifies the overall fabrication 
process through the elimination of vacuum process, there by allowing for lower-cost fabrication and flexible 
applications.  
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ABSTRACT 

Orthotic insoles are prescribed to treat a number of conditions, for example the treatment of rheumatoid arthritis 
and to maintain the health of the feet of diabetics whose feet are susceptible to ulceration. Orthotic devices can 
be used for improving skeletal function thus improving the biomechanical performance of the user and 
subsequently providing a more economical gait. The biomechanical requirements of a functional insole relate 
not only to the geometry and condition of the foot but also the application in which it will be used. Different 
sports are played on varying surfaces using diverse movements and so would potentially require a different 
design with regards to the geometry and materials used. Thus novel manufacturing methods are required such as 
the cryogenic machining of soft foamed polymers or autoclaving a carbon fibre composite material to produce a 
slim design. Current techniques for the personalised manufacture of insoles often involve lengthy lead times 
which may be reduced by the introduction of direct machining. This paper provides an initial framework for the 
methodology of the design of a bespoke insole for sporting applications. 

1. INTRODUCTION 

The production of personalised orthotics has been an established technology for many years. Recently, 
developments in manufacture of orthotics in the form of CAD/CAM systems and scanning technology have enabled 
the acceleration of production. Traditional plaster cast mould manufacturing methods, still employed by many 
podiatrists today, involve lengthy lead times and are comparatively expensive. These mould designs are also often 
difficult to manipulate to a customer’s required specification. 

Bespoke foot orthoses offer the customer a comfortable and functional insole which improves foot function by 
accommodating and controlling excessive motion during gait. A functional orthotic device is fabricated over a mould 
taken of the foot; often this can be a plaster cast taken directly from the customer, or can involve a scanning device 
to digitise the plantar surface profile which is then used to machine a foam cast. However this is often time 
consuming and so direct machining of hard polymers, such as polypropylene, from a CAD model aims to reduce 
manufacturing times. Recent developments in the machining of soft polymers in the form of cryogenic machining 
allow the direct machining of semi-rigid devices which will be of benefit to the sporting sector due to their 
controlling aspects and impact attenuation. 

Carbon fibre reinforced plastic (CFRP) insoles may also be manufactured in an attempt to provide a lightweight, 
space-saving device. This is of increasing importance among many sports; football boots are evolving rapidly, with 
new designs offering slim fitting and lightweight products. Many devices simply cannot fit into current boot designs 
and even if they could, they would have a large impact on the overall weight of the boot and so a CFRP insole gives 
a slimmer profile due to its stiffness and rigidity properties. 
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This paper presents an innovative methodology for the development of a personalised sport orthotic insole. The 
initial part of the paper provides a literature review of foot orthotic design and manufacture, including a 
classification of current designs and an explanation of the common biomechanical requirements of orthotics. The 
second part outlines the manufacture of a carbon fibre insole. The major part of the paper will establish the 
framework to underpin the research including future developments and major achievements. 

2. FOOT ORTHOSES 

Taken from the Greek “ortho”, an orthotic is a device that is applied externally and is used to improve quality of 
movement. The orthotic aims to correct biomechanical and postural inaccuracies, thus improving function. Orthoses 
can be applied to many parts of the body, mainly to the limbs such as knee-ankle-foot orthoses (KAFO) and upper 
extremities. This paper will concentrate on foot orthotics; these are the most prevalent of orthotic devices and can be 
prescribed for a number of reasons such as to relieve pressure or pain in the foot, as a treatment to diabetes and to 
correct biomechanical inefficiencies and deformities.  

A foot orthotic is a correctional insert, placed within the shoe in the form of an insole. Hunter et al. [1] describe a 
foot orthotic as “a device that is placed in a person’s shoe to reduce or eliminate pathological stresses to the foot or 
other portions of the kinetic chain” including stresses caused by muscular-skeletal deformities and an inability to 
shock absorb. 

2.1. ORTHOTIC CLASIFICATION 

Orthotics can be classified in many different ways, including their rigidities, production methods and 
applications. Orthotics classified due to their physical rigidity can be soft, semi-rigid or rigid devices [2,3,4], each 
with their documented advantages; a review by Clark et al. [5] indicate that a rigid orthosis decreases forefoot and 
rearfoot pain in subjects with early onset rheumatoid arthritis. The rigid devices also decreased the level of foot 
deformity in rheumatoid arthritis with hallux valgus. It is a common belief among podiatrists that a correctly fitting 
rigid device has no need for impact attenuation due to the biomechanical alignment of the skeletal structure. 

There are three basic types of foot orthoses; 

• Prefabricated – mass produced and bought off the shelf; they typically provide general arch support or 
cushioning to areas of the foot.  

• Customised – typically a modified prefabricated component. Often these can be produced through a 
modular design such as the addition of a metatarsal pad to relieve pressure in a specific area, or the 
introduction of a heel lift for the treatment of leg-length discrepancies to a polypropylene off-the-shelf 
shell. A cover is then applied to the whole device for comfort, this is typically either a low density foam 
or leather material 

• Custom-moulded – an orthotic manufactured from a cast or mould of the patient’s foot, these often 
provide the best fitting orthotics and give the best results.  

These types can be further categorised into accommodative or functional orthoses; an accommodative, or total 
contact device, will accommodate and protect a rigid foot or a specific deformity without correction whereas a 
functional device provides joint stability, controls motion and corrects the function of the foot. The mould taken 
from the foot is often adapted to enhance alterations made to the final device; for example taking material off a 
positive cast will increase the arch height of the orthotic. 

There are many types of orthotic available and these can be prescribed and used for a number of different 
purposes. The required use of an orthotic insole will fall into one of three main categories, which are then subdivided 
into further groups; orthotics used for sports, medical applications and comfort orthotics and these are outlined in 
figure 1.  

Different insoles require different manufacturing methods to suit their production volume. A prefabricated soft 
orthotic may well be injection moulded which involves the machining of a pre determined mould that is subsequently 
used for the mass production of insoles. This is not a personalised service and so will not offer customer-specific 
biomechanical correction. The injection moulding of personalised products is not a viable process as for each 
customer a new mould would be required. Thus the adaptation of a prefabricated device for a customised insole is 
often the best practice for a podiatrist. A best fit shell is chosen based on factors such as foot size and arch height 
required. The shell material determines the ultimate rigidity of the device; a cover is then placed over the top for 
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comfort, this is commonly a layer of ethylene vinyl acetate (EVA) foam. EVA foams are very versatile and can be 
produced at a variety of densities and so are ideal for providing both impact attenuation and comfort for the wearer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Classification of foot orthotics 

 

2.2. BIOMECHANICS 

It is widely accepted among that an orthotic device should place the foot into a neutral subtalar joint (STJ) 
position [2,6,7], thus correctly aligning the skeleton during the midstance phase of gait. By introducing this foot 
position, the amount of inversion/eversion experienced at the foot is reduced; subsequently the amount of 
external/internal rotation transferred to the knee joint is lessened. 

Orthotic devices can significantly reduce both the symptoms of skeletal deformities and disease, such as diabetes 
and rheumatoid arthritis, and help to prevent injuries higher up the kinetic chain [8,9]. The correct alignment of the 
skeleton is a paramount function of a corrective insert and a correct posture is essential to a successful sports 
performance; by achieving an economical and effective gait, an athlete will expend less energy; there has been much 
research into the performance enhancing properties, or the fatigue related effects of materials used in running shoes 
[10,11,12,13] and these principles can be applied to the materials used in orthoses manufacture, thus achieving a 
fluent gait. 

3. MATERIALS 

There are numerous methods of fabrication for foot orthoses to suit the diverse materials. As mentioned there are 
a number of classifications for the devices and the physical properties of the orthotic materials contribute to these. 
Whilst there are contradictions over the classification processes, there is a general agreement between professionals 
with the important physical characteristics within orthotic fabrication. These include their response to temperature, 
elasticity, hardness, density, durability, flexibility, compressibility and resilience [14]. Density and hardness are of 
particular interest as it is these attributes that affect the impact attenuation of the device; a high density material will 
have little cushioning and so will provide a rigid, often controlling structure whereas a material of low density will 
absorb shock. The hardness of the material is similar to this as it is the resistance to indentation, thus a hard material 
will not shock absorb. 
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The materials commonly used for orthotic manufacture are: 

• Plastics: polypropylene is a good example of the type of material used; it can be classed as a semi-rigid 
or rigid material and exists just above its glass transition temperature (Tg) under operating conditions 
and so remains controlling in situ. The rigidity of the device will be controlled by the thickness of the 
sole plate. 

• Foamed materials: such as polyurethanes and EVAs; these can either be open or closed cell foams 
consisting of a continuous polymer phase enclosing a discontinuous gas phase (pockets of gas). Open 
celled foams, as their name suggests allow interaction between the pockets of air whilst in a closed cell 
foam the gas is enclosed within the polymer cells, thus providing a water-tight material. Polyurethane is 
often used as a top cover or extension for a customised orthotic due to its durability and because it can 
be manufactured in a great number of ways many different grades can be produced. EVA, like 
polyurethane is used extensively and successfully in the midsoles of sports shoes [10] and so is an 
obvious candidate for the use in orthoses. It has been documented that a high density EVA is a clinically 
desirable damping material, possessing properties most suitable for motion control [15]. 

• Carbon Fibre: Orthoses manufactured using carbon fibre reinforced plastics (CFRPs) have the benefit of 
an extremely high stiffness to weight ratio. Companies such as Blatchford, UK and Proteor, France 
manufacture carbon fibre orthoses, although mainly concentrating on knee-ankle-foot orthoses (KAFO) 
and ankle-foot orthoses (AFO). Carbon fibre insoles can provide space saving solutions to shoe styles 
that are less accommodating; for example a football boot with a very narrow sole plate or a dress 
orthotic for ladies high heel shoes. The main disadvantage to using carbon fibre is that once the device 
has been formed, it cannot be readjusted due to the thermosetting resin matrix. 

4. MANUFACTURE OF A CARBON FIBRE ORTHOTIC 

The processes involved in the production of an individual carbon fibre part, i.e. hand lay-up and vacuum bagging 
require low tooling costs whilst producing extremely good results [16]. A pre-impregnated (prepreg) satin weave 
material was used for the production of the insole along with a layer of unidirectional material for increased 
directional stiffness. The material provided good drapeability due to its low crimp; this also results in improved 
mechanical performance as the oriented fibres sit straighter within the matrix thus allowing for a greater load to be 
carried. 

A three ply laminate was laid up onto the plantar surface of a positive cast of a foot to produce a thin and stiff 
lightweight insole. Two reinforcing areas were added to provide a stiffer arch support and also to strengthen the end 
of the insole as shown in figure 2. The three layers were first cut into rough shapes and were then heated to warm the 
resin thus making the material more pliable. The layers were then laid up in the following manner in order to achieve 
a symmetry throughout the product; 

1. First layer of woven prepreg 

2. Intermediate layer of unidirectional material 

3. Reinforcing material 

4. Final layer of woven prepreg 

 

 

 

 

 

 

 

 

Figure 2: Laying up process 
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The construction was then placed under pressure in a vacuum bag in order to bond the layers together before 

being placed under high pressure (100PSI) and temperature (120ºC) in an autoclave oven to cure the resin matrix. 

The final product was then ground down to a finished orthotic shape and finished to fit within the desired shoe as 

illustrated in figure 3. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Final orthotic shape 

The final stage of the orthotic design is to evaluate its performance. This can be achieved through a number of 
methods; 

• The perception of the customer; this is imperative as these are the people who will be using the device 
and so a functional device, although intending to correct skeletal function and provide motion control, 
must not compromise comfort. It must be noted however that a rigid, functional orthotic may 
temporarily affect the proprioception of the customer and so this initial phase of re-educating the 
skeletal movements must be tolerated. 

• The success of the biomechanical correction intended; this will be assessed by the podiatrist and will 
involve a walking gait assessment to distinguish any changes. 

• Mapping the insole to the geometry of the foot cast; the finished orthotic can also be offered up to the 
original plaster cast mould of the foot to see whether or not the geometry of the plantar surface of the 
foot is adequately mirrored by the orthotic device. This method was carried out after the final grinding 
of the insole, shown in figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Carbon fibre orthotics on plaster casts 
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5. CRYOGENIC MACHINING 

Cryogenics is the study of the production at low temperatures. The process of freezing and machining soft 
polymer foams will form a major part of this research. Traditionally the most common production method for soft 
products has been through the use of injection moulding; however, this is not a viable method for bespoke parts as a 
personalised mould would have to be manufactured for every customer. 

In order to facilitate the machining of low density polymer foams, there are key characteristics of the substrate 
that must be altered, most notably its stiffness. This is achieved by freezing the material below its glass transition 
temperature (Tg), which is the temperature required to change an amorphous solid from a soft material to a more 
brittle one, allowing it to be machined. The Tg of a number of polymers have been measured using Dynamic 
Mechanical Thermal Analysis (DMTA); a dynamic mechanical analyser was used to monitor the dynamic property 
changes over a range of temperatures at a fixed frequency of 1Hz to obtain the mechanical responses of the material. 
Figure 5 shows a typical results graph, displaying the Tg of a neoprene foam (-61°C); this is characterised by the 
intersection of the gradients of the initial shallow and steep stages of the modulus values.  

Different materials will have different thermal insulation properties and so will freeze at different rates and will 
pass Tg at different temperatures. With foamed materials, the density of the material will have an impact on the 
freezing characteristics due to the pore size reflecting the amount of gas within the foam; the gas inside the cells act 
as a thermal insulator and so would hamper the freezing of the material. It is intended to obtain scanning electron 
microscopy (S.E.M) images of candidate materials in order to characterise freezing profiles. 

 

 

 

 

 

 

 

 

 

 

Figure 5: Glass transition temperature of a neoprene foam 

Liquid nitrogen has been used as a cryogen to freeze a number of polymer foams using various fixtures to find 
the most effective way of reaching and maintaining a temperature below Tg [17]. By freezing a foamed material, 
there is scope to machine a bespoke, one-off part directly from a CAD designed insole. The CAD design can be 
produced by utilising a scanned image of the plantar surface of the foot; either directly from the foot itself or a scan 
or data collection using a coordinate measuring machine (CMM) from a cast of the foot. 

6. GENERATION OF THE FRAMEWORK FOR THE EXPERIMENTAL METHODOLOGY 

A major aspect of the research will be formed through the biomechanical assessment of subjects in a number of 
sports. It is intended to ascertain the movements and stresses experienced in the feet during differing activities 
synonymous with each sport i.e. a sharp change of direction or kicking a ball; the stresses experienced by a football 
player may differ greatly to that of a long jumper or tennis player. This could be due to a number of factors such as 
the playing surface and the type of footwear worn. These results should provide parameters on which to base 
structured prescriptions along with foot anatomy for the geometry of the insole design. 

The following Integration definition for functional modelling (IDEF0) diagram in figure 6 outlines the structure 
and contributing factors to the methodology framework. IDEF0 diagrams are influential as they provide a specific 
outline for the experimental work. The diagram shows the inputs, outputs, control factors and required activities for 
the prescription and design process of a personalised orthotic for various sporting activities.  
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Figure 6: IDEF0 representation of the design and manufacture system for a personalised, sport specific insole 

Figure 7 shows an expanded diagram displaying the major activities involved in the production of a bespoke 
insole. This preliminary IDEF0 diagram offers an overview to the work that is currently in progress. As the 
cryogenic technologies evolve and knowledge of useable materials increases, the diagram is likely to change and 
expand to include more variables, inputs and outputs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: IDEF0 diagram displaying major activities for a bespoke insole design methodology 

7. CONCLUSION 

The manufacture of personalised, functional insoles that are not only specific to the biomechanical needs of the 
customer but also the sporting environment in which they operate will aim to provide an improved and effective gait, 
thus decreasing the risk of injury. By providing an economical gait, the insole may also help to prevent the onset of 
fatigue through muscular stress.  

This framework presents a methodology for the prescription of a bespoke insole and provides a structure on 
which to base the research and collect data from initial experimentation. The manufacturing methods include the 
direct machining from a CAD model of a personalised insole utilising cryogenic techniques will decrease lead times 
compared to traditional methods. 
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The advantages of a successful orthotic device are: 

• Decreased risk of overuse injuries 

• Treatment of leg length discrepancies 

• Relief from disease symptoms 

• Reduced risk of stress fractures 

• Improved biomechanics 

The results of the manufacture of carbon fibre insoles showed a successful geometry, matching that of the 
intended design. The rigidity of the device was sufficient for motion control and correct function whilst being thin 
enough to place into the desired shoe, saving space. 
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ABSTRACT 

Metal foams show great potential for a wide range of technical applications due to their unique mechanical and 

physical properties. There are many ways to produce metal foams and their manufacture involves the 

simultaneous occurrence of solid, liquid and gaseous phases. The slurry method was selected to produce titanium 

foams, in which the sintering process was the most critical. The objective of this paper is to determine the 

sintering effects on the prepared titanium foams. Titanium slurry was prepared by mixing pure titanium powder, 

polyethylene glycol (PEG), methylcellulose and water. Then, the polyurethane (PU) foam was impregnated in to 

the slurry and dried at room temperature. These were later sintered in a high temperature furnace. Due to the 

high reactivity of the titanium powder, two sintering environments were chosen, i.e. vacuum and argon 

atmosphere. The effects of sintering on the prepared titanium foams were quantified by measuring the sintering 

time, soaking time and rate of heating. The titanium foams were characterised using scanning electron 

microscopy (SEM) and energy dispersive x-ray fluorescence spectrometer (EDXRF). In this work, the range of 

pore size obtained was between 300 – 500 µm, with strut size in the range of 100 – 150 µm. The elements found 

in the material were titanium, phosphorus and calcium. 

1. INTRODUCTION 

Metal and metal alloy foams containing up to 95% porosity are being explored for applications requiring high 
specific strength and stiffness, high mechanical energy absorption (e.g. for protection against impacts and 
explosions), for heat exchangers, flame resistance and applications motivated by their intrinsic buoyancy [1]. They 
offer many potential benefits for components that operate in extreme environments and at temperatures where 
conventional polymeric foams cannot be used [2]. They also promise cost advantages over conventional lightweight 
honeycomb structures and rib-stiffened panels used in many aerospace and ship structures [3]. 

There are many ways to produce metal foams, but there are two fundamental strategies for making metallic 
foams. The first is the direct foaming method. This starts from a specially prepared molten metal containing 
uniformly dispersed nonmetallic particles to which gas bubbles are added to create foam. This can be done in 
various ways: through a capillary or porous frit, by adding a chemical agent which decomposes in the melt or by 
making use of gas dissolved in the metal which is precipitated into bubbles by temperature or pressure control. The 
second method for making metallic foams is by the indirect foaming method. It starts from a solid precursor which 
consists of a metallic matrix containing uniformly dispersed blowing agent particles, for Al-based alloys mostly 
titanium or zirconium hydride. Upon melting of the matrix, this precursor expands and forms foam [4]. In this 
research, the indirect foaming method was chosen and titanium was used as the base material. This is due to the fact 
that titanium is stronger and 45% lighter than steel.  

Titanium is 60% heavier than aluminum but twice as strong [5]. The density of titanium is roughly 55% that of 

steel. Titanium alloys are extensively utilised for significantly loaded aerospace components.  Titanium is used in 

applications requiring somewhat elevated temperatures. The good corrosion resistance experienced in many 
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environments is based on titanium’s ability to form a stable oxide protective layer.  This makes titanium useful in 

surgical implants and some chemical plant equipment applications. Porous titanium structures have an additional  

potential for weight reduction and could even be suitable for functional applications if the pore structure were 

open [6]. 

 
The properties of metal foams are dependant on many morphological features, such as; pore size distribution, 

cell wall curvature, defects etc. The sintering effect on the titanium foam will be studied using vacuum and tube 
furnaces. Scanning electron microscope (SEM) was used to measure pore morphology and its size together with 
titanium foam distribution. In addition, the X-ray diffraction (XRD) and thermo gravimetric analyzer (TGA) as well 
as the energy dispersive x-ray fluorescence spectrometer (EDXRF) were used to investigate the foam elemental 
composition. 

2. MATERIAL AND METHOD 

Titanium powder was purchased from Sumitomo Titanium Corporation of Japan. The particles were spherical in 
shape and the diameters were less than 45µm. The density of the titanium powder was 4540 kg/m3 and the melting 
point was 1670oC. Water soluble materials, Polyethylene Glycol (PEG) and Carboxy Methyl Cellulose (CMC) were 
used as binders. PEG and CMC are water soluble materials. 

2.1. PREPARATION OF SAMPLE 

Initially, PEG and CMC were stirred in deionised water for one hour. Pure titanium powder was subsequently 
added to the solution and stirred for two hours. Thickener was added to form the slurry, while the stirring was 
continued for one hour. The function of the thickener was to improve the slurry rheological property. The titanium 
slurry was used to impregnate polyurethane (PU) foam. The PU foams were dipped into the slurry and the dipping 
and drying processes were repeated until the struts of the foam were completely coated with titanium slurry. The 
excess slurry was then removed by pressing the foam under a roller. 

 
The samples were dried in the oven for 24 hours at 30oC. After the sample was completely dried, the PU was 

removed from the matrix by heating it at 600oC for 60 minutes. Subsequently, the samples were sintered at 1250oC 
with holding time of two hours. For comparison, two types of furnaces were used i.e. the vacuum and tube furnaces. 
The rate for heating was 1oC/min. The sintering cycle is shown in Figure 1 whereas Figure 2 summarises the 
titanium foam preparation process.  
 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
                        Figure 1: Sintering cycle for the preparation of the titanium foams.  
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Figure 2 : Schematic illustration of the production of the titanium foams 

    

2.2. SAMPLES CHARACTERISATION 

The software Mettler Toledo Stare System TGA 851e was used for the thermogravimetric analysis (TGA). It is to 
measure the thermal stability and composition of the material. It measures weight changes in the material as a 
function of temperature (or time) under controlled atmosphere. TGA was used to study the pyrolysis process of the 
polyurethane foam and to determine the burnt off temperature of the PU foam. A Philips XL30 SEM was used for 
morphological characterization of the samples after sintering. The samples were coated with gold/palladium under 
an argon atmosphere. Furthermore, an EDXRF Pan Analytical Machine Model MINIPAL 4 was used to provide 
qualitative information on the elemental composition of the samples. 

3. RESULT AND DISCUSSION 

The pyrolysis of the polymer is critical in the sintering of the ceramics especially for the polymer sponge method 
[7]. Sufficient time should be given to allow polymer burnout before sintering. This is to avoid cracks in the 
microstructure. In this research, the TGA was used to determine at which temperature the polyurethane foam was 
completely burnt out. Figure 3 shows the weight change of the polyurethane foam versus temperature. It shows that 
the polyurethane foam was completely burnt out at 600 oC. Thus, to allow ample time for the complete burning 
before the sintering started, the heating rate was set to 1 0C/min up to 600 oC with a dwell time of 1 hour.  

     The XRD test was conducted on the pure titanium powder prior to the making of the titanium slurry. This was to 

ensure that the titanium was pure and has not oxidised. The XRD result for pure titanium is shown in Figure 4. The 

Polyurethane foam 

Titanium slurry 

Vacuum and tube furnace 

Sintered samples 
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XRD peak shown in Figure 4 was found to be identical with what is shown for the standard titanium in the powder 

diffraction file (Card NO. 001-1197). 
 
    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 : TGA analysis of the polyurethane foam. 
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Figure 4 : XRD result for pure titanium. 

 

Figure 5 shows the microstructure of the titanium foam after sintering at 1250 oC in the vacuum furnace. The 
pore size was found to be in the range of 316 to 493 µm. The titanium foams sintered in the vacuum furnace 
produced smaller pores than the ones sintered in the tube furnace using argon atmosphere. As is shown in Figure 6, 
the pore size ranged between 190 to 358 µm. The size of the strut on average is about 102 µm for samples sintered 
in the vacuum furnace whereas those sintered in the argon atmosphere had struts ranging from 50.4 to 68.2 µm. We 
measure the strut using SEM equipment. It is evident that the size of the struts for the titanium foams sintered in a 
vacuum atmosphere is bigger than those sintered in an argon atmosphere. 

 

 

 

 

 

 

 

 

 

 

Figure 5 : SEM micrographs of titanium foam sintered in the vacuum furnace. The magnifications for these samples are 90X 

(Left) and 250X (Right). 
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Figure 6: SEM micrographs of titanium foam sintered in the tube furnace. The magnifications for these samples are 250X (Left) 

and 90X (Right). 

 The SEM images also show that the pores do not interconnect and the struts were collapsed. Collapse means 
that the strut was fall down and the pore was did not produce. Struts are important in titanium foam because larger 
struts will improve the mechanical properties [8]. During the sintering process, the rate of the removal of the binder 
and the PU foam is critical. If the removal of the binder is done too fast, this will result in blisters. On the contrary, 
if the binder is removed too slowly, this will collapse the strut [9].  

The elements that were detected by the EDXRF test turned out to be calcium and titanium as shown in Figure 7. 
It shows that the sample was contaminated during the sintering process. It because the sintering process that were 
done in 10-3 torr vacuum. So to over came this problem, we must use high vacuum furnace (10-6 torr).  

Figure 8 shows the EDXRF result for titanium foam after sintering in the tube furnace with argon atmosphere. 
The elements presented are phosphorus, calcium and titanium. The color of the sample was change from black to 
gray after sintering process. It shows that the sample was changes to titanium oxide  

Figure 7 : EDXRF result for titanium foam sintered in the vacuum furnace. 
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Figure 8: EDXRF result for titanium foam sintered in the argon atmosphere. 

 

4. CONCLUSIONS 

Titanium foams have been produced by the slurry method, although some oxidation has occurred on the 
samples. It is believed that sintering in a highly vacuum furnace (10-6 torr) and high purity argon atmosphere will 
improve the sintering process [5]. The titanium foam showed pore sizes ranging from 300 to 500 µm but these did 
not produce an interconnected structure. The sintering process was found to play a critical part in forming the 
titanium foams. For further research, the suitable soaking time, heating rate must be investigated further and also do 
the porosity, density and compressive strength test for mechanical properties to produce titanium foam. 
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ABSTRACT 

In today’s consumer driven society, there is an ever increasing demand for better products, which are 
specifically designed for the individual consumer. As a result new methods of design and manufacture are 
required. A large number of consumer products are manufactured from polymers and typical examples include 
orthotic insoles and shoe soles. The present state of the art method for producing polymer products is achieved 
predominantly through the use of injection molding techniques. However the major problem with this method is 
that personalised products cannot be manufactured as individual molds would be required for each different 
design, therefore increasing cost substantially, producing significant waste and increasing lead times. A novel 
area being pursued by the authors is cryogenic machining of soft materials for direct machining using CNC 
machining methods. Cryogenic machining is a method which has been employed in manufacturing for a number 
of years, most notably for changing the structure of metal parts and for machining of hard to machine metals. 
The major defining point of cryogenic machining is the temperatures involved. Cryogenic by definition applies to 
temperatures generally below 120 Kelvin. For effective cryogenic machining, temperatures and thermal 
gradients of the materials need to be monitored. This paper introduces the cryogenic concept and provides 
experimental analysis for temperature measurements on a range of materials. The aim is to show the effect 
cryogenic temperatures have on a range of soft materials including soft neoprene and ethylene-vinyl acetate, 
which will further provide knowledge on cryogenic machining of soft materials for a radically new method of 
producing personalized consumer products.  

1. INTRODUCTION 

Personalized manufacture is a relatively new concept applied to a number of different product design and 
manufacture areas, particular for a variety of consumer products which include healthcare items. Traditional 
methods for producing polymer based products is through injection molding, which does not allow for personalized 
products to be manufactured, as individual moulds would be required for each different design and size. A method 
which is being developed by the authors [1] is cryogenic machining of soft materials for direct CNC machining, for 
producing a wide range of personalized consumer products that include orthotic insoles and shoe soles.  

The major element of using cryogenics in CNC manufacturing is to use and apply the extremely low 
temperatures of liquid nitrogen, at -196oC, and cryogenically freeze soft polymeric materials. Cryogenic techniques 
have been used in a number of previous different studies, which mainly include cryogenic processing and cryogenic 
hard metal machining. In this research cryogenic technology is used to freeze a range of low density elastomers.   

This paper presents an overview of cryogenic machining of soft materials and focuses primarily on the thermal 
temperature monitoring of the process in order to develop an understanding of cryogenic freezing of soft materials. 
The initial part of the paper provides a brief literature review of existing research for cryogenic manufacturing. The 
second part discusses the cryogenic soft material machining concept. The major part of the paper describes a 
method for capturing thermal characteristic data for various cryogenically frozen materials.  

 

                                                           
* Corresponding author: Tel.: +44 (0)1225-484049; Fax: +44 (0)1225-386928; E-mail: V.Dhokia@bath.ac.uk 
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2. THE USE OF CRYOGENICS IN MANUFACTURING 

Cryogenic manufacturing can be divided into two areas namely, cryogenic processing and cryogenic hard metal 
machining. Cryogenic processing involves the use of liquid nitrogen (LN2) to improve the structure of metal parts, 
which is based around the conversion of retained austenite to the harder molecular constituent, martensite.  

Cryogenic hard metal machining is a method which has been studied in a number of previous papers where the 
main aim is to remove the use of coolant and instead, use liquid nitrogen spray jetting techniques.  

Wang et al. [2] describe a single spray jetting system which is used for machining hard to cut metals. A single 
nozzle is set up designed specifically to penetrate the cutting zone. Venugopal et al. [3] developed a system for 
machining of titanium alloy using carbide tooling. The aim is to apply LN2 to the primary and secondary cutting 
zones to reduce heat build up and to rapidly remove any swarf. A number of other studies have been conducted on 
different spray jetting setups focused primarily on turning applications [4-7].  

Chattopadhyay et al. [8] illustrate research conducted on cryogenic grinding applications. The setup consists of a 
single nozzle, which is positioned at the point of cut between the job and grinding wheel. The LN2 delivery system 
is highly pressurized so as to penetrate the grinding zone and to remove chips during machining.    

There has been limited research on applying cryogenic technology to vertical milling applications as this would 
be inherently more difficult due to the multiple movements of the CNC axes. Rahman et al. [9] describe a chilled air 
machining set up applied to an end milling scenario, where two chilled air jets were directed towards the tip of the 
milling cutter. The results of the study showed that chilled air can offer comparable results to oil based coolant 
flooding, and in some cases proves to be better. The majority of literature in this area is focused on metal 
machining, particularly for CNC turning applications. A small amount of research has been conducted on soft 
material machining. The following figure shows the author’s view for the characterization of the major themes in 
cryogenic manufacturing. 

 
Figure 1: Representation of cryogenics in manufacturing 

3. SOFT MATERIAL MACHINING 

The major problem with the injection molding method is the inability to economically create personalized 
products as individual moulds are required. The ability to cryogenically freeze a soft material and directly machine 
the product geometry provides a new manufacturing paradigm shift. There has been limited research conducted on 
soft material machining. The notable exception being Shih et al. [10, 11] who investigated the machining of solid 
carbon dioxide cooled elastomers and conducted research on elastomer chip morphology analysis. It was observed 
that the sharper the tool, the faster the spindle speed and slower the feed rate the better the cut. However this study 
did not account for the generation of heat due to friction between the cutter and workpiece. The ability to monitor 
the temperature of the material before and during the machining phase has the potential to provide useful knowledge 
in terms of determining effective machining times and machining quality. Shih et al. [10] developed a grading 
system for chip characterization, but this was based predominantly on the tooling used and not on the temperature of 
the workpiece during the machining phase. 
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3.1 APPLICATIONS OF SOFT MACHINING 

The concept of soft material machining is based upon the need to remove the molding process which can be 
expensive and does not allow for constant design change. Direct CNC machining of soft materials provides the 
ability to change designs instantaneously emphasizing the realistic opportunity to produce personalized products 
and support a method in which to truly apply the concept of on demand manufacture for consumer products. 

Soft material machining is a manufacturing strategy that can be applied to a number of areas which include shoe 
soles, soft orthopedic insoles, legacy engine gaskets and tires for specialist applications. The ability to directly 
machine a shoe sole or a race specific tire tread without the need for the molding process, provides a rapid, 
economically viable alternative that can bring the concept of personalized products to the average consumer. A 
typical example of a mass produced soft material product which is widespread globally, is the shoe sole. Shoe soles 
are manufactured predominantly using injection molding methods, where scales of economy are used to justify the 
large batch quantities and generate significant profit. However this method does not allow for personalized shoe 
soles to be produced, due to the costing and logistical requirements of individual customer specific moulds. 
Cryogenic freezing of soft materials would potentially bypass the injection molding phase by freezing the material 
and enabling a material removal process to directly form the product.  

4. THE CRYOGENIC MACHINING PROCESS 

The cryogenic machining facility at the University of Bath has been designed to machine a range of soft 
materials which include, neoprene, soft neoprene, ethylene-vinyl acetate (EVA) grade 1 and 2, polyurethane and 
polypropylene. The major aim of the cryogenic facility is to freeze a soft material to below its glass transition 
temperature (Tg) value and then to directly machine it. The Tg is the temperature at which a material shows 
similarities to that of a glass type structure. Elastomers also have very low thermal conductivity, which is beneficial 
as after the work piece has been cryogenically cooled, it will remain at low temperatures for an extended period of 
time.  Figure 2 provides a representation of the cryogenic soft material machining process for producing 
personalized shoe soles. 

 
Figure 2: The cryogenic machining concept 

The cryogenic facility consists of a cryogenic fixture designed to securely clamp a test part sample and 18mm 
diameter vacuum jacketed piping that feeds directly from a 120 liter high pressure Dewar into the fixture. Before the 
machining process can begin the temperature of the fixture is reduced by switching on the liquid nitrogen supply. 
The temperature of the fixture is monitored using a thermal probe. The material is then placed on top of the cooled 
fixture and the liquid nitrogen flow is maintained until the material drops below its Tg value. It is at this point that 
the material can be effectively machined. However the major problem with this setup is the lack of knowledge in 
terms of freezing time, rate of material cooling and rate of material warming.   

4.1 DETERMINATION OF THE GLASS TRANSITION TEMPERATURES 

The glass transition temperature is an important factor for cryogenic machining, and is determined for each material 
by The Dynamic Mechanical Thermal Analysis (DMTA). Figure 3 depicts a typical DMTA plot for a low density 
EVA grade 1 material. The inflection point shows the Tg value of the material on the X axis. The Tg value can be 
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used as a measure of the minimum temperature required for effective machining. Above this temperature the 
material would return to being soft and be difficult to machine, resulting in a reduced quality part.  

 

 
Figure 3: DMTA plot of low density EVA grade 1 

5. THERMAL EXPERIMENTAL MACHINING ANALYSIS OF THE CRYOGENIC FACILITY 

One of the major areas of research for the cryogenic soft material machining process is thermal temperature 
analysis. The temperature of the material being machined is important as it determines a number of key factors 
namely, effective time for machining, thermal temperature gradients across the material at a range of different 
depths and effective machineability in terms of cut quality, chip morphology, surface roughness and geometric 
accuracy. Figure 4 illustrates the process.  

 
Figure 4: Thermal experimentation and machining analysis 

 

The cryogenic machining facility primarily consists of the cryogenic fixture and sample test part, which has a 
size of 240mm x 170mm x 25mm. The fixture directly freezes the test part, which is clamped between two picture 
frame plates to temperatures typically between -60 to -100oC. Two bolts are used to locate the part so as both 
underside and topside of the test part can be machined regardless of probing. The thermal properties of the fixture 
are analyzed using a series of low temperature probes and a data logging system which captures the temperature of 
each individual node every second. Figure 5 illustrates an IDEF0 (Integrated Definition Methods) representation of 
the thermal data logging process, where the input is the various selected soft materials, the control is liquid nitrogen, 
the mechanisms are the data logger and Matlab and the output is knowledge on the temperature profile of the test 
part.   

897



The Development of Cryogenic Machining Knowledge 
 

 
Figure 5: IDEF0 representation of the thermal data logging process 

5.1 SETUP 

The setup of the experimental work consists of a number of elements, namely the cryogenic fixture, data logger, 
PC, thermal probes, vacuum jacketed piping and liquid nitrogen. A series of 24 thermal k series type probes are 
positioned in the material (N1 – N24) as shown in figure 6. These probes are placed at various depths from 1mm to 
24mm as shown in figure 7 to gain an understanding of the thermal profile of the part over a certain time period. 
The probes are placed in a finite element analysis type grid at a depth of 1mm. The probes measure and record the 
temperature every second using a data logger.  

 

 
Figure 6: Placement of thermal probes 

 
Figure 7: The different depth placements (mm) 
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5.2 RESULTS OF TEMPRATURE PROFILING 

An example of the data logging results for the thermal profiling are shown in figure 8, where the nodes are 
placed at a depth of 1mm from the top surface. The graph illustrates the temperature across the EVA grade 1 sample 
material over 4000 seconds (approx. 60 minutes) and demonstrates the freezing capability of the fixture. Each 
different line plot on the graph represents a node. The graph is split into 3 regions. The first region on the graph 
shows the time taken to reach a suitable Tg value. The second region shows the effective cryogenic machining time 
period and finally the third region depicts the increase in temperature of the part due to the LN2 supply being 
switched off. The spikes in the second region are where the liquid nitrogen directly penetrated the probes resulting 
in extreme temperature drops.  

 

 
Figure 8: Thermal data logging results  

The results demonstrate the temperature across the material. It was observed that the temperature was 
significantly different from the outer perimeter to the inside section of the material and it was deduced that this was 
due to the high pressure and flow of the liquid nitrogen. The liquid nitrogen enters the fixture through the inlet valve 
at approximately 2 bar pressure depending on the amount of liquid nitrogen in the Dewar and instantly flows around 
the inside perimeter of the fixture, leaving the centre of the fixture the last point to cool down and consequently the 
centre of the material. The spiked results on the graph in figure 8 show the temperature at the corner points of the 
material and this corresponds to the leaking of liquid nitrogen directly on to the surface of the material from these 
corner vents. Figure 9 shows the flow of liquid nitrogen and the array distribution of temperature nodes across the 
material.  

 

 
Figure 9: Positioning of thermal probes and flow of liquid nitrogen 
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5.3 DEVELOPMENT OF CRYOGENIC THERMAL MODEL 

Using the experimental results a model has been developed to determine the relationship between freezing time, 
temperature and the rate of part cooling for determining thermal characteristics based upon the practical results 
already generated. The purpose of the model is to provide a method for determining thermal knowledge without the 
need for experimentation, and thus reduce the number of experiments to conduct. The generated data logging results 
are stored in a spreadsheet file and are exported into Matlab which is used to generate a profile of the temperature 
distribution across the materials surface and represents it as differing colors bands. Figure 10 provides an example 
of this, where the coldest (darkest) part on the material can be observed. The top part of the graph indicates the 
room temperature state.   

 

 
Figure 10: Matlab plot of thermal distributions across material 

6. CONCLUIONS  

The cryogenic machining process for soft materials is a potentially revolutionary process that offers distinct 
advantages for producing personalized products. This paper defines a set of thermal experiments that determines the 
thermal characteristics of cryogenically frozen low density EVA grade 1. The results: 

 

• Determine thermal surface profiling of a sample EVA material.  

• Show effective cryogenic machining time, based on the Tg value. 

• Establish the rate of freezing of the EVA material to reach Tg value. 

• Provide an understanding of the behavior of liquid nitrogen in a closed system. 

• Demonstrate the flow of liquid nitrogen across the materials surface. 

 

Future work will consist of developing the thermal model to determine the optimum number of liquid nitrogen 
delivery points on the fixture, to determine the amount of liquid nitrogen required to reach the Tg value and 
determination of the number of effective thermal probes to use to establish a thermal profile. The data generated 
from these experiments can be applied to the further development of cryogenic experiments and the cryogenic 
facility.  
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ABSTRACT 

 This paper discusses a Virtual Test Bed (VTB) created to support cross-functional process analysis related to the 
Surface Mount Technology (SMT) PCB designs.   The VTB test bed seeks to support a concurrent engineering 
oriented approach, where downstream process issues such as solderability, placement, assembly and testing can 
be studied in a cross functional manner during the conceptual design stages.  Such an approach will enable cross 
functional teams (composed of design, manufacturing, testing and other engineers) to identify infeasibilities 
earlier in the design cycle, compare design alternatives, suggest modifications and promote better 
communication within the product development teams. 

1. INTRODUCTION 

In today’s competitive manufacturing environment, there is a need to reduce the overall product development 
time with an emphasis on cross-functional communication among various product development engineers.  When a 
new product is conceptualized, there is a need to adopt Concurrent Engineering based approaches which can enable 
the early detection of infeasible designs as well as reduce the number of design changes, which can occur in the 
later stages of product development.  The domain of interest addressed in this paper deals with printed circuit board 
design especially relating to surface mount technology (however, the overall approach can be applied to through-
hole technology as well).  The long term goal of this research is the design and implementation of a virtual 
prototyping approach which would not only evaluate potential PCB designs from process perspectives (such as 
assembly and testing) but also provide a powerful visualization capability, which would enhance communication 
among the cross- functional team members. There is a need to develop a virtual prototyping approach to support 
product and process design in the PCB domain.  When a PCB design is conceptualized and proposed, it is vital that 
this design be developed taking into consideration the process limitations and issues from the downstream activities 
as well.  Some of the process design issues, which have to be addressed, include solderability, assembly and testing.  
A virtual prototyping approach facilitates the study of these issues by concurrent engineering (or cross functional) 
teams especially the analysis of ‘downstream’ process problems, which can create delays during the 
accomplishment of downstream activities (such as manufacturing, assembly and testing).   
 

In a general Virtual Prototyping process, virtual prototypes and models of conceptual and detailed ‘ideas’ are 
proposed, evaluated, refined and modified.  These ‘ideas’ may be plans, designs, and solutions related to a product, 
its associated processes or any other life-cycle activity.  A Virtual Prototype (VP) can be described as a Virtual 
Reality (VR) based software model, which ‘mimics’ or simulates the intended physical system’s (or target) 
behavior, response, appearance and geometry with a degree of realism comparable to the actual physical system 
[10].  Virtual Prototyping has been used in a wide variety of domains for product and process design applications 
from automobile production to micro assembly [1, 4, 9, 10, 12, 14, 22].  Other domains include assembly [5-7, 19-
21], facilities and layout design [3, 11, 15, 16, 24] and human factors studies [18, 23]. In [10], a review of virtual 
prototyping related research and applications is provided.  Virtual Prototyping facilitates cross-functional design 
and analysis as it provides an effective communication medium based on virtual reality technology [2, 10, 17, 18, 
26-29].    
________________________ 
* Corresponding author: Tel: (1) 575-646-2950; Fax: (575)-646-2976; E-mail:jcecil@nmsu.edu 
The Virtual Reality based test bed discussed in this paper seeks to address a segment of the long- term goals stated 
earlier.  Specifically, it can enable cross-functional analysis of a given PCB design from assembly, solderability and  

902



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 
testing perspectives.  VTB supports a virtual prototyping approach, which enables engineers (with various 
functional expertise) to communicate more effectively as well as identify problems during the product development 
life cycle.  
 
2.  THE VTB ARCHITECTURE 
 

The design and development of VTB is part of a long-term initiative entitled ‘DHARMAM’. The DHARMAM 
initiative focuses on research, teaching and outreach activities related to Information Technology (IT) subject areas 
such as information based manufacturing, virtual prototyping and information modeling, among others.  VTB was 
implemented on a Silicon Graphics ® workstation (UNIX). The immersive Virtual Reality environment includes a 
Stereographics® transmitter, Crystal Eyes ® eyewear, a Work Wand ® (from Fakespace) and Flock Of Birds ® 
motion trackers. VTB was implemented using C, C++ and two graphical libraries (CAVELib® and OpenGL 
Performer®). 
 

 
 
 

Figure 1: Architecture of the Virtual Test Bed 
 
The VTB seeks to enable the cross-functional analysis and visualization of surface mount Printed Circuit Board 
designs.  Figure 1 provides an overview of the architecture including the main modules.  Figure 2 provides a view 
of VTB’s Virtual Reality based environment. There are several software based modules including a manager which 
is responsible for the evaluation and analysis of candidate PCB designs.  The Visualization Module is responsible 
for display of the 3 Dimensional images and analysis results including maintaining the hierarchical relationships 
among the various entities or objects of interest (OOI) and the CAD models of these OOI (such as components, 
placement heads, assembly equipment, among others).  The motion data for the placement, assembly and testing can 
be input manually or generated automatically with the help of a placement sequence and 3 D path generator called 
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the Placement Generation Module.  The overall path placement sequence can be generated automatically by a 
genetic algorithm based approach.  Collisions occurring during placement and testing are detected by the collision 
detection module.  Additional discussion of these modules is provided in the following sections. A discussion of 
prior related environments (which are precursors to the VTB) can be found in [7, 8]. 
 

The PCB or part design objects, the various physical devices in the process environment (including assembly 
tools, placement heads, fixtures etc.) are referred to as Objects of Interest (OOI).  The CAD models of the OOI are 
stored in a CAD library module, which can be accessed by other managers and modules.  Examples of CAD models 
include the PCB design models (bare board with routings, PCB layout with chips and surface mount components, 
etc.), and the assembly cell equipment (such as placement mechanisms).  

2.1 THE CROSS FUNCTIONAL MANAGER (CFM) 

The CFM manages the overall cross-functional evaluation of given PCB designs.  The cross-functional 
evaluation can be grouped into assembly analysis, testing evaluation, and soldering oriented analysis respectively.  
The soldering analysis module evaluates the conductor routings, via holes and chip orientation issues in a given 
design.  The assembly module focuses on issues related to analysis of placement feasibility, detection of collisions 
and generation of placement routes.  The testing module evaluates potential problems related to testing issues such 
as accessibility of test probes in completing potential tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2:  The Virtual Test Bed (VTB) for PCB Assembly 

2.2 SOLDERING ORIENTED ANALYSIS OF CONDUCTOR ROUTINGS AND LAND PATTERNS 

In VTB, the soldering analysis module evaluates the shape of conductor routings and land patterns of proposed 
PCB design data in an attempt to prevent soldering defects, which can occur downstream. Conductor routings have 
a major impact on soldering yields.  The soldering analysis module studies the geometry and shape related 
properties of conductor routings and determines whether a given set of routings can contribute towards the 
occurrence of solder defects.  Non symmetrical land patterns, entering lands at steep angles and land profile 
attributes connected to large conductors are some of the features studied by the soldering analysis modules.  

 

Printed Circuit Board Feeders (chip shooters)

Component gripper head 

Component 
gripper arm

Robot world environment

Placement table
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Improper Land pattern attributes will lead to an increase in the soldering defects. Occurrence of asymmetrical land 
patterns in a given PCB design will lead to an increase in the number of solder defects (figure 2, route 2).  Features 
such as exposed conductors entering the land will lead to a condition called ‘solder thieving’, in which the solder is 
drawn away from the component land pattern.  Other criteria examine attributes related to solder masking, which is 
needed over traces existing between integrated circuit (IC) leads; these attributes will prevent the occurrence of 
solder bridges between land and conductor.   

 

 
Figure 3 (a): Desirable (route 1) and undesirable (route 2) conceptual design attributes 

Figure 3 (b): Analysis of conductor routings 

 
Currently, VTB uses an intermediary file as an input to support its cross functional analysis. This intermediary 

file is generated based on CAD files specified using the PCAD software.  While this intermediary file was used to 
demonstrate VTB’s capability, the eventual goal is to use a STEP based neutral file format as an input.  The main 
attributes of the data structure of this intermediary file include the number_of_routes (per board),  Route <number> 
(which defines specific route numbers in a design), thickness (which is used to define the thickness of conductor in 
that route in millimeter units), as well as attributes for the conductor routings and connector descriptors. 
 
2.3 PLACEMENT AND ASSEMBLY ANALYSIS MODULE 

Figure 2 provides a view of VTB’s virtual environment.  In this figure, the placement head, the target PCB and 
component feeders are visible.  The assembly analysis is to determine potential problems related to access of 
assembly positions using existing or proposed (new) placement mechanisms, and identification of placement 
sequences.   When an innovative placement mechanism is proposed to be used for a new conceptual PCB design, 
their use and ability to access various (‘difficult to reach’) positions can be studied using VTB.  Potential collisions 
between the placement head and other objects such as fixtures, other components (‘chips’) and equipment in the 
assembly environment can be determined.  The usefulness of different layout options in enabling faster placement 
can be compared and evaluated.  During conceptual design of a new PCB design, cross functional team members 
can propose innovative process design alternatives related to placement mechanisms, gripping strategies, fixtures 
and other tools, which may be more effective in assembling a proposed design.  Based on feedback during this 
analysis, the conceptual design can be modified early in the design cycle. 
 

VTB allows both manual input of motion path for the placement tasks as well as automated generation of 
placement data.  The optimization of the placement sequence has been the study of several research efforts [8, 23, 
29-32]. In case the user selects the automated generation of placement data, then this data is generated based on a 
placement sequence or route, which is determined using genetic algorithms.  Based on the output of the genetic 
algorithm, the detailed motion file for the placement mechanism is generated automatically. For a given PCB 
design, the overall placement sequence is generated using Genetic Operators.  Genetic operators have been used in a 
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variety of applications including Electromagnetics (optimization of antenna and scattering patterns), and Electronics 
Assembly [8, 13, 23, 25, 30, 32].  In [4],  the use of 3-D models of PCB placement processes are discussed;  these 3 
D models were created using a commercial tool (Virtual NC®) for model validation and machine operation 
understanding as well as to allow users to calculate the cycle time during placement. VTB has more advanced 
capabilities including allowing users to immerse themselves in the virtual environment; it also provides analysis of 
conductor routings, via holes as well as studies potential problems from testing perspectives. 
 

The component placement sequence can be represented as a linked list C1, C2, … Cj, where each position in this 
list corresponds to a gene (to represent the PCB components).  Using different kinds of genetic operators, offspring 
or children sequences can be generated.  In earlier implementations, two types of operators were used: cross over 
and segment reversal operators [7].  In the current implementation, there are three types of operators: 70 % of new 
sequences are generated using cross over operators, 20 % using mutation operators and 10 % using segment 
reversal. Using a distance based evaluation function, at each iteration, a certain number of offspring links are 
chosen.  This evaluation function is the distance traveled by the placement mechanism (such as a robot) during the 
overall placement of components from feeders for a given PCB design.  At each iteration, the links with the lowest 
distance are chosen as new parent links.  The iteration comes to an end when there are no substantial improvements 
in the distances calculated (which are specified before the genetic operators are executed) or a specified number of 
iterations are reached.   
 

The placement sequences generated are used by the cross functional manager and the visualization manager to 
support visualization, comparison and analysis of candidate or tentative placement routes and alternatives. 
Movement or Motion specifications are stored in a ‘Motion’ file, which takes an output from the genetic algorithm 
(for placement sequences during assembly activities) and generates a feasible 3 D motion path as well as generates 
testing paths (which is the path of the test equipment and sensors).  
 

The collision detection module works closely with the CFM to detect collisions in any proposed automated or 
manual placement or testing approaches.  Collisions are detected based on creating an enclosing box of a moving 
object (at various time intervals, such as a placement head) and testing for intersections with other objects (such as 
component feeders and work cell equipment). The collision detection module uses the motion definition files (which 
describe the x, y, z path of the placement head on a selected placement cell) and then studies if the placement head 
can complete the required placement activity without colliding with other PCB components, fixtures or other parts 
of the placement cell.  Figure 4 shows the output assembly analysis (for a PCB design); as indicated in this output, 
specific route numbers corresponding to placement of components are identified as potential problem areas.  
Recommendations are also generated regarding the course of action to avoid the identified problem(s). 

 
Figure 4: Outputs from the assembly analysis module 
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2.4 TESTING ANALYSIS MODULE 

VTB’s testing analysis module allows a proposed PCB design to be studied from testing perspectives.  For 
example, the feasibility of available or new test probes to access specific test locations can be studied along with 
necessary changes to existing test paths or plans.  If a given design fails this virtual analysis, then the testing module 
suggests design modifications depending on the identified problems; such a modification can be the addition of via 
holes, using a potential a fan-out design for the component land pattern, etc. Such early detection of design issues 
enables overall reduction in the cycle time of the PCB design / assembly tasks. 
 
2.5 THE IMMERSIVE INTERFACES  

These interfaces support use of Flock of Birds ® Motion trackers, which help tracking the position and 
orientation of users interacting with the VTB using stereovision eyewear and an interactive device called a 
WorkWand®. The Crystal Eyes® stereovision eyewear and sensors support immersive visualization and 
communication in the  virtual environment.  The WorkWand® is used for 3-Dimensional navigation of the virtual 
environment. Users can also start, stop, and pause the analysis and simulation using buttons on this wand. The 
Virtual Reality environment was implemented using C++ and two libraries (CAVELib ® and OpenGL Performer®).  
The part design files of the OOI (the bare board, chips, etc), hierarchy and motion files are used to support analysis 
and interaction. Hierarchy files specify child-parent relationship, including initial positions and orientations, of all 
objects in the system. 
 
5. CONCLUSION 

This paper discussed a Virtual Test Bed to support the cross functional analysis of PCB designs.  The major 
architectural elements of VTB include the cross functional manager, the visualization manager, the placement and 
assembly analysis module, the collision detection module and the testing analysis module. The assembly analysis 
module can accept placement paths manually or can generate them automatically using genetic operators.  The 
virtual reality based environment uses motion trackers, wands and stereovision eyewear to enable immersive 
interaction by cross functional team members involved in a PCB product / process design environment.  This 
approach enables the earlier detection of infeasible design attributes on downstream process design criteria and 
subsequently supports the reduction of the overall product development time as well as reduces overall product cost.  
Further, by providing a virtual reality based communication and analysis environment, it facilitates adoption of 
concurrent engineering practices by product and process design engineers. 
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ABSTRACT 

Printed circuit board (PCB) is the backbone in the installation of electronic components, and it is an indispensable 
element of information technology products. In exploring the operation activities of PCB industry, most studies 
focuses primarily on manufacturing or production technologies. In this paper, we evaluate the performance of PCB 
manufacturing firms in Taiwan. Since the whole production process of the manufacturing firms can be divided into 
two sub-processes: production acquisition and profit earning, this study employs the relational two-stage DEA 
approach, which takes into account the series relationship of the two sub-processes within the whole process, to 
decompose and measure the efficiencies of the manufacturing firms. It is found that none of the manufacturing 
firms perform efficiently both in the stage of production acquisition and the stage of profit earning. In addition, the 
low efficiency score of the whole production process is mainly due to the low efficiency score of the profit 
generating process. To improve profitability, the manufacturing firms need to consider the issues of product 
improvements and technological innovation in the future. 

1. INTRODUCTION 

The printed circuit board (PCB) industry in Taiwan has since its inception been founded on rigid PCBs, and over 
the past three decades fabricators have become intimately familiar with the technologies required and have developed 
sound production planning and systems. Today, Taiwan has established one of the best PCB production supply chain 
and infrastructure in the world with advanced technological capabilities and an extended customer base. Under the 
conditions of a constantly changing environment, together with the increasing trend in global competition, a 
manufacturing firm must be competitive, flexible, produce a variety of products and deliver a high-quality service to 
remain in business. In exploring the operation activities of PCB industry, most studies focuses primarily on 
manufacturing or production technologies, such as facility design [2,8], manufacturing technology [1,10], and 
industry grouping [7,12], and so on. As for the performance evaluation of PCB industry, which directly influences the 
survival and development of a company, there have been few discussions on this issue.  

Since Charnes et al. [3], data envelopment analysis (DEA) has been widely applied to measure the relative 
efficiency of a set of decision making units (DMUs) which apply the same inputs to produce the same outputs. The 
results indicate how efficient each DMU has performed as compared to other DMUs in converting inputs to outputs. 
An issue which is of greater concern to the inefficient DMUs is what factors cause the inefficiency, although it is 
obvious that either reducing inputs or increasing outputs will improve their performance. Several studies have devoted 
to breaking down the overall efficiency into components so that the sources of inefficiency can be identified. One type 
of decomposition emphasizes the stages of the production process. The complicated production process is divided into 
sub-process, in that some intermediate products are the outputs of a sub-process on the one hand and the inputs of 
another sub-process on the other hand. Seiford and Zhu [9] divide a commercial bank’s production process into the 
stages of profitability and marketability. Their model for calculating the efficiencies of the sub-processes does not 
reflect any relationship between components and the whole system. Kao and Hwang [6] take the series relationship of 
the two sub-processes into account in measuring the efficiencies. They show that the overall efficiency is the product 
of the efficiencies of the two sub-processes, and the efficiencies calculated from the relational two-stage DEA 
approach are more meaningful than those calculated from the independent two-stage DEA approach. Since the whole 
production process of the PCB manufacturing firms can be divided into two sub-processes: production acquisition and 
profit earning, this study employs the relational two-stage DEA approach proposed by Kao and Hwang [6] to 
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decompose and measure the efficiencies of the PCB manufacturing firms in Taiwan. 

The rest of this paper is organized as follows: first, we introduce the method of relational two-stage DEA model. 
Next, we utilize relational two-stage DEA model to perform the efficiency measurements of Taiwan’s PCB 
manufacturing firms, and finally, the results are discussed and some conclusions drawn from the discussion. 

2. RELATIONAL TWO-STAGE DEA MODEL 

DEA was first proposed in 1978 by Charnes, Cooper, and Rhodes, and is based on the technical efficiency 
measurement theories proposed by Farrell (1957), using mathematical programming methods to measure the 
productivity boundaries of the unit to be evaluated and calculate the relative efficiency of each individual unit. The 
basic concept of DEA is to consider the input elements and the output elements of all the decision marking units 
(DMUs), to express in terms of the linear combinations of input and output items, and then to indicate efficiency by 
using the ratio of the input and the output units. Furthermore, the efficiency values of all the DMUs are confined 
between 0 and 1, as shown in Model (1).  
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r i
E u Y v X

= =
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where ijX  is the amount of thi  input (i=1,…,m) of the thj  DMU, rjY  is the amount of the thr  output (r=1,…,s) of 
the thj  DMU, ru  is the multiplier (weight) given to the thr  output, jv  is the multiplier (weight) given to the 

thj input, there are n DMUs, and ε  is a small non-Archimedean number [4]. 
Kao and Hwang [6] posit that a production process is composed of a series of two sub-processes. The whole 

process uses m inputs ikX , i=1,…,m to produce s outputs rkY , r=1,…,s. Different from the conventional one-stage 
production process, the production process is composed of two sub-processes with q intermediate products pkZ , 
p=1,…,q. Moreover, the intermediate products pkZ  are the outputs of stage 1 as well as the inputs of stage 2. The 
conventional two-stage DEA study (e.g., Seiford and Zhu [9]) is to use Model (1) to measure the overall efficiency 
and the following Models (2) and (3) to measure the efficiencies of stage 1, 1

kE , and stage 2, 2
kE , respectively: 
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These two models are essentially the same as Model (1). The efficiencies of the whole process and the two 
sub-processes are calculated independently. 

To link the two sub-processes with the whole processes, Kao and Hwang [6] believe that a model must describe 
this series relationship between the whole process and the two sub-processes. Consider DMU k. Denote *

ru , *
iv , and 

*
pw  as the multipliers that DMU k has selected to calculate its overall efficiency kE  and sub-process efficiencies 1

kE  
and 2

kE . Clearly, we have: 
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the overall efficiency is the product of the efficiencies of the two-processes: kE = 1 2
k kE E× . 

Bases on this concept, the way to calculate the overall efficiency kE , taking into account the series relationship of 
the two sub-process, is to incorporate the ratio constraints of the two sub-processes into Model (1) [6]: 

1 1
max  

s m
k r rk i ik

r i
E u Y v X

= =
= ∑ ∑      (5) 

1 1
s.t. 1,     1,..., ,

s m
r rj i ij

r i
u Y v X j n

= =
≤ =∑ ∑  

1 1
1,     1,..., ,

q m
p pj i ij

p i
w Z v X j n

= =
≤ =∑ ∑  

1 1
1,     1,..., ,

qs
r rj p pj

r p
u Y w Z j n

= =
≤ =∑ ∑  

, , ,  r i pu v w ≥ ε  r=1,…,s, i=1,…,m, p=1,…,q. 

The constraint set is the totality of those Models (1), (2), and (3). Model (5) is a linear fractional program which can be 
transformed into the following linear program: 
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After the optimal multipliers *
ru , *

iv , and *
pw  are solved, the efficiencies are obtained subsequently as 
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kE = 1 2
k kE E×  [6]. 

Since the optimal multipliers solved from (6) may not be unique; consequently, the decomposition of 
kE = 1 2

k kE E×  would not be unique, either. To find the set of multipliers which produces the largest 1
kE  while 

maintaining the overall efficiency score at kE  calculated form (6), Kao and Hwang [6] formulate the following 
mathematical model: 
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After 1
kE  is calculated from the above model, the efficiency of the second stage is obtained as: 2

kE = 1
k kE E . 

Alternatively, if the efficiency of the second stage is of more concern to the decision maker, one can measure 2
kE  first 

by replacing the objective function of Model (7) with 1
s

r rkr u Y=∑  and the first constraint with 1 =1q
p pkp w Z=∑ . Under 

such circumstance, 1
kE  is calculated as: 1

kE = 2
k kE E . 

3. THE RESULT 

The operational activities of a PCB manufacturing firm include three parts: resource input, product manufacturing, 
and customer consumption. These also constitute the two stages of the operation cycle: production acquisition and 
profit earning. In a competitive market situation, the activities of a PCB manufacturing firm can be viewed as a 
consecutive and cyclical process, and the mangers decide on the most suitable input factors for the current period, 
based on customer consumption during the previous period. At the same time, they would like to manufacture more 
products in the production stage under given resource inputs. Meanwhile, they pursue more profits in the stage that is 
given the acceptable product price. Therefore, the whole production process of the PCB manufacturing firm can be 
divided into two sub-processes: production acquisition and profit generation. Since the manufacturing firm has a 
typical two-stage structure of production process, the methodology proposed by Kao and Hwang [6] discussed in the 
previous section can be applied to measure the efficiencies of the whole process and the two sub-processes.  

In Taiwan, there are 23 PCB manufacturing firms, which are listed on the Taiwan Stock Exchange Corporation, 
producing, assembling, and selling rigid PCBs. Because the whole industry is very competitive in Taiwan, only 17 
firms have positive values of operating income in Year 2005. For obtaining more meaningful results, we choose these 
17 firms in this example to perform efficiency measurement. The inputs of the system, which are also the inputs of the 
first stage, are Employee no. (X1), Operating cost (X2), R & D cost (X3). The output of the system, which is also the 
output of the second stage, is Operating income (Y1). There are two intermediate products in the system, which are the 
outputs of the first sub-process as well as the input of the second sub-process: Sales (Z1) and Product volume (Z2). 

The efficiency of the first stage measures the performance in producing and selling the PCBs of the firm while the 
efficiency of the second stage measures the performance in generating profit from the market. Table 1 shows the 
inputs, intermediate products, and outputs of the 17 PCB manufacturing firms in Taiwan. By applying Model (6), the 
overall efficiencies kE  of the 17 PCB manufacturing firms are calculated. Since profit earning is of more concern to 
the PCB industry, we choose to measure 2

kE  first and calculate 1
kE  through 1

kE = 2
k kE E  afterwards. The calculated 

results are shown in the Table2. 
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Table 1. Inputs (X), intermediate products (Z), and Outputs (Y) of the 17 PCB manufacturing firms 

 

 

 

From Table 2, we find that none of PCB manufacturing firms perform efficiently in both stages. This is seen in the 
non-efficient overall scores of all the firms, where the largest efficiency value is 0.9642 occurring at Firm 5, followed 
by 0.7917 and 0.668, occurring at Firm 15 and Firm 10, respectively. For stage 1, the sub-process of production 
acquisition, there is only Firm 6, which performs efficiently. For stage 2, the sub-process of profit earning, there are 
three firms, namely, Firm 2, Firm 5, and Firm 15, which have a perfect efficiency 1.0. Since the overall efficiency kE  
is the product of the efficiencies of the first stage 1

kE  and the second stage 2
kE , every kE  is no greater than its 

corresponding 1
kE  and 2

kE . Interestingly, most firms have a higher 1
kE  than 2

kE , even though we calculate 2
kE  first 

and 1
kE  afterwards in this example. Only Firm 3, Firm 5, Firm 10, and Firm 15 have a smaller 1

kE  than 2
kE . In view 

of statistics, a Wilcoxon’s pair-samples signed-rank test [11] confirms that the efficiency of the first stage is higher 
than the second stage. This indicates that the low efficiency score of the whole production process is mainly due to the 
low efficiency score of the second stage, i.e., the profit generating process.  
 

Table 2. Efficiency measures of the relation model for the 17 PCB firms in Taiwan 
 

Firm kE  1
kE  2

kE  
1 0.2139 0.7658 0.2793 
2 0.1950 0.7591 0.2569 
3 0.4618 0.4618 1.0000 
4 0.5495 0.9041 0.6078 
5 0.9642 0.9642 1.0000 
6 0.4591 1.0000 0.4591 
7 0.1115 0.6314 0.1766 
8 0.0319 0.5587 0.0571 
9 0.3186 0.7530 0.4231 

10 0.6668 0.7412 0.8996 
11 0.3503 0.9696 0.3613 
12 0.2523 0.9439 0.2673 
13 0.1423 0.6330 0.2248 
14 0.0519 0.9774 0.0531 
15 0.7917 0.7917 1.0000 
16 0.2308 0.7195 0.3208 
17 0.4747 0.8347 0.5687 

 

 
Firm 

Employee 
No.(X1)  

Operating cost 
($000) (X2) 

R&D cost 
($000) (X3) 

Product vol. 
 (ft2) (Z1) 

Sales 
($000)（Z2）

Operating income 
($000) (Y1) 

1 4,183 756,090  146,092  8,408,000 15,440,539 512,057  
2 3,000 401,059  48,629  4,543,000 9,283,600 263,359  
3 2,715 465,372  77,507  2,995,980 8,650,485 688,227  
4 1,893 858,696  207,128  11,663,363 9,535,196 855,515  
5 4,578 1,065,000  331,238  15,318,200 20,817,313 3,072,695  
6 2,134 781,780  74,154  8,888,590 11,891,722 805,816  
7 1,059 261,071  32,324  5,034,254 3,213,303 83,753  
8 937 325,130  78,685  2,346,822 2,857,752 24,067  
9 701 190,321  62,251  2,121,270 2,621,901 163,756  

10 418 74,445  13,173  1,728,000 1,190,986 158,142  
11 582 92,077  12,805  4,620,185 1,971,958 105,173  
12 380 65,696  7,691  3,472,150 1,342,532 52,973  
13 2,190 576,821  68,126  5,588,146 6,812,709 226,023  
14 523 79,801  3,673  1,954,550 1,038,792 8,139  
15 373 89,923  6,321  881,038 1,836,709 200,129  
16 383 70,581  5,432  2,134,779 1,040,018 49,248  
17 736 97,700  9,356  2,937,134 1,751,369 147,000  
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4. CONCLUSION 

The objective of efficiency measurement is to detect the weak areas so that appropriate effort can be devoted to 
improve performance. When a production system can be separated into two-processes, several studies find that in 
addition to calculating the efficiency of the whole system by using the conventional DEA model, the efficiencies of the 
two sub-processes can also be calculated to identify the source that causes the inefficiencies of the whole system. A 
deficiency of these studies is that the efficiencies of the whole process and the two processes are calculated 
independently, without taking into account the fact that the outputs of the first sub-process are the inputs of the second 
sub-process. Kao and Hwang [6] account for the series relationship of the two sub-processes in measuring the 
efficiency of DMU. Since the whole production process of the PCB manufacturing firms can be divided into two 
sub-processes: production acquisition and profit earning, we employ the relational two-stage DEA model proposed by 
Kao and Hwang [6] to decompose and measure the efficiencies of the manufacturing firms in Taiwan. 

The evaluation results show that all of PCB manufacturing firms have inefficient overall scores. In other words, 
none of PCB manufacturing firms perform efficiently both in stage 1 and stage 2. For stage 1, the sub-process of 
production acquisition, only one firm has a perfect efficient score. For Stage 2, the sub-process of profit earning, there 
are three firms that perform efficiently. A Wilcoxon’s pair-samples signed-rank test confirms that the efficiency of the 
first stage is higher than the second stage in statistical sense. That is to say, the low efficiency score of the second stage, 
i.e., the profit generating process, lead to lower efficiency score of the whole production process. In Taiwan, PCB 
industry suffers from the immoderate manufacturing capacity, which results in price competition. This leads to the low 
profit earning of PCB manufacturing firms. To improve profitability, PCB manufacturing firms in Taiwan need to 
consider seriously the issues of product improvements and technological innovation. 
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ABSTRACT 

The purpose of this work is to show the development of an application prototype for trajectory planning on 
surfaces for welding covering tasks by using robot manipulators. This kind of application can be used when the 
tool is moved in a continuous path on a surface. The tool path can be interpolated by parametric curves that 
need to be accurately defined on the robot manipulator workspace. The offline path planning process includes 
two main steps: the interest surfaces description and the accurate definition of the task by calculating the 
trajectory on the surface. In the first step, it is needed to get a smooth and accurate surface description to be 
used on the task planning process. In the path planning process, the path is defined from the task execution 
conditions, taking in account the robot workspace and defining the path to be followed by the tool on the surface. 
The application explores methods of 3D visualization, providing a graphical interface to show the cloud of 
points that is being used. To rebuild the surface two techniques are used: Voronoi diagram and its dual 
Delaunay triangulation construction. The results can be exported to be visualized and manipulated in CAD 
systems and the curves can be used in other applications to calculate the reverse kinematics and the joints data 
that are necessary to control the robot manipulators task performance. 

1. INTRODUCTION 

The process of trajectory planning is an important activity to simulate a robotic task in order to anticipate the 
robots joints motion and to know previously the behaviour of each task stage to be performed. The trajectory 
planning process gives to the planner more control on the task, and reduces the time needed for corrections as well as 
the exposure of the workers to the robots, thus preventing probable accidents. In this way, a planned and well-
defined trajectory improves the chance of the task to be successfully executed and makes possible the reuse of such 
information in future tasks. 

Well-defined curves for trajectories are also very important for computing the inverse kinematics of robots. It 
also can be used to find the possible location of singularities in the joints motion, preventing collisions, and to get 
prior accurate samples of joint’s speed and acceleration. Curves and the resulting trajectories are calculated from a 
representative set of points of the surface where the task will be performed. They are rebuilt by using a parametric 
free form surface formulation. Also, by using the manufacturing conditions, it is calculated the path to be followed 
by the end-effector of the robot manipulator for the task execution. The methodology to define the end-effector path 
is computed by using the method of step-forward and step-over of the tool.  

In this work a methodology proposal for the trajectory planning process on robotics environments will be 
explored. Even thought this planning is currently being made on industrial environments, methodological procedures 
to implement that are hardly found on the present literature, in other words a precise methodology is not frequently 
systematized. However, it is possible to find some authors that establish some routines to organize the trajectory 
planning on robotics environments. For example, Lozano-Peres apud Ranky and Ho[1] separates the task planning 
function in three parts: workspace modelling, task specification and manipulator program synthesis. He defines that 
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on the workspace modelling aspect, the physical information required about the environment is defined by using 
mathematical or relationship descriptions. The tasks specifications define the stop or motion states in order to assure 
the task to be completely executed, and the manipulator program synthesis, a way to define the manipulators 
behaviour related to the desired task and to the used input sensors. 

Departing of the Lozano-Peres’s idea, this paper presents and develops a proposal model by describing each 
detail of the entire task planning process, including the initial acquired information over the task, surface rebuilding, 
the path and trajectory generation and the final path to be transferred to the manipulator that will guide the tool while 
the task is performed. This systematisation includes the contribution written by many authors, such as Toledo [2], 
Simas, Dias and Guenther [3] and Boesel and Dias [4] that propose ways to systematize the trajectory planning 
process for robot manipulators, and Feng and Li [5], Suresh and Yang [6] and Sarma and Dutta [7] that have worked 
more specifically on the surface properties and generation of paths in manufacturing process planning. 

2. A METHODOLOGY TO TRAJECTORY PLANNING 

The main model proposed on this work is depicted in the Figure 1. It describes the necessary steps to the robotic 
trajectory planning process, as showed in the first level. This model will be used as reference through this article and 
each of its steps will be further described in details. 

Figure 1: Model proposal for robotics trajectory planning  

In this way, the general model showed in the second level in the Figure 1, is divided in five steps: 

1. Data and information gathering – it is the initial step focused on gather the information and shape of the 
object to be manufactured or repaired; this step includes: to read the object shape as cloud of points, to 
prepare the way the data will be stored and transferred and the file format definition in order to be used on 
the handling and transfer of data along of all task planning process. 

2. Surface rebuilding – the cloud of points data on step 1 is algorithmically processed to generate a 
mathematical model of the target surface; it will be used to compute the geometric details of the object. In 
this step, the cloud of points data is prepared, ordered and from that, the surface representation model is 
created. 

3. Region of interest delimitation – the region of interest is the area of the surface computed in step 2 where 
the task will be executed. As usually, the surface computed is bigger than the area to be manufactured, and 
only part of the surface is used for the task planning process, although in some cases the whole surface can 
be defined as the region of interest. 

917



An application prototype for offline continuous tool path planning on rebuilt surfaces  

 
4. Trajectory and path computation – on this step it is chosen the kind of path the robot manipulator will 

follow to perform the task. The path will be described by curves that interpolate previously selected points 
according to the design and manufacturing parameters; the path curve will define the effector way to follow 
the surface to be manufactured. 

5. Task analysis – in this step are computed and prepared all information as points, speed and acceleration of 
joints to be transferred to the robot manipulator. Besides the trajectory, other additional information can be 
necessary in order to complete the task programming step, before the robots perform the task. 

Each one of these steps is described bellow. In each step showed in the Figure 1 different procedures and 
methods are used and needs to be better described in these proposal in order to organize the trajectory planning 
process of robot manipulators tasks. The steps 1 and 2 can be found in even more details in Tonetto [8]. 

3. DATA AND INFORMATION GATHERING 

The first step is to gather geometric information about the object that needs to be manufactured or recovered. The 
main purpose of this step is to identify the area where the task would be performed. For example, the task could be a 
damaged area caused by erosion due to cavitation by the fluid movement on blades of hydraulic turbines used on 
electricity generation. The eroded area is commonly recovered by welding process, manually. On this paper will be 
used examples of an eroded area of an hydraulic turbine blade that will be modeled parametrically and its properties 
used to plan the recovering task by welding process through a robot manipulator. 

The geometric information of the eroded area of blade surface is acquired by data acquisition methods, here 
measured as points on Cartesian coordinates system. Among the several possibilities of data acquisition that capture 
the target surface shape, the usual ones are: coordinates measuring machines (CMM), optical techniques with 
cameras and special illumination, laser scanning. With these methods and the right processing of the acquired data, 
the shape of the surface can be registered, for example, as a cloud of points in Cartesian coordinates [8]. 

In this research, some cloud of points were acquired by using an optical laser mounted on a robot manipulator of 
Roboturb project [9]. The acquired points are transferred to a computer and stored in a file format. It includes 
informations of the surface as a cloud of points, where each line of the file stores the ordered Cartesian coordinates 
(x, y, z) of the points obtained by the acquisition method, as show in the matrix: 

-59.522  34.097  -33.453 
-59.620  27.820  -33.017 
-59.617   8.991  -33.369 
-59.590   2.816  -33.612 
-59.590  -3.388  -33.713 

The acquired and organized cloud of points on an ASCII file is used to rebuild the surfaces, as described in the 
next section. 

4. REBUILDING THE SURFACE 

The surface shape and its model will be the source of data for the task planning. Robotics tasks need a most 
accurate study of surface shape. Welding and painting manufacturing process needs a continuous control of the 
robots end effector such that a continuous path has to be computed precisely. To perform this kind of task, two way 
to define the surface may be used: getting the surface model coming from a CAD system, previously modeled or by 
using a mathematical model of the geometry, and thus requiring to model the surface on-the-fly, controlling its shape 
in order to assure that the robot effector covers the surface more smoothly and precisely, as described by Toledo [2], 
Simas, Dias and Guenther [3], Feng and Li [5] and Yin [10]. 

This research uses a process of rebuilding surface based on the structural organization of the cloud of points by 
the Voronoi diagram [8, 11]. The Voronoi diagram gives a topological sorting of the cloud of points, and data 
organization will be explored to rebuild the surface area as well as to get other information needed to plan the task. 
The Voronoi diagram itself, when graphically represented on the 3D space, can be used as an illustrative 
representation of the surface, as well. 
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Figure 2: Surface rebuilt from the Voronoi diagram – (a) Wireframe and (b) Shaded 

The Figure 2 shows a surface rebuilt from a set of points representing the original surface. In (a) it is depicted a 
wireframe representation of the surface by linking the points after finding the vertexes of the polygons of the 
Voronoi diagram with line segments, and in (b) the same representation is shaded. Both representations are attained 
through the sorting of the cloud of points and the construction of the Voronoi diagram. Details over the Voronoi 
diagram theory and the implementation of the surfaces reconstruction algorithm can be found in Tonetto and 
Dias[11]. 

Once having the Voronoi diagram and the topological sorting of the set of points, a mathematical representation 
of the surfaces could be used to get the mathematical surface, for example, a B-Splines formulation, to plan the task. 
The advantage of using a sorted set of points by the Voronoi diagram is that it turns to be easier to implement an 
algorithm to build any free form surface, besides the possibility to dynamically change the data structure for 
corrections on the representation. The implemented algorithm uses the theory of uniform B-Splines for the surface 
reconstruction [12]. The Figure 3 shows a B-Spline surface reconstructed by the algorithm developed on this 
research, from a set of points sorted by the Voronoi diagram. 

Figure 3: B-Spline rebuilt surface. 

This kind of representation provides a smoother shape of the surface. The B-Spline surface is needed to define 
accurately the properties in manufacturing operations, as the path and trajectory planning, covering operations, 
simulations of mechanical properties as curvature, volume and tension analysis. 
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5. REGION OF INTEREST DELIMITATION 

Generally, the mapped area got in data shape acquisition processes is greater than the region over which the task 
will be planned. In this way, it will be needed to select the area of interest, since depending upon the task, it can be 
the whole object surface or only part of it that needs to be recovered or produced. So, it is possible to think in 
advance how to select the true area that needs to be worked. One can think that the data points offer two surfaces. 
The set of points near of the limit of the acquired points can be used to define an approximated shape of the original 
surface (if an original surface supplied by design parameters was not furnished – when there is no registered data on 
CAD/CAM systems). All data points may be used to compute a second free-form surface. The work surface is the 
result of the intersection between the original surface and the surface acquired by data capture methods [3]. 

When there is no register of the original surface on a CAD/CAM system, the original surface needs to be rebuilt 
from the same acquired cloud of points. The data gathering is accomplished in order to capture damaged surfaces, 
usually including a security margin on the points sampling, measuring nearby regions besides the region of interest. 
These nearby regions can be used to create an approximated representation of the original surface. 

The Figure 4 (a), (b) and (c) show an example of the selected area to be used as the part of surface to be covered 
by robotic welding process (the surface was rebuilt by the methodology used on this research). The red border shows 
the region on which the task will be planned. This methodology can be applied to define the region to be recovered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Region of interest in different views. 

6. TRAJECTORY AND PATH COMPUTATION 

Once the geometric shape of the surface is known, its mathematical properties can be used to compute the path 
that the robot effector must follow and further trajectory data to complete the task. From the works of Chen, Ni and 
Wu [13], Suresh and Yang [6] and Sarma and Dutta [7], three main techniques of tool path generation are 
implemented in these proposal: iso-parametric, iso-planar and iso-scallop methods to compute a path on the surface. 

6.1. ISO-PARAMETRIC PATH GENERATION 

The implementation of the algorithm is very simple as it uses the relation between the parametric space and the 
workspace in order to define the tool path on the surface. For example, the Figure 5 shows a “zig-zag” path defined 
on the parametric space. The curve path that the tool must follow on the surface is defined by the parameters u and v 
of the parametric space. Besides being an easy method to plan the effector motion, this methodology fails on the 
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definition of the accuracy of the path over the surface, making it impossible to assure parameters such as constant 
steps between two adjacent tool paths. 

Figure 5: Path generation on the parametric space 

6.2. PATH GENERATION ON THE WORKSPACE 

Two initial proposals may be used to generate tool paths on the workspace: the iso-planar and the iso-scallop 
methods. The iso-planar tool path generation is defined supposing the intersection between the B-Spline 
reconstructed surface and the planes that will define the tool path. The curve generated by the intersection of the 
plane with the B-Spline surface establishes a path on the surface. The intersection planes are translated on a given 
direction, and the distance is defined by the tool step for the task execution. The Figure 6(a) depicts the mesh of 
curves attained by the iso-planar path generation procedure. The intersection plane direction changes the result of the 
tool path generation. However, the choose of the optimal plane direction is a problem of hard solution, as reported 
by Suresh and Yang [6]. 

 
(a)    (b) 

Figure 6: (a) Iso-planar path generated on the workspace; (b) Iso-scallop path generated on the workspace. 

A more precise method to compute the path on the surface is the iso-scallop method. The iso-scallop tool path 
generation is defined on a B-Spline surface as well, requiring the path computing to satisfy the task execution 
parameters. This makes possible to execute the task with accuracy and better superficial finish by maintaining the 
scallop height constant in a milling operation. The methodology uses the curve of one of the surface boundaries as 
the initial path, and the following paths are defined as parallels respecting the required parameters for the task 
execution (maintain the constant distance from the previous path) so that the scallop height remains constant. The 
approach used for the parallels tool path definition is based on the method proposed by Suresh and Yang [6]. 

Considering the first path, for each point of this path are found the points that lie at L distance, given by the 
desired tool step-over, generating a set of points parallels to the first path. The union of these points generates a 
curve that is parallel to the previous path. By recursively repeating this operation, it is possible to build all of the 
parallel paths, so that the covering of the surface can be given by paths that lie on a constant distance between 
themselves (Figure 6(b)). 
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7. RESULTS 

The methodology proposed in this paper was implemented as a computational interface to visualize the necessary 
information for the surface rebuilding and for the planning of the path to be followed by the robots end effector. The 
developed prototype has the following features: 

1. It uses as input a set of points in plain ASCII format; 

2. It rebuilds and shows surfaces in three different ways: the Voronoi diagram, the Delaunay triangulation 
and the B-Spline representation; 

3. It generates the tool path on the parametric and work spaces, using as input the tool step-forward and the 
step-over; 

4. It shows wireframe and shaded surfaces; 

5. Is opens and saves files in formats that are compatible with other programs, such as Blender and 
Pro/ENGINEER application; 

6. It allows the use of mouse to manipulate the view, with zoom, rotation and translation control. 

The prototype has two interactive windows: one that includes the options and parameters and other for the 
visualization and manipulation of the object. The Figure 7 shows a screenshot of the program, showing a rebuilt B-
Spline surface and the generated path over it. This way, there is only one necessary input for the program, which is 
the cloud of points acquired from the original surface. The rebuild process is executed from this cloud of points. The 
input of parameters for task programming was implemented, too. It is possible to define the desired step-forward and 
step-over for the task execution. The calculated path covers the surface with one layer, and it is possible to choose 
between any of the three implemented techniques of path generation. 

Figure 7: Results of the algorithms. 

The algorithm was developed using the Java programming language (Sun - Java(TM) Development Kit (JDK) 
5.0) [14]. It was necessary to use some extra libraries, available as open source on the internet, namely: Jama-1.0.2 
[15], for matrix operations, java3d-1.4.0.01 [14], used on the view and manipulation of 3D objects and 
CyberVRML97 in order to save the results in the VRML file format [16]. 

The achieved results can be saved in OBJ and VRML file formats, and the path can be saved as a list of points, 
thus making it possible to export them to other programs, such as Blender and Pro/ENGINEER. 
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8. CONCLUSION 

This work provides a systematization of each necessary step for the computational implementation of algorithms 
for the path planning process. On the proposal and on the developed prototype, the surface rebuilding process is 
required. The surface representation is constructed from a cloud of points, which is acquired in the work object. Such 
surface allows the tool path generation for the execution of the desired task in robot manipulators. The generated 
surfaces are geometric representations of the original surface, and many approximated visualizations can be used, 
including the B-Spline surface. 

In this research, many aspects can be further considered, as changes on the mathematical formulation used in 
each step, as well as algorithms for getting a complete view of the surfaces of the object. The next step to improve 
this research will include the welding simulation with many layers and the addition of modules for inverse kinematics 
simulation from the generated trajectory in order to evaluate joints data and its analysis necessary to have a complete 
task robotic plan. 

This software was developed to be distributed under the free software conception, and all its algorithms and 
source code are available in: 

http://www.labcadcam.ufsc.br/~cris.tonetto/ 
http://sourceforge.net/projects/plantra 
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ABSTRACT 

In this paper a new method for the automated generation of CNC programs for laser processes is presented. 
This method fulfills two requirements which new laser processes in particular might have: firstly, it can deal 
with complex geometric structures of the irradiation area, secondly, it is fast. In this way, it is possible to 
create a new CNC program for each workpiece so that it can be even used if the workpiece spread is high or the 
number of equal workpieces is low. ased on a simulation model of the laser process, a stochastic global 
optimization algorithm is used to find a good irradiation plan which is used to create the CNC program. The 
use of this method is demonstrated by a medical application for carrying out a fully automated treatment of 
human skin diseases.

1. INTRODUCTION 

In recent years several new laser processes and applications have been developed. For most of them previously 
known approaches to plan the irradiation are sufficient. However, for some of them the one dimensional path 
following the desired geometry of a cut or welding seam or the use of a fixed hatch pattern is not enough. Such 
processes like laser annealing or medical applications require a more sophisticated irradiation planning resulting 
in complex irradiation patterns. Furthermore, it might even be necessary that for each workpiece the irradiation is 
planned anew either because the spread of the workpieces is too wide or because the number of equal workpieces is 
low. 

For sophisticated challenges and situations as described above, intelligent approaches are commonly applied in 
order to overcome them. Manufacturing systems including dedicated software for the process planning and design 
are usually developed, especially for applications considering health and human beings. The computer integrated 
manufacturing approach is thus used to open new fields of application to manufacturing industries processes as 
well as further applications in the traditional fields. 

In this paper we will present a new approach which overcomes the challenge of the need for sophisticated 
planning for small lot sizes or single workpiece treatment by carrying out a simulation based irradiation planning 
and optimization. The irradiation process is split up into small time slices and for each of these time slices the 
irradiation parameters are optimized in an iterative process to get an irradiation plan which fulfills the global 
needs of the process. The practical use of this approach will be shown by a medical laser application being 
currently prepared for clinical studies. The chosen example from the medical field implies a tight limit in 
computation time to the planning process since the patience of patients is limited as well. The realized intelligent 
approach thus uses efficient algorithms. 

2. METHODOLOGY 

An automated laser process is usually carried out by some kind of CNC machine. The NC program for this 
machine must be created by certain means. Commonly, it is either exported from a CAD program or programed 
manually or taught to a robot. In any case, these approaches do not work well when the workpiece spread is too 
high or the number of equal workpieces is low. In these cases, completely automated planning of the laser 
irradiation process is highly desired. To do so, the knowledge about the process must be represented in some way 
so that the system creating the NC program can access this knowledge. There are several possibilities to store this 
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knowledge: an expert system can be used to store rules how the NC program must look or some neuronal network 
can be trained to select the correct irradiation parameters. However, these approaches can not be applied if the 
laser process is too complex. The reason might be that the geometric properties and shapes of the area to irradiate 
are too complex or that the process itself can not represented by simple rules. In this case another method must be 
used. The knowledge about the system technology, the laser and laser process must be represented by a simulation 
model. This simulation model might allow the NC programming algorithm to test different NC programs and 
evaluate the quality of them. Because typical NC code is not really suitable for this purpose one works with some 
abstract representation of the NC program which is later translated into real NC code by a postprocessor. To 
express this difference, the term irradiation plan will be used below for this abstract NC program representation. 
To evaluate the quality, a program module is needed which takes the output of the simulation created by the 
irradiation plan and returns information on how good the given irradiation plan is. It is common practice to use a 
function with a scalar value to be minimized for this purpose. This is the so-called objective function. Besides this, 
an algorithm is needed to generate irradiation plan samples which are tested using the simulation and the 
evaluation module to determine their quality. If this quality is expressed by a real valued function of the simulation 
result, the creation of the irradiation plan can be considered as being a global optimization problem as it is known 
from computer science.  

As mentioned above, a typical NC program cannot be handled in this context. So a more abstract way to 
represent a laser task must be found. This can be done by splitting the laser process into small time slices, each of 
these time slices representing a part of the resulting NC program. For each of these steps, a set of parameters is 
defined depending on the laser process. In case of a pulsed laser this might be the position of the laser at this time 
step as well as the laser pulse energy. For cw laser, this might be the start and end point of the laser as well as the 
velocity during this time step. All these parameters are combined to one vector. This vector is varied by the 
optimization algorithm and passed to the simulation model to evaluate the quality of it. After a defined limit for the 
quality or a time limit is reached, the optimization is aborted and a post processor translates the abstract processing 
plan into NC code as it is understood by the laser processing system. 

Figure 1: Flowchart of the NC program generation based on a simulation model of the process 

Figure 1 visualizes this process. Based on the 3D information about the processing area, an initial processing 
plan is created. The algorithm creating the initial irradiation plan tries to add new steps to the irradiation plan. 
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After adding a new step, it is tested if this irradiation plan gives a better result than the previous one. If this is the 
case the new irradiation step is kept. The algorithm uses a certain heuristic pattern to find the new steps to test. 
The algorithm is described in more detail in [1]. This plan is then refined by a global optimization algorithm. After 
the abort criterion is reached, the best plan so far is taken and it is tested if it fits all constraints. When it does it is 
used to generate the NC code. When selecting the algorithms and implementation details, speed is an important 
matter because the planning is supposed to happen during the actual process. Thus the planning time should be 
kept low. 

3.1.  APPLICATION 

The above described method to create a NC program for a laser processing system has been used in a medical 
application. The system is used to irradiate skin diseases like psoriasis being curable by uv light with an excimer 
laser with 308 nm wavelength. [2-4] This application requires that the skin areas affected by the disease and only 
these areas are irradiated with an energy dose of 100 mJ/cm² to 1,500 mJ/cm² depending on the decision of the 
physician. Considering the irregular shapes of the diseased area and the curved geometry of the human body, the 
irradiation planning is a challenging task. 

The complete system has been shown in detail in [5]. It consists of a 3D sensor taking a 3D model of the 
irradiation area. This data is used as input into the planning process which creates the NC program for the 
irradiation process. It should be noted that during the irradiation process the irradiation program is adapted on the 
fly to compensate small movements of the patient. The system prepared for some testing can be seen in Figure 2. 

Figure 2: Irradiation system with dummy object for test irradiations 

3.2. PLANNING RESULTS 

Using the method mentioned above for this particular application, a software module has been developed to 
carry out the planning. As described in [6], a fast algorithm to determine the energy on the surface for a given 
irradiation plan has been implemented. The optimization of the irradiation plan is done by a simulated annealing 
algorithm. Simulated annealing [7] is a stochastic global optimization algorithm which proved to work well for 
irradiation tasks [8, 9]. For reasons of the fast calculation of the energy dose at the surface, other global 
optimization algorithms are not applicable. To find out how well the algorithms work, artificial patterns to be 
irradiated have been constructed. It is known that these patterns can be irradiated perfectly without any error. The 
left diagram in Figure 3 shows the development of the result of the objective function during the different iteration 
steps as the average value during five runs. It can be seen that the algorithm finds the expected solution after 
approximately 90 iterations. The same test has been done with a greedy algorithm. As the standard deviation in the 
right diagram in Figure 3 shows, the algorithm is not always able to find the global minimum of the objective 
function. 
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While the development of the absolute error in a constructed, artificial case is interesting from the theoretical 
point of view to determine how well the algorithm works, for the practical application it is more important how 
long it takes until the NC program is generated.  Figure 4 shows the development of the objective function over 
time for a typical planning task in the mentioned application. It becomes evident that there is no more 
improvement after approximately 10 s. This is short enough for the application case.  

Figure 3: Development through iteration steps of the error. Left: simulated annealing. Right: Greedy algorithm. 

Figure 4: Development of the relative planning error over planning time 

3.3.  IRRADIATION PROCESS RESULTS 

The verification of the whole planning process in the medical field is not easy at all. The irradiation does not 
have an immediate effect on the skin. It usually takes several hours until an effect on the skin is visible, if at all. 
The irradiated skin is a biological tissue and therefore the healing process is also rather irregular and not usable as 
a measure for the quality of the irradiation planning. Thus the only possibility is measuring the applied energy dose 
using some kind of sensor instead of irradiating real skin. This is also required for patient’s safety. The entire 
planning and irradiation process must be verified and validated before patients can be treated. This sensor has to 
fulfill several requirements: it must be sensitive to UV light with a wavelength of λ=308 nm. Furthermore, it must 
be linear regarding the applied energy and should not be sensitive to thermal accumulation effects and it must be 
possible to synchronize the sensor with the laser beam because a pulsed laser is used. Beam profilers represent a 
class of sensors which fulfill these requirements as they are normally used to get images of the energy distribution 
of laser beams.  

Figure 5 and Figure 6 show the measuring setup. A Metrolux beam profiler is installed in the irradiation area 
with its sensor in the position that shall be occupied by the irradiation area later on. This beam profiler consists of 
a CCD camera and a fluorescent plate. This fluorescent plate which converts the UV light into the range of visible 
light is necessary because the UV light with λ=308 nm as emitted by the laser is not detectable by the CCD chip.  
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Figure 5: Measurement setup 

Figure 6: Structure of the measurement setup 

During the planning, a red paper is placed on top of the sensor field of the beam profiler so that the sensor and 
the detection algorithms detect it as “diseased” area. Before the actual irradiation, the red paper is removed and the 
laser pulses of the irradiation process are detected by the sensor. The irradiation itself is done with a reduced speed 
because the CCD camera is not capable of recording with a rate up to the 1 kHz pulse frequency of the laser. The 
camera and the laser are synchronized by a special synchronization device which forces the camera to record the 
laser pulse in synchronization with the pulses emitted by the laser. This creates a sequence of pictures with 
intensity distributions which can be overlaid to get the global intensity distribution. This is different to the setup 
shown in [6] where the recorded pulses were averaged. Due to the large number of pulses and the high resolution 
of the sensor, only a stripe of the sensor can be recorded in this case though. 

Such a stripe can be seen on the right side of Figure 7 while the left side of the figure shows the beam intensity 
used during the planning process.  Though these intensities are not directly related to area energy doses, they can 
be easily converted into area energies because the energy of one laser pulse is known. 

beam profiler 
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Figure 7: Beam intensity and integrated surface intensity 

The picture of the beam intensity shows that the optics is not perfectly aligned. However, this does not matter. 
If the planning process knows the beam intensity, it can take care of this. In this application it is only important for 
the planning process that the beam intensity does not change and this is ensured by the beam forming system used 
in the application. 

As can be seen, the energy distribution is locally very smooth but the global distribution is not homogenous at 
first glance. The reason is that the beam intensity shown is not corrected regarding the homogeneity of the sensor 
system. Especially when working with high apertures when recording the beam intensities, the CCD chip 
illumination is rather inhomogeneous. To overcome this, the image is corrected by a homogeneity matrix. This is 
done for the results shown below by multiplying the intensity distribution with a correction matrix. 

Doing a visual inspection of the intensity distribution is sufficient for a first check if the planning process works 
well, but it is not well suited for quantitative evaluation of the irradiation process. To get a better impression of the 
smoothness of the achieved intensity and thus also the quality of the planning process, horizontal cross sections 
through the intensity distribution have been made. 

Figure 8: Cross section of an intensity distribution with an area energy of 10 mJ/cm² (left) and 20 mJ/cm² 
(right) 

The left diagram in Figure 8 shows such a cross section for a planned energy dose of 10 mJ/cm² while the right 
diagram shows the same for a planned energy dose of 20 mJ/cm². The used beam has a size of approximately 1 cm² 
with a pulse energy of 4 mJ so the area energy of the laser is 4 mJ/cm². For the first case, this means that at each 
point of the surface only 2 to 3 pulses are applied. Taking this into account, a standard deviation of 10 % of the 
intensity cross section is pretty good. When applying higher energy doses as it is done for the right diagram of 
Figure 8, one can see that the standard deviation in per cent of the average value gets lower (7 %). This is as 
expected because the more pulses per surface point are applied, the better the planning algorithm can achieve a 
certain energy level. 

4. SUMMARY 

In this paper, a new method for the creation of a NC program for a laser processing system based on a 
simulation model has been presented. It has been shown that it is possible to create a NC program achieving good 
results within a reasonable short time even for medical applications where every treatment requires new planning. 
Currently clinical studies are done with the prototype system to gain practical experiences with the system in a real 
application and especially research the advantages of an automated laser treatment in medical applications. Besides 
making the boring and tedious manual treatment obsolete, the automated laser treatment might also enable new 
applications which were not possible before due to the imprecision of a manual treatment. 
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ABSTRACT 

This contribution deals with business process optimization as part of business processes management (BPM) 
application. For successfully BPM implementation is important to choose suitable methods and techniques leads 
to process optimization. Comparison and summary of suitable methods and techniques (e.g. Just in Time, Theory 
of Constraint) contains the first part of this paper. The concrete BPM application for process optimization is 
presented in practical example. The relation between object business process modelling, process optimization 
and process performance measurement is next point of view. This problem and possibilities of solution are 
presented in paper on practical example too as well.  

1. INTRODUCTION 

Optimization and improving of processes at an organization is one of the important tasks for managers 
nowadays. There exist many ways leading to the optimization of manufacturing processes. In this contribution I 
would like to present the way how to optimize the processes in the context of business process management 
application.   

What does the BPM phrase means? The BPM terms to refer to aligning processes to the organization's strategic 
goals, designing and implementing process architectures, establishing process measurement systems that align with 
organizational goals, and educating and organizing managers so that they will manage processes effectively [1]. 
Professionals occasionally use Business Process Management to refer to various automation efforts, including 
workflow systems, XML Business Process languages and packaged ERP systems (Enterprises Resources Planning 
Systems). In this case the management emphasizes the ability of workflow engines to control process flows, 
automatically measure processes, and to change process flows from a computer terminal. Nowadays many 
companies try to implement the Business Process Management system (BPM) [2-5] as we can read in the State of 
Business Process Management Report for example [1]. 

2. RELATED WORKS AND LITERATURE REVIEW 

Many articles in journals and international conferences proceedings deal with BPM issue. High number of 
citations on business process management (BPM) seems to prove that BPM is a significant field of the recent 
research. For example a Google.com search on „Business Process Management“ returns more than fourteen 
thousand pages where this phrase appears. The BPM issue is the subject of research focused on methodological or 
technological solution of BPM problems. The main problems are described by Wasana Bandara in article [5], where 
fourteen global experts were interviewed for example. The problems examples show the lack of governance, lack of 
standards, lack of methodology, lack of tool support for process visualisation etc.  

In further work I focused on methods and tools for process improving and management which are useful for 
BPM application. The methods are: Lean manufacturing, Six sigma, Kaizen, Theory of constraint (TOC), Capability 
Maturity Model etc. Especially I focused on the description of TOC method, because it introduced a new and 
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perspective method for production management in the BPM context. E. Godlratt („guru” of TOC) presents this 
method in his book: Cox, Jeff; Goldratt, Eliyahu M. The goal: a process of ongoing improvement [6]. 

2.1 PROCESS OPTIMIZATION AND THEORY OF CONSTRAINT (TOC) 

The TOC is one of three major management concepts in the eighties and nineties:  

 Just in Time (JIT) [7],  

 Total Quality Management (TQM) [8], 

 Theory of Constraints (TOC) [9]. 

Each of these three approaches is used to answer the existing urgent management problems. But in fact, all three 
concepts are different facets of the similar management philosophy. The TQM management philosophy by W. 
Edwards Deming covers system thinking, process measurement and a never ending cycle of process improvement. 
The TOC is also methodology for performing systems thinking using the concept of throughput on the business 
entity as a whole to focus on changes to be made on constraints that are directly limiting the better total system 
profitability. JIT and MRP (Material Resources Planning) emphasises inventory reduction and the resource 
scheduling can be then understood as just a specific application of TOC to one area of the business. Thus, JIT and 
MRP are subsets or consequences of TOC that is a part of TQM.  

Table 1: Examples of application of “5 TOC steps” in the enterprise  

 

When TOC defines its goal, when it is looking for the constraints and finally is dealing with their elimination 
then the following principles and techniques are used [9]:  

 The Socratic Method.  

 The Effect-Cause-Effect methodology. 

 Five focusing steps. 

All applications of TOC including production, project management and even the thinking process are based on 
the very simple five steps [9]: 

1. Identify the constraint (the factors that prevents the organization from obtaining more of the goal)  

2. Decide how to exploit the constraint (In other words, “What can we do to get the most out of this constraint 
without committing to potentially expensive changes”.)  

 Production Project 
management 

Enterprise 

1.  IDENTIFY the system's 
constraint 

- Materials 
- Capacity  
 

- Sources 
- Knowledge 

- Market  
- Policy 
- Motivation of people 

2.  Decide how to EXPLOIT 
the system's constraint.  

- No waste of material or 
capacity Production 
maintenance 

- Source productive all 
the time 

- Not wasting more on 
constraint 

3.  SUBORDINATE 
everything else to the above 
decisions. 

- Organize proper buffer 
and proper timing of 
material coming to 
production 

- Using proper buffer 
to protect constraints 
- Disturb of 
constraints source are 
not allowed 

- Share common sense of 
enterprise constraints and 
respect this 
 

4.  ELEVATE the system's 
constraint. 

- Better delivering 
- New machine 
 

- New capacity  - Better marketing 
Training staff 

5.  Don't let INERTIA 
become the system's 
constraint. 

- Keep attention to the 
production constraints 

- Keep attention about 
the project constraints 

- Keep attention about the 
enterprise constraints 
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3. Subordinate all other processes to above decision (align all other processes to the decision made above)  

4. Elevate the constraint (if required, permanently increase capacity of the constraint; "buy more")  

5. If, as a result of these steps, the constraint has moved, return to Step 1. Don't let inertia become the 
constraint.  

These five steps must be repeated, perhaps many times. Therefore TOC has the similar philosophy like CPI 
(Continuous Process Improvement), but on the other hand the elevation (step 4) of the systems´ constraint might be 
common with the BPR (Business Process Reengineering).  

2.2 BUSINESS PROCESS OPTIMIZATION VIA TOC PARADIGM 

The processes are the core part of the business process management as a whole. Therefore their optimization is 
very important and more attention is given to its analysis. The acronym of BPO is based on three key words: 
Business, Process, and Optimization. For each of them the equivalent can be found in the TOC (Table 2).  

Table 2: Equivalent in the TOC 

BPO TOC 
Business Goal – making money 
Process Constraint – of global chain 
Optimization Throughput – maximisation 

 

Instead of the effort in searching for the local optimum, it is necessary to consider all aspects and look for the 
global optimum. It is generally true but on the other hand, there are so many decisions done in favour of local 
optimization. When we are looking for throughput it is similar like to find the strength of the chain. Then it is not a 
sum of strength of each element but it depends on the weakest part of the chain. This approach is called like 
“throughput world”. The weakest part of the chain (process) prevents from the higher strength (throughput).  

3. PROCESS OPTIMIZATION IN RELATION THE BPM  LIFE CYCLE 

The BPM lifecycle shows the important phases for successfully implementation of BPM in company and these 
phases are: 

- business strategy definition – phase A, 

- process implementation – phase B, 

- process modelling and optimization process – phase C, 

- process performance management – phase D. 

The business strategy and the key process indicators or metrics must be setup for each process. The Balanced 
Scorecard method [10] is one sophisticated method example, which can be used for Process Performance 
Management in relation to BPM implementation (part 4.1 in case study). Process implementation phase contains the 
planning of key steps and targets of the BPM implementation, but also analysis of the current situation at the 
company. The steps are: 

- process mapping, 

- design of finally situation after implementation,  

- description of finally concept, 

- testing, training and realization.  

The results of process analysis and process mapping are the base for processes modelling. The languages and 
notations for business modelling are UML (Universal Modelling Language, BPEL (Business Process Execution 
Language) a XML. Many companies use these tools:  Oracle BPEL Process Manager, Popkin, BPS studio, ARIS 
(IDS-Scheer). The results of process modelling can be used for the process optimization. For process optimization 
can be used the mathematical tools or another methods which are described in the previous part. An indicative 
application presented the relation works about business modelling [11-12] and simulation or optimization [13-16].  
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Visualisation and comparing of processes models can be the first a simple optimization method. Sophisticate 
approach uses the process simulation or specially algorithms and software for the optimization task solving (Monte–
carlo software, OptQuest, Neural networks, Petri-net, Simprocess, mathematical task based on discrete maths and 
theory of graph etc.) [6]. An example of practical application presents case study.   

The main optimization criteria may be:  

- reduction of process time,  

- reduction of cost, 

- improving of quality. 

Some applications of simulation optimization include the goal of finding the best solution of [13]: 

- configuration of machines for production flow scheduling, 

- integration of manufacturing, inventory, and distribution, 

- layouts, links, an capacities for network design, 

- investment portfolio for financial planning, 

- location of facilities for commercial distribution. 

- utilization of employees for workforce planning, 

- setting of tolerances in manufacturing design, 

- set of waste management treatment policies. 

The process analysis and process measurement method should be able to give input date for process 
optimization and simulation and processes models can be used for the design of simulation model.  

The last phase is process performance measurement. It is means activity leads to monitoring and real 
measurement of processes at company. Another phrase is business process controlling. Business processes 
controlling involves measuring of the efficiency of the business processes implemented in IT systems and putting 
control systems in place that will monitor compliance with range of legal regulatory requirements. The benefits of 
this phase are: 

- process mining for automated weak point analysis, 

- right time monitoring, 

- dynamic organizational analysis. 

In this phase we can apply the Process Management system based on Balanced Scorecard method and also the 
risk management system. I would like to emphasise that the process controlling can be used for process 
optimization. The related articles [17, 18] describe practical tool process performance measurement and process 
evaluating. From these articles is derived fact that the IT application for process measurement must be able to 
reconstruct and displays the real process course. This data are used for comparing process reality and process model 
for design of the suggestion the correction action. 

4. PRACTICAL EXAMPLE OF BPM APPLICATION 

The practical example represents the selected phases (A, B, C) of BPM application and process optimization for 
a small company. This company is part of the university department and produces printed circuit boards for internal 
or external customers. This example represents the implementation of methodology and information system ARIS 
(Architecture of Information System designed in IDS Scheer company) for support of BPM application [3]. 
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4.1 PHASE A AND B: STRATEGY DEFINITION AND CURRENT SITUATION ANALYSIS 

Phase A: The business strategy and main key process indicators were developed according to Balanced 
Scorecard. The table 3 shows process indicators and the strategy is describes in ARIS model (Figure 1). From this 
model we can make performance dynamic execution (it is part of phase D of BPM implementation).  

Phase B: The main identified problem is the fall of profit related to production time, capacity and quality of the 
process. This situation can be described by a conflict diagram (Figure 2). The diagram describes the decision and 
optimizing problem in the manufacturing - determination of optimum batch size. The conflict exists between 
increasing and decreasing of the batch size. The increasing of production run (D) makes the cost reduction (B) and 
decreasing (D) batch size makes leads to the higher quality of products (C). Both described situations have the 
negative effect on the production plan and profit. These problems and their conflict were solved by BPM 
optimization and simulation tools implementation. It means the cost reduction, quality improvement and time 
reduction were the main optimizing criteria. The results were used for business strategy definition.  

Figure 1: ARIS model of Balanced Scorecard business strategy  

Figure 2: Conflict diagram 
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Table 3: Strategy goals and indicators  

Key 
Performance 

Indicators 

Staffs 
Satisfaction  

Internal 
Productivity 

Customer 
Satisfaction

Training 
Course Failure Return on 

Investment 
Process 

Time 
Process  
Costs 

Unit [%] [-] [%] [number] [number] [-] [min] [EUR] 
Minimal Value 75 2 80 1 95 4 24 40 
Maximal Value 100 4 100 3 100 8 72 60 
Tolerance 5 5 5 5 5 5 5 5 
Period Quarter Quarter Quarter Quarter Quarter Quarter Quarter Quarter 
Planned Value 95 3 90 2 99 5 48 50 
Current Value 95 1,5 85 2 98 5,3 75 75 

4.2 PHASE C: PROCESS MODELLING AND OPTIMIZATION  

This step is the next part of the BPM implementation. The ARIS software was used for the process modelling on 
the base of process analysis results. From this we obtained the hierarchized complex model of enterprise. This 
model has 3 hierarchic levels. The relation between levels and models shows Figure 3. In this case I focused on the 
process time optimization in relation to identified problem solution (part 4.1).  The process time parameter was 
selected because it is one of the important factors for customers. The process time was completed in form which 
documented process flow. The results (average process time per 0,1 m2) are in table 4. We can see that the plating 
process represents to the maximum process time of all other processes.  

In the next step we optimized this process. This process makes the constraint in the manufacturing. The 
measures are based on the process technology innovation.  The equation (1) was used for process time calculation.  

Tp = Top + Ts + Tman + Td     [min]  (1)  

where Tp   total process time 
 Top   process operating time: Top = Topr1 + Tr    [min] (2)  
 Topr1  time of the first operation 
 Tr  total time of repair 
 Ts  time of supporting operation in the process 
 Tman  manipulation time between processes 
 Tw  waiting time 

Table 4: Results of process time screening (average process time per 0,1 m2) 

Manufacturing Process Topr1 [min] Tr [min] Tman [min] Td [min] Ts [min] Tw [min] 

Order acceptance 5 2 2 0 0 9 
Pruduct design 60 10 0 0 10 80 

Job engineering 30 10 0 20 5 65 

Material cutting 3 0 0,5 5 1 9,5 
Drilling 8 3 1,5 0,3 2 14,8 
Plating preparation 30 0 10 20 10 70 
Plating 120 0 1 0 2 123 
Photoresist application 33,5 2 2 0 1 38,5 
Plating II 90 0 2 0 0,5 92,5 
Tin plating 40 5 2 0 1 48 
Etching 32 1 2 0 1 36 
Finishing 10 2 2 0 2 16 
Expedition 10 0 0 20 0 30 
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The results of process time measurement were further used for process simulation model. The simulation model 
is the part of the complex organization model designed in ARIS software (Figure 3).  This simulation tool can be 
used for analyzing and optimizing of manufacturing processes. For each process and events we can put the process 
attributes – time and cost and we can simulate the total process time for different conditions. The benefits of process 
simulation were described in the previous part.  

Figure 3: ARIS complex hierarchized enterprise model 

5. SUMMARY 

Business process management is the significant way how to improve all business processes and the quality of the 
decision-making process nowadays. The important part of Business Process Management is the process 
optimization, simulation and the process controlling application. This means the implementation of suitable BPM 
methods and software tools. A practical example in this paper presents the use of theory of constraint for the process 
optimization in relation to BPM lifecycle. The practical example shows selected part of BPM application with the 
implementation of software ARIS as well. I would like to emphasize that the core of our research is the improving 
methods for BPM application and their recommendation for manufacturing as the best practice solution in industry.  
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ABSTRACT 

A machine vision system has been developed for application to the automated inspection of fasteners on steel 
stampings.  The system was originally developed and tested using images generated by a commercial machine 
vision system installed on an assembly line for the production of automotive cross-car beams.  A neuro-fuzzy 
algorithm is used as the basis for feature extraction and part classification.  A graphical user interface (GUI) 
was also developed to enable industrial implementation and field testing. A laboratory based testing program 
was initiated to evaluate the effect of lighting before the system could be installed on a new assembly line.  The 
results indicate that the system is able to maintain performance as lighting conditions change, when used in 
conjunction with the auto-adjust feature of the camera. 

1. INTRODUCTION 

Machine vision (MV) systems for automated visual inspection applications have consolidated their early 
promise and have become vital components in the operation of advanced manufacturing systems [1].  Examples of 
industry applications range from solder paste inspection [2] to food processing [3] to sheet metal inspection [4].  
Researchers continue to seek ways to improve the performance and flexibility of MV systems.  Successful 
laboratory-based examples include: checking for missing and misaligned electronic components [5], confirming 
circularity in brake-shoes [6] and identifying surface defects in leather [7].  Although the nature of the analysis 
algorithms vary, one common requirement is for the algorithm to be robust and able to maintain performance under 
variable operating conditions such as changes in the lighting or the surface condition of the part being inspected. 

In a previous paper [8], preliminary results were presented of a research project whose objective is to improve 
the parts inspection component of the manufacturing process through the application of neuro-fuzzy (NF) systems.  
The first application was for a company that used a MV system to confirm the placement of 46 metal fastening clips 
on the structural member (cross car beam) that supports a truck dash panel.  The industrial MV was used as a source 
of field images to develop and validate a NF classification algorithm [9].  The system uses a semi-automated 
approach whereby the operator first identifies the general regions of interest.  This was done through the Graphic 
User Interface (GUI) illustrated in Figure 1.  The image seen in the figure shows one component of the cross car 
beam, a component that has two clips in its field of view.  After the regions of interest are highlighted by the 
operator, the system extracts the strongest features visible in the image.  The strength of a feature depends on the 
feature type (eg. circle radius, circle coordinates, line angle, line strength, part hue), but is generally based on how 
many points in the data set agree on the same feature parameters.  

Preliminary field test results with the GUI served to validate the basic performance of the system.  But as with 
most machine vision systems installed in a “dirty” manufacturing environment, performance was dependent on the 
quality of the lighting.  A laboratory based testing program was initiated to systematically evaluate the effect of 
lighting in order to provide recommendations to enhance the performance of the machine vision system to be 
installed on a new (different) assembly line.  These tests are the subject of this paper.  
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Figure 1: Operator interface for selecting features of the part being inspected 

 
The laboratory based test cell constructed to perform lighting calibration tests is illustrated in Figure 2.  Visible 

on the left side of the figure is the radio bracket taken from the cross car beam, oriented vertically.  The radio 
bracket was used as the test piece.  Visible on the right side of the figure is the camera.  The CCD camera had a 
resolution of 640x480 pixels and was fitted with a 8.5 mm lens.  Also visible are the three types of available 
lighting: a pair of vertical bar fluorescents, a pair of LED spot lights (only one visible) and an LED ring light 
(mounted on the camera).  Only one set of lights was used at any given time.  

 
 

 
 

Figure 2:  Machine vision calibration test cell, with three sources of lighting 
 

 

Regions of interest as 
identified by operator 
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Figure 3:  Image with 3 different sources of light: fluorescent (left), LED spot (middle) and LED ring (right) 

2. NEUROFUZZY ALGORITHM 

A neuro-fuzzy system must first be trained.  In this application, each feature vector is labeled as pass or fail.  
Training the network involves getting the correct output (pass or fail) for a given input (feature vectors).  The data is 
divided into three sets: training, checking and testing.  The training set is used to compute changes to the network, 
the checking set is used to see if that change was successful, and the testing set is used to validate the final design of 
the network.  The generation of the network is handled by an Adaptive Neural Fuzzy Inference System (ANFIS) 
algorithm available in MATLABTM.  To obtain more background on ANFIS, the reader is referred to Jang et al [10]. 

The advantage of using a neuro-fuzzy system is the simplicity of training a classification system.  All that is 
required is examples of data from each of the classes the system will need to discriminate between.  In this 
application there were only two classes: pass (clip present) and fail (clip missing).  However, for good performance, 
many examples are needed to cover a balanced representation of the type of variation occurring within each class.  
More background on the development of the neuro-fuzzy algorithm as developed for this particular application can 
be found in [9] 

3. DATA SETS 

For the purposes of this paper four different sets of images were obtained.  The rooms lights where either on or 
off for the trials and the camera auto-adjust settings were varied between trials.  The room lights were turned off to 
change the effect of the lighting on the radio bracket.  The camera has the capability of auto-adjusting shutter speed 
(i.e. time of exposure) and the gain of an image.  These features are controlled by a feedback loop that measure the 
difference between the average strength of an image versus a reference value.  The camera also has the ability to 
provide auto white balance for the images.  This changes the ratio of red to green and green to blue in the image. 

As already mentioned in reference to Figure 2, three types of lights were used to illuminate the images: 
fluorescent, LED spot and LED ring.  The differences in these lighting conditions can be seen in Figure 3.  There is 
more blue present in the image when the LED light sources are used.  The fluorescent lights provide more yellow in 
the image.  The fluorescent lights are the brightest followed by the spot lights, followed by the ring light.   

There were a total of 18 images in each data set:  9 pass images and 9 fail images.  There were 3 images taken 
with fluorescent lighting, 3 images taken with LED spotlights and 3 images taken with LED ring light.   

4. RESULTS 

Two neural networks were trained and tested, with four different trials.  The results for the four trials are 
summarized in Table 1.  The performance of the classifiers was evaluated on the basis of four indices: i) rms error, 
ii) number of false positives, iii) number of false negatives and iv) number of uncertain.  A false positive occurs 
when the system passes a part that is actually missing a clip.  A false negative occurs when the systems fails a part 
that actually has the clip present.  In practice, false negatives are permitted (it’s a measure of the scrap rate).  
However, false positives are not permitted.  Thus, systems tend to be set up to err on the side of false negatives.   

941



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 

 
For the purposes of this study, the root mean squared (rms) error  Erms for a set of images is the root-mean-

square of the output error defined as: 
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iZ  is the desired (correct) classification for the ith image, Zi is the output of the classifier algorithm ( nf

iZ or 
th
iZ ) and n is the total number of images.  Z = 1 is an unconditional pass (clip present) and Z = 0 is an 

unconditional fail (clip missing).  For a classifier, output Z values close to 0.5 are considered as uncertain, as they 
represent a situation where the output values activate two conflicting rules simultaneously.  Thus, images are 
classified as uncertain for the condition: 

BL < Zi < BU     (2) 
where BL is the lower bound and BU is the upper bound on the classifier output.  In this study, unless stated 
otherwise, adopted values were BL = 0.45 and BU = 0.55.  A false positive is for the condition when d

iZ  = 0 and Zi 
> BU.  A false negative is for the condition when d

iZ  = 1 and Zi < BL.  For most applications, it was found that fixed 
values of BL and BU were adequate for determining classifier outcome.  However, adjustment of the values could 
shift the output of the system to more conservative results, or a preference for false positive, or a preference for 
false negative outputs.  Thus, BL and BU should be considered as tunable parameters as the particular values used 
will depend on the type of data being observed. 

In Trial 1, the first neural network was trained with images taken with the camera auto-adjust settings off and 
the room lights on.  Figure 4 illustrates two images from this set.  This neural network was then tested with images 
taken with the camera auto-adjust settings off and the room lights off.  Figure 5 illustrates two images from this set.  
Compared with the images from Figure 4, there is a significant increase in blue.  The images in Figure 5 are also 
dimmer and there are more shadows compared to the images from Figure 4.  Note that the shutter speed had to be 
reduced in this case to achieve a reasonable exposure.  

In Trial 3, the second neural network was trained with images taken with the camera auto-adjust settings on and 
the room lights on.  Figure 6 illustrates two images from this set.  The background colour is now white and the 
image is a little darker.  This neural network was then tested with images taken with the camera auto-adjust settings 
on and the room lights off.  Figure 7 illustrates two images from this set.  The background colour is still white and 
the images are slightly brighter than the images in Figure 6.  Note that there are similar amounts of shadows in 
images for Figure 6 and Figure 7.  

It is possible to optimize the neural network, by removing features that don’t help in the classification of the 
image.  This provides a simpler neural network and in many cases, more accurate results.  Trial 1 repeated with an 
optimized network is given as Trial 2.  Trial 3 repeated with an optimized network is given as Trial 4.   

Figures 8 to 11 illustrate the effects of optimization.  Figure 8 is the network for Trial 3 (unoptimized).  The 
inputs on the left correspond to features highlighted by the operator.  The output on the right is a value between 0 
and 1.  A value of 1 is a definite pass and 0 is a definite fail.  Outputs should be on (or near) 0 or 1.  Outputs near 
0.5 mean the system is having difficulty classifying the data.  Figure 9 gives the classification results for 6 images 
from Trial 3, using the network of Figure 8.  Figure 10 shows the network for Trial 4 (optimized).  Relative to 
Figure 8, one sees that the network is much simpler.  Features that were determined to have little effect on the 
classification result were removed by the system.  Figure 11 gives the classification results for 6 images from Trial 
4, using the network of Figure 10.  The classification result is much improved with all points being close to 1 or 0.   

Table 1:  Summarized performance test results for the four trials 
 

Trial  Test condition # False 
Negatives 

# False  
Positives 

# Uncertain RMS Error 

1 Camera auto off, UNoptimized 0 1 4 0.4972 

2 Camera auto off, Optimized 0 0 0 0.0283 

3 Camera auto on, UNoptimized 0 0 4 0.1563 

4 Camera auto on, Optimized 0 0 0 0.0004 
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Figure 4: Ring light on, room lights on, camera auto off (pass image on left, failed on right) 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 5:  Ring light on, room lights off, camera auto off (pass image on left, failed on right) 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 6:  Ring light on, room lights on, camera auto on (pass image on left, failed on right) 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 7:  Ring light on, room lights off, camera auto on (pass image on left, failed on right) 
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Figure 8: Network structure before optimization, for Trial 3 

Figure 9: Classification results before optimization, for Trial 3 
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Figure 10: Network structure after optimization, for Trial 4 

Figure 11: Classification results after optimization, for Trial 4 
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For Trial 1 the classification performs poorly with 1 false positive and 4 uncertain results.  The RMS error for 
Trial 1 is 0.497.  In Trial 2 all the clips are classified correctly, there are no uncertain results and the RMS error 
drops to 0.028.  For Trial 3 the results are good, but there are 4 uncertain results, and the RMS error has increased to 
0.156.  Trial 4 shows the best results with all the clips correctly classified and an RMS that has dropped to 0.0004. 

In conclusion, the system performance is better when the camera auto-adjust settings are turned on.  For the 
unoptimized networks, there is a large increase in performance from Trial 1 with the auto-adjust settings off to Trial 
3 with the auto-adjust settings on.  There system also performs significantly better when the network is optimized.  
In both cases, the optimized networks eliminated uncertainty in classification and drastically decreased the RMS 
error.  Thus, the optimal system is with the camera auto-adjust on and the network optimized.  The RMS error for 
the optimal case was practically speaking zero (0.0004).  Note that both Trial 2 and Trial 4 showed very good 
results, in terms of no false or uncertain values.  The reason to use the auto-adjust results (Trial 4) is because of the 
robustness of the system.  The RMS error is lower in Trial 4, which means that overall the results are better 
classified.  It also should be remembered that the shutter settings were manually adjusted for Trial 2.  The camera 
auto-adjust feature also avoids the need to tune this parameter. 

5. SUMMARY 

A machine vision system has been developed for application to the automated inspection of fasteners on steel 
stampings.  A laboratory based testing program was initiated to evaluate the effect of lighting in order to provide 
recommendations to enhance the performance of the machine vision system such that it could be installed on a new 
assembly line.  The results indicate that the system is able to maintain performance as lighting conditions change, 
when used in conjunction with the auto-adjust feature of the camera.  Future work will involve the collection of 
more industrial field images to further validate the system under more realistic operating conditions.    
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ABSTRACT 

An injection molding is achieved by the sequential processes consisting of the input process setting process 
parameters (PPs), the filling process injecting molten resin into a mold, the packing process compensating resin 
shrinkage caused by cooling, and the extracting process pulling out an injected part from the mold. The PPs are 
closely related to the quality and the productivity of injected parts so that they are usually determined by skilled 
operators. The proposed system, which is designed by the analysis result of the working procedure of skilled 
operators, consists of the following three modules:1)  the setup module of initial process parameters (IPPs) which 
calculates the IPPs using the information of the mold, the used resin, and an injection molding machine inputted by 
operators, 2) the searching module of the first acceptable process parameters (FAPPs) which helps operators with 
removing the defects appeared in the filling and packing phase by adjusting the major PPs, and 3) the searching 
module of robust process parameters (RPPs) which detects a set of stable PPs producing good parts continuously 
under some noise factors using the design of experiments (DOE) and calculates optimal process parameters 
(OPPs) using an artificial neural network (ANN) algorithm without any injection tryout. To check the availability 
of the proposed system, this study performs the experiments which compare the system with skilled operators based 
on a number of test parts.  

1. INTRODUCTION 

An injection molding is the serial processes consisting of the input process which sets process parameters (PPs), 
the filling process which injects molten resin into a mold cavity, the packing process which compensates the void 
space of the mold cavity caused by resin shrinkage, and the extracting process which pulls out an injected part from 
the mold cavity. Figure 1 shows the working procedure of operators in the shop floor of the injection molding. First of 
all, an operator inputs initial process parameters (IPPs) to an injection molding machine taking into account the 
information of a target part, used resin, the mold, and technical data such as the result of flow analysis and injection 
tryouts. According to input PPs, the injection molding machine performs the filling and packing process. And, an 
operator pulls out an injected part from the mold cavity and checks its shape quality with her or his naked eye. If its 
quality is good to use, then the operator starts mass production. Otherwise, the operator updates the PPs taking into 
account the state of the injected part and inputs the updated PPs to the machine again. 
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Figure 1: Working procedure of operators in the shop floor of injection molding 

In the injection molding, the molten resin is easily solidified because of the contact with the cooled surface of the 
mold cavity. The solidification process prevents the molten resin from flowing into deeper areas of the mold cavity 
rapidly and increases the shear stress which plays a core role in deforming injected parts. Thus, the operators have 
tried to control the PPs elaborately to minimize or avoid the shear stress, to improve the quality of injected parts, and 
to produce acceptable parts continuously. However, it is very difficult for non-skilled operators to set and adjust the 
PPs well because the quality of the injected parts is very sensitive to the PPs and is also affected by noise factors such 
as the temperature and humidity of shop floors. Thus, the productivity of the injection molding mostly depends on the 
knowhow and experience of skilled operators. Actually, it is also very hard to accumulate the knowhow and 
experience of the skilled operators because most injection molding companies are small business and cannot avoid the 
frequent departure of the skilled operators. 

The researches related to determining the PPs of the injection molding can be divided into the flow analysis area 
using finite element analysis and the systemization area analyzing operators’ process. In the flow analysis area, the 
theoretical researches had been activated to represent the mathematical model of resin flow at the beginning [1-8]. The 
recent researches have been tried to search optimal process parameters (OPPs) using the various approaches 
combining the analytical models of resin flow with genetic algorithm, neural network theory, and fuzzy theory [9-14]. 
Because the result of the flow analysis is a quite different with the PPs used in the shop floors, some researches have 
been tried to systemize the working procedure of operators to overcome this problem [15-16] and to monitor the resin 
flow of the mold cavity directly using inserted pressure and temperature sensors [17].  

This study develops an intelligent support system to help non-skilled operators with determining robust process 
parameters (RPPs) easily, which can produce acceptable parts continuously under some variation of working 
condition. The next section analyzes the working procedure of skilled operators to determine the PPs and designs the 
architecture of the intelligent support system. The next following sections describe the component modules of the 
proposed system in detail and perform the experiments which compare the implemented support system with a skilled 
operator based on a number of test parts. And, the final section concludes this study and proposes future research 
issues. 

2. PROCESS ANALYSIS OF DETERMINING THE PROCESS PARAMETERS OF INJECTION MOLDING 

The skilled operators usually determine the PPs of the injection molding by the following sequential steps – the 
setup step of the IPPs, the searching step of first acceptable process parameters (FAPPs), and that of the RPPs. The 
IPPs, that is the first value set of the PPs, are determined by operators using the information of the target part, the used 
resin, the machine, and the mold. The FAPPs mean the PPs which produce an acceptable part for the first time. The 
searching step of the FAPPs is an iterative process to search the FAPPs starting from the IPPs. In other words, the PPs 
are sequentially modified until obtaining the FAPPs according to the type, size, and position of the defects appeared. 
Even though the FAPPs are searched, they cannot be used as the PPs for mass production because they are positioned 
in the vicinity of the threshold of an acceptable region. Actually, it is very difficult to search the OPPs because it 
requires a lot of injection tryouts accompanied with a lot of material and time. Thus, this study proposes to search the 
RPPs producing acceptable parts continuously in the permitted material and time limit.  

When the defects occur in determining the PPs, operators try to remove the cause of defects by adjusting the PPs 
taking into account their type, position, and size. Table 1 summarizes controllable PPs and their adjusting strategies 
with respect to some representative defect types of the injection molding. A short shot (SS) is the phenomenon in 
which the injected parts do not have their complete shape because of the shortage of inflowing resin into the mold 
cavity. In that case, operators usually increase injection pressure and velocity to increase the volume of the inflowing 
resin. A flash (FL) appeared in the parting line of molds can be removed by decreasing the injection pressure and 
velocity and the volume of inflowing resin because it is caused by high fluidity and large volume of the inflowing resin. 
To resolve a sink marks(SM) which are depressions on the surface of injected parts caused by cooling, operators 
usually increase packing pressure and time to compensate the void space of the mold cavity caused by the shrinkage of 
cooled resin. 

From Table 1, we know that the defects are controlled by adjusting the PPs according to their type, size, and 
position. This study proves the adjusting strategy of skilled operators experimentally and systemizes it. Figure 2 
shows the overall procedure to extract the relation table between the defect types and the PPs. First of all, this study 
analyzes the working procedure of the skilled operators through the interview with them and extracts the major PPs 
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affecting the defect types much using the priority analysis of the PPs. It also designs the relation table using the design 
of experiments (DOE) and verifies it by experiments.  

Table 1: Controllable PPs and adjusting strategies with respect to some representative defect types of injection molding 

Pressure Velocity Time Temperature Volume 
No Defect type Injection  

pressure 
Packing 
pressure 

Injection 
velocity 

Injection
time 

Packing
time 

Resin 
temperature 

Resin 
volume 

1 Short shot (SS) ↑  ↑ ↑   ↑ 
2 Flash (FL) ↓  ↓  ↓ ↓ ↓ 
3 Sink mark (SM) ↑ ↑  ↑ ↑  ↑ 
4 Flow mark (FM)   ↑ ↑    
5 Silver streak (ST) ↓  ↓ ↓    
6 Vent mark (VM) ↓  ↓     
7 Weld line (WL) ↑  ↑ ↑    

 

 

Figure 2: Overall procedure to extract the relation table between the defect types and the PPs  

3. DESIGN OF SUPPORT SYSTEM  

To develop a user-centric support system, this study collects and analyzes the requirements of users including 
operators, shop floor managers, and business managers before the system design. The collected 16 user requirements 
are grouped into the 6 user needs using affinity diagram as shown in Table 2. Table 2 reveals that the users have some 
troubles to quantify the defects, to reuse the PPs in the case of existing similar parts, and to recalculate new PPs 
considering the variation of working condition. 

 

Table 2: Priority analysis of user needs 

No User needs Priority (%) 

1 The defect of products can be quantified. 24 

2 The PP can be searched and saved. 24 

3 The new PP can be recalculated according to the variation of working condition. 19 

4 The state of molten resin can be checked. 14 

5 The temperature of mold cavity can be checked. 12 

6 The system can be inter-connected with the existing production control system.   7 
 
This study designs the architecture of the support system taking into account the analyzed procedure. The system 

consists of the setup module of the IPPs, the searching module of the FAPPs, and that of the RPPs like the working 
procedure of the skilled operators. From the information of the target part, the used resin, the mold, and the machine, 
operators set the IPPs, search the FAPPs by executing an iterative searching process, and finally find the RPPs using a 
technique of DOE and an artificial neural network (ANN) algorithm as shown in Figure 3. 
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The setup module of the IPPs receives the information of the target part, the used resin, the mold, and the machine 
from operators and calculates the IPPs using an internal algorithm. In other words, operators only select the target item 
or a similar item from the system DB which includes the information of the existing molds, the resins provided by 
makers, and the commercial injection molding machines. For example, if an operator selects the resin to be used, the 
system pops up its property after searching it from the system DB. Of course, the information of a new resin can be 
also registered by inputting it into the system DB. In the setup module, operators should select the injection molding 
machine correctly because its mechanical characteristics quietly affect the quality of the injected parts. 

 

 

Figure 3: Architecture of the support system 

 
In the technical view, the injection molding consists of the filling phase which injects the molten resin into the 

mold cavity and the packing phase which compensates the void space of the mold cavity generated by the shrinkage of 
cooled resin. This study handles only the following four PPs - the injection pressure, injection velocity, packing 
pressure, and packing time to control the injection molding process because other PPs such as the injection time, resin 
volume, resign temperature, etc. are usually predetermined by the volume of target parts and the property of the used 
resin. Before the design of the setup module, this study performs a lot of injection tryouts according to DOE to 
investigate the relation between the PPs and the defect types. The experiments reveal that there exist independent 
relations between the PPs and the defect types. 
 

 

Figure 4: Flowchart of the setup module of the IPPs 
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In the design of the searching module of the IPPs, the basic idea to is to divide the defect types into the two groups 
according to the filling and packing phase to reduce complexity and to adjust major PPs related to each defect type 
sequentially. If several defect types appear in an injected part, the searching module removes them one by one by 
adjusting the related major PPs sequentially. Because most defect types are appeared in the filling phase, this study 
divides the filling phase into the two sub-steps. The searching module of the IPPs consists of the following three steps: 
the first filling step to resolve the short shot and flash by adjusting the injection pressure (PI), the second filling step to 
remove the weld line, flow mark, silver streaks, and vent mark by handling the injection velocity (VI), and the packing 
step to treat the sink mark by controlling the packing pressure (PP) and time (TP) as shown in Figure 5. The change unit 
of each parameter is determined in the limit from 5% to 15% of its previous value according to the size of defects. To 
trace and check the searching process of the FAPPs, all searching history is also stored in a system log file. 

 

 

Figure 5: Flowchart of the searching module of the FAPPs 

 

The RPPs are a set of stable PPs which produces acceptable parts continuously under noise factors like the 
temperature, humidity, and vibration of shop floors. To search the RPPs from the FAPPs rapidly, this study adjusts 
only the injection pressure and velocity because they are more sensitive to the quality of injected parts than other 
parameters. Thus, a searching space is defined on the 2-dimensional coordinate consisting of the injection pressure 
and velocity. As shown in Figure 6-(a), the current searching region limited by the four sets of candidate PPs is 
calculated from the current value of the injection pressure and velocity using a two level full factorial design. On each 
set of the candidate PPs, the injection tryout is performed, and the state information of each injected part is inputted to 
this module by operators. The module calculates a moving direction which does not produce the defects and improves 
the quality of the injected parts.  

If all sets of the candidate PPs produce the defective or non-defective parts, this study adjusts the searching region 
and performs the injection tryouts again using the updated four sets of the candidate PPs. This searching process is 
finished when the number of changing the PPs reaches a predefined number, or the improvement effect between the 
previous PPs and the current PPs is smaller than a predefined value. Like the searching module of the FAPPs, all 
searching history is stored in the system log file. The searched PPs can be used as the RPPs to produce in large 
quantities in the shop floors. Additionally, this study provides operators with the OPPs using an artificial neural 
network (ANN) algorithm without any additional injection tryout. To calculate the OPPs as well as to estimate the 
defect type and size in given PPs, the ANN sub-module uses the PPs and the state information of injected parts stored 
in the system DB as its training data. 
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4. IMPLEMENTATION AND APPLICATION OF SUPPORT SYSTEM  

The support system is implemented using Visual Studio 2003 C++ and mounted on a commercial injection 
molding machine. To test the support system, this study employs the three example parts, in which a cup, cover, and 
cap are mainly accompanied with the short shot, the flow mark, and the weld line respectively. 

 

       

(a) Searching region and candidate PPs                                    (b) Flowchart of the searching module of the RPPs 

Figure 6: Concept and Flowchart of the searching module of the RPPs 

  

 

Figure 7: Sample parts for test 

 

Table 3 summarizes the result of the experiments which tests the performance of the support system and compares 
a skilled operator with the proposed system with respect to the number of searching FAPPs. In Table 3, the first 
column shows the number of changing the PPs to search the FAPPs by a skilled operator, and the second and third 
column display the number of changing the PPs to search the FAPPs and the RPPs respectively. The comparison of the 
first column with the second one in Table 3 reveals that the support system reaches the FAPPs faster than the skilled 
operator. However, the gap of the numbers between them can be interpreted as the reason that the support system 
provides users with the better IPPs.  
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Table 3. Test result of the support system for sample parts 

Skilled operator Support system 
Product The # of change for 

searching the FAPPs 
The # of change for 
searching the FAPPs 

The # of change for 
searching the RPPs 

Total # of changing 
PPs 

Cup 3 2 6 8 
Cover 5 3 2 5 
Cap 7 7 3 10 

 

Finally, this study develops the ANN sub-module to estimate the OPPs from the RPPs and the defect type of given 
PPs without any injection tryout. Figure 8-(a) shows the ANN structure consisting of the input layer, the two hidden 
layers, and the output layer. Here, the input layer includes the two input nodes which represent the injection pressure 
and velocity respectively and have the value from 0 to 1. The output layer also comprises the two output nodes which 
represent the four representative defect types (the short shot, flash, flow mark, and silver streak) by their combination 
and have the value from -1 to 1. In this example, the ANN sub-module finishes the training process at the 45,175th 
iteration. Figure 8-(b) shows the estimation results of the training process in given the arbitrary 360 combinations of 
the injection pressure and velocity. 

 

     

(a) The structure of the ANN-sub module                                 (b) The application test of the ANN sub-module 

Figure 8: The concept and application test of the ANN sub-module 

5. CONCLUSION  

This study analyzes and standardizes the injection molding process and develops the support system which helps 
operators with setting the FAPPs and RPPs easily. Taking into account the analyzed process, it designs the system 
architecture consisting of the setup module of the IPPs, the searching module of the FAPPs, and that of the RPPs. The 
setup module of the IPPs calculates the IPPs using the information of the target part, the used resin, the mold, and the 
machine inputted by operators. The searching module of the FAPPs helps operators with removing the defects 
appeared in the filling and packing phase one by one using adjusting the major PPs and the state information of the 
defects. The searching module of the RPPs detects the RPPs which produce acceptable parts continuously under some 
noise factors using a two level full factorial design technique and the concept of the searching region. To calculate the 
OPPs and to estimate the defect type and size of given PPs without any injection tryout, additionally the ANN 
sub-module uses the PPs and the state information of the injected parts stored in the system DB as the training data. 

The test results of the three example parts reveal that the support system searches the FAPPs faster than the skilled 
operator. However, this gap can be interpreted as the reason that the support system provides users with the better IPPs. 
To improve the performance of the support system, we should develop advanced algorithms which can handle more 
defect types than the seven ones treated in this study. Another research issue to be performed in the near future is to 
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develop a simulator of the injection molding which estimates the defect type and size of given PPs in the virtual 
environment using ANN theory and virtual reality (VR) technique. 
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ABSTRACT 

This paper aims to present a conceptual framework, as well as partial proof-of-concept implementations, in 
modelling automated manufacturing systems in a Virtual Reality context with embedded intelligence. The focus is 
on simulating performance of automated manufacturing systems, e.g. FMS, Robotic Cells, etc. to a level of detail 
set by the user-analyst. The conceptual framework for intelligent VR–based manufacturing system modelling 
follows. The concept is centred around the idea of intelligent objects. Examples of such intelligence are 
presented. Embodiment of algorithms such as those performing collision detection and inverse kinematics is laid 
out. Ideas about ontology building for such systems are proposed, including main types of entities, functions and 
behaviour. Various issues on re-instancing an ontology depending on the perceived use of the manufacturing 
system model are examined. Case studies in robot and machine tool illustrate many of the issues presented. 

1. INTRODUCTION 

In today’s constantly changing global economy, the manufacturing sector faces a number of critical issues 
regarding its future status. The need for better products in less time and with a fraction of the cost is pushing most of 
the leading companies to adopt new strategies both in management models and in the core of their existence, 
manufacturing itself. Some of the scientific achievements are being suitably transformed in order to be implemented 
as new tools for designers and users. Still, great effort needs to be spent for these tools to be used in the same 
framework, leading towards a fully scalable Virtual Factory, providing all necessary knowledge to everyone involved 
in the manufacturing process. 

Implementing Artificial Intelligence (AI) techniques from other scientific fields into the manufacturing systems 
design field empowered the designer with new possibilities. AI improves common CAx methods, since the use of 
computers alone does not necessarily mean that intelligence is present. The introduction of human-like decision-
making capabilities into the manufacturing system is the key element of an intelligent system. Modelling the decision 
making process of the human and integrating it in an automated system, especially if this is combined with much 
desired interaction, certainly enhances his/her role in every stage of the manufacturing process. Several case studies 
have made use of knowledge-based systems [1], expert systems [2], genetic algorithms [3], and artificial neural 
networks [4], to name a few examples of the discipline termed Intelligent Manufacturing (IM).  

Human interaction is one of the necessary elements of Virtual Reality (VR) often manifested in a 3D Virtual 
Environment (VE). The usage of VR in studying manufacturing processes emerged from the need to take computer-
based simulation one step further, from simple desktop visualisation into a 3D environment, where the user is fully 
immersed [5], [6]. Real-time interaction with virtual objects via sensory feedback allows the user to achieve 
optimised results while minimising time and cost, primary goals of any industry in today’s most competitive global 
market. Although Virtual Manufacturing (VM) has been described in many different ways, depending on the author’s 
particular viewpoint, a common representative notion is: “an integrated, synthetic manufacturing environment 

955



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 
exercised to enhance all levels of decision and control” [7]. Although VM is not strictly connected to the usage of 
VR technology, its performance can be enhanced by the integration of VR techniques and equipment. 

In the aforementioned definition of VM, it is obvious that the part referring to “synthetic environment” can be –
and actually is – fully covered by the core of VR applications, whereas the “decision and control” element is 
enhanced, almost by definition, by using AI techniques, through their very nature. Thus, the term ‘Intelligent Virtual 
Manufacturing’ (IVM) comes into play to cover those applications which integrate intelligence into a VE for 
manufacturing studies, see Figure 1.  

 

Figure 1. Relations between Manufacturing, Virtual Reality and Intelligence notions. 

2. INTELLIGENT VIRTUAL MANUFACTURING CONCEPT 

Figure 2 depicts the steps followed in the creation of a virtual manufacturing cell. A manufacturing cell is 
analysed in terms of its design and its usage, broken down to the main and supplementary machines. First, the 
analysis involves semantic modelling, in order to define and clarify the behaviour of all the objects in the system. 
Cell representation in a 3D environment provides the platform for the usage of VR equipment with all the elements 
required for better visual representation of a real manufacturing cell. Intelligence is manifested by the usage of 
‘algorithms’ or ‘rules’, which alleviate user decisions and enhance understanding of the system.  

 

Figure 2. Intelligent Virtual Manufacturing concept 
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The resulting models can be used in various phases of the manufacturing system lifecycle, e.g. in the design 
stage, where the designer interacts with the virtual system in order to improve the design notions, in the 
commissioning stage, where humans are taught how to operate equipment, in the operation stage, where the virtual 
system can be connected to the real system, providing monitoring and remote operation options, etc. 

2.1. MANUFACTURING SYSTEM ONTOLOGIES 

A manufacturing system is viewed as a collection of objects of different types, which can be organised into 
classes sharing common characteristics and behaviour. This commonality also points to common needs of 
intelligence from these objects and facilitates determination of these needs as well as implementation and common 
sharing of intelligence among the objects of the same class. 

Although the complete scope of manufacturing system modelling is guided by a PLM approach, a closer focus is 
necessary in a proof-of-concept approach. In this paper, it is chosen to deal mainly with those modelling aspects that 
directly engage in the manufacturing process on the shop floor, i.e. more specifically a manufacturing cell, ignoring 
other areas such as logistics, suppliers, financial, marketing etc. In this light, there are five main objects that are 
considered: material processing machines (e.g. machine tools), material handling machines (e.g. conveyors, robots), 
humans, products and manufacturing plans (e.g. process plans, schedules) [8]. 

Even in a restricted scope, modelling of a manufacturing cell is strongly influenced by the level of detail (LOD) 
desired in the analysis. This can be rather generic or contain more detail. For example, suppose that the user needs to 
use a robot to set up a block of raw material in a CNC lathe for processing. The user can take different decisions, 
ordering the system to: (a) Set up a CNC Lathe with Raw Material (any CNC lathe of the system with any raw 
material), (b) Set up CNC Lathe-1 with Raw Material-1 using Robot-1, (c) Robot-1 move to position XYZ-1, pick up 
Raw Material-1, move to position XYZ-2, load the material into CNC Lathe-1 and (d) Define all the necessary robot 
joint positions, step-by-step, for (c) to occur. Ideally, the model would incorporate all the data and would provide 
access to the user according to the desired LOD.  

The notion of ontology has been considered as an attempt to divide a world into its components, physically and 
conceptually, and to categorize them accordingly. It is a shared, explicit specification defining the primitive 
concepts, relations, functions, axioms and instances comprising a topic knowledge [9].  

A generic ontology for describing the objects of a manufacturing cell and their relations is shown in Figure 3. In a 
factory, any department orders an activity to be executed by the manufacturing cell. A generic plan regarding the 
activity is instructed to a human inside the cell, who induces a specific plan, regarding the scheduling of the cell. 
Following that, the human utilizes material processing machines and material handling machines to execute the 
actions defined by the schedule. Each machine consists of machine parts, which utilize methods to execute the 
actions. 

 

Figure 3. Generic ontology for manufacturing cells 

The ontology intends to be as generic as possible, in order to ensure that any object can be instanced. The 
different instances of the ontology encapsulate more data, thus becoming specific to each represented object. Such an 
example is the “Machine-Action” part of the ontology showing the extension potential in order to cover all the 
possible actions. The degree of extension differs similarly to the way the decisions/activities part is enlarged, as 
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described in the next section. Although there can be similarities between the different instances, due to the nature of 
the objects, it is impossible to have a specifics-oriented ontology that can cover all objects possible. Hence, the usage 
of a generic ontology, for the whole of the manufacturing cell, and of specific (sub) ontologies for the different 
objects is imperative. 

A variety of applications can be defined referring to a manufacturing cell. Applications exist within a specific 
context. Four application contexts (AC) for manufacturing cell applications are considered in this work, namely: 
design, control, monitoring and training. 

• In a design context, applications refer, e.g. to configuration of machines based on existing machine 
components or to selection of ready-made machines to process and handle defined families of parts / 
products, to laying out machines on the shop floor for efficient serving by humans and effective 
collaboration in a system etc.  

• In a control context, applications refer to programming individual machines or a group of machines in 
order to perform specific process/handling tasks, to determining the control rules of the cell, etc.  

• In a monitoring context, applications refer, e.g. to logging current and anticipating future machine/cell 
status, etc. 

• In a training context, applications refer, e.g. to manipulating machine controls and experiencing 
‘reactions’, etc. 

A complete model of the manufacturing cell should support all perceived applications, but, as this is a theoretical 
statement, a more realistic approach is to cater for model extensibility. 

2.2 FUNCTIONAL ALGORITHMS 

Various types of algorithms are necessary to support the two fundamental activities that occur in a virtual 
environment, namely object change of state and object movement. 

Planning algorithms, such as Petri-nets [10] model and resolve the sequence of events that take place in the 
virtual system and the resulting change of state. Petri nets are a common formalism in describing manufacturing 
system functions and in simulating them. In their simplest form, they employ places, transitions and oriented arcs 
connecting them. Tokens move between places according to a basic simple rule stating that a token is moved from 
one location forming the input to a transition when all locations feeding that transition contain a token. This 
transition is said to ‘fire’ under those circumstances. As a result of transition firing, all places fed by it should acquire 
a token. This ‘token playing game’ refers in essence to consecutive possible states of the system. 

Kinematics deal with moving objects inside a scene. They can be divided in two categories, according to the 
nature of the kinesis: a) Forward Position Kinematics (FPK) and b) Inverse Position Kinematics (IPK). The first 
category can be numerically solved using transformation matrices. Another approach is the usage of a transformation 
at the top of a scenegraph, which allows that transformation to affect all the following objects, thus simplifying the 
procedure. On the contrary, inverse kinematics require more to be accomplished. Using Newton-Raphson iterative 
methods, artificial neural networks, or closed form numerical solutions are some ways to tackle the issue. Each 
solution is being tested and evaluated according to the accuracy achieved and the speed it can provide.  

Collision detection (or Interference) has been a fundamental problem in computer animation, physically-based 
modeling, geometric modeling, and robotics. In these applications, interactions between moving objects are modeled 
by dynamic constraints and contact analysis. The objects' motions are constrained by various interactions, including 
collisions. In our case, collision detection can be defined in three ways: a) the collision between the camera (i.e. the 
user) and any object in the scene, b) the collision between any object in the scene with each other, at the beginning of 
the scene (ie. when everything is still static), and c) the collision between a moving object and a static one. We are in 
the process of testing and evaluating different algorithms (e.g. Mercury TGS, RAPID, SOLID/FreeSOLID, Tight-
Envelopes-Method) that have been developed and are used broadly [11]. 

2.3. INTELLIGENCE AND HUMAN INTERACTION 

In a real system, the human may need to take some or many of the decisions involved, depending on the level of 
automation of the system. In a virtual system, that mimics the real system as close as possible, the human needs to 
make exactly the same decisions as in the real system. For example, in the real system the user decides the necessary 
motions of a CNC machine and gives the instructions in the form of a part program to the machine. The machine 
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executes the program according to its embedded intelligence (controller). In a virtual environment, this controller has 
to be associated with the machine object to describe how it should react to the program instructions. In its simplest 
form this controller can in essence perform motion interpolations for the machine axes. This is intelligence referring 
to the basic function of objects. 

In a virtual system that goes beyond the aforementioned paradigm, intelligence may be used to replace human 
decision making. In the aforementioned example, a software system may decide the machine motions that are 
necessary to manufacture a part. This is intelligence referring to a full replacement of human decision, but it may 
well be decided to assign it to the machine object, thus making it more intelligent that it actually is. Such software 
has been developed in various domains for the last two decades and has been used outside virtual environments. 

In a variation to the second intelligence paradigm, intelligence can be involved in supplying intermediate 
information to aid human decision making, thus referring to support of human decision, instead of its total 
replacement. It is particularly interesting to investigate how these intermediate ready-supplied decisions can be 
communicated to the user through VR-specific feedback channels or devices. 

3. IMPLEMENTATION EXAMPLES 

In Figure 4 implementation of IVM is depicted, requiring the collaboration of different tools. Initially, the 
physical model is analysed via semantic modelling. 3D modelling is done either in Autocad (.dwg models), or in 
Solidworks (.sldasm models). Consequently, the model is broken down to specific parts/objects which, in order to be 
used as input in our system, are transformed into VRML/X3D format (.wrl). 3D environment is constructed via 
Coin3D, an implementation of SGI’s Open Inventor by SIM, which is based on OpenGL. The applications are 
programmed in Visual C++, via MS Visual Studio, where the GUI part is done via Trolltech’s Qt. The applications 
make use of the aforementioned algorithms, whereas I/O with humans (and machines, if monitoring takes place) is 
done through connection to VR equipment. 

 

Figure 4. IVM implementation 

In the framework reported in this paper, three applications are being developed. The first application falls in the 
control AC and concerns programming of a robotic manipulator, either as stand-alone or in conjunction with other 
machines of a manufacturing cell. So far, a FANUC M16iB20 six rotary axis robot is modelled in a 3D virtual 
environment, see Figure 5, including rotation limits for the angles of the six joints. 

The application involves three tasks, namely: (a) giving movement instructions to individual joints and watching 
the resulting movement of the end effector, (b) giving a movement instruction to the end-effector and checking the 
motion projected on the individual joints and (c) determining a path that links the initial and the final pose of the 
robot.  

Should these tasks need to be conducted by a human operator in a real situation, the movement instructions 
would be given through an interaction device (teaching pendant or similar). Feedback regarding motion 
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characteristics, coordinates, velocity etc. would, similarly, be given to the human though the human-computer 
interaction device. The path planning task would be approached in a trial and error fashion and trials would involve 
educated guesses of good position and orientation of the robot’s end-effector which are often reached by applying 
rules of thumb. Feedback to the path planner would normally be expressed as collision errors and information on 
motion duration, joint velocity and proximity to the singularity region. Such feedback would normally be provided 
by the teaching pendant and, in the case of collisions with ‘soft’ objects by the operator’s own senses. In complex 
cases, the operator would be helped by software performing intermediate or even the final required calculations, such 
as determination of the best visiting sequence of a number of end-effector locations, or the optimum path plan 
according to defined criteria. Constraints concerning payload and velocity related accuracy of the path are important 
but are usually satisfied through conservative selection of relevant values. 

 

Figure 5. Robot programming application. 

In a virtual environment, instructing the robot joints to move is based on a forward kinematics model, whilst 
instructing the end-effector to move involves an inverse kinematics model of the robot. These are algorithms that 
implement the basis of the application, i.e. performing movement of the robot (basic functional intelligence of the 
robot object). Path planning implemented in a trial-and-error fashion requires detection of collisions. Recognition of 
whether a collision has occurred for a particular point in the path being designed is a kind of human decision support 
intelligence, assuming that the logic for trying an alternative end-point location will be left to the user. If this 
decision is not left to the user, but it is taken automatically within a complete conventional [12] or a genetic 
algorithm, then a kind of human decision replacement intelligence is at hand. Recording of the collision and 
communicating it to the user, when necessary, depends on the nature of the environment and its cognitive 
implementation is still to be investigated. 

In a design AC the application would be implemented in a similar fashion, taking into account that the main 
purpose would be to ensure that all possible workpiece locations can be reached by the robot. In a monitoring AC the 
application would need to include the connection of the application to a real robot through suitable sensors, 
depending on the nature of the VR-environment. Both applications are planned as further work. 

The second application falls again in the programming AC, referring to a CNC turning centre with two linear 
axes and two more moving modules, namely the tool magazine and the main spindle-chuck module, see Figure 6. 
The tasks involved in this application are: (a) moving the cutting tool with respect to the workpiece along a 
prescribed path with a prescribed feeding speed per chuck revolution and breaking down this movement into 
respective movements of the collaborating axes (b) rotating the tool magazine to select appropriate tool (c) rotating 
main spindle-chuck with particular rotational speed. 
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In a real system the user would normally enter the movement command in the machine console in a standard (G-
code) or custom (menu-based) format and let the interpolator in the machine produce the movement and the cutting 
tool remove material as appropriate. Incremental rotation of the tool magazine and continuous rotation of the spindle 
would be simply achieved by entering a command in the machine console. Several constraints exist whose violation 
results in fault or warning conditions. For instance, if depth of cut is higher than the active length of cutting edge, a 
collision effect results. If depth of cut is legitimate but large, chattering vibrations may occur. In addition, if feed is 
too high, surface roughness may be excessively high; if it is too low, operation duration may be excessive. Chuck 
speed has the opposite effects. In addition, a large feed and depth of cut together may impose high load on machine 
spindle and cause a load-related stop, as well as deformation on the workpiece, if this is slender enough. 

In a virtual environment, the desired path and cutting parameter values should be entered directly using a 
conventional type user interface, see Figure 6. “Settings” section defines working parameter limits, “Controls” 
section, supports manual or automatic operation. When in manual mode, the desired axes motion values are set by 
the user, whereas in automatic mode the system sets these values automatically. In the “Operation” section the user 
can turn the machine on/off and watch the operation’s parameters through the virtual LCD screens. The interface 
could be easily transformed into a realistic emulation of the machine tool’s console. A basic functional intelligence 
paradigm is manifested in the interpolator which is an algorithm that analyses the composite motion of the tool with 
respect to the workpiece in terms of synchronised motion of the individual axes. A human decision support 
intelligence paradigm is manifested in prediction of a constraint violation, such as too high feed and presentation of 
its effect, i.e. high surface roughness, which can be done by integration of a neural model [13], to let the user lower 
feed by educated guess. The effect of chattering constraint violation as detected by a similar predictive model may 
benefit from a VR-environment specific integration as force feedback, but this needs further investigation. Human 
decision replacement intelligence paradigm concerns implementation of cutting condition selection algorithms in 
full, rather than just predictive models. 

 

Figure 6. CNC programming application 

A design AC for this machine tool would need parametric modelling of the basic constituent parts, intelligence 
coming in the form of configuration rules allowing or precluding specific combination ranges of part instances, based 
on critical dimensions characterising them. A monitoring AC would make use of the same constructs of the 
programming AC. A training AC would need to add complete model of the machine console as well as algorithms 
implementing each of the controls on it. 
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4. CONCLUDING REMARKS 

Intelligent Virtual Manufacturing (IVM) is an approach to modelling and simulating manufacturing systems 
while integrating Artificial Intelligence and Virtual Reality. A relevant methodology makes use of the notions of 
application context, level of detail and type of object intelligence. A generic ontology is also proposed as a 
systematic framework from which the above notions are derived and which supports extensibility. The 
implementation of two basic applications points to possible use of a number of different tools and formats, leaving 
space for future enhancements both in terms of intelligence (more complex algorithms) and virtual reality 
(integration of more advanced interaction). Beside enhancing these applications substantially, a third application in a 
monitoring AC is to be developed, dealing with a complete manufacturing cell. This will embed the two 
aforementioned applications transcribed in the monitoring AC. This application can also be used as a paradigm of a 
lower or variable LOD, in direct analogy to conventional discrete event simulation. 
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ABSTRACT 

Most proposed approaches for modeling an assembly production line have been focusing on conventional 
assembly lines where one stationary worker stays at a given workstation to perform a repetitive assembly 
operation and when this operation is accomplished, the assembled unit is transferred to another worker at the 
next workstation for the next assembly operation. This paper describes a study of modeling a walking worker 
assembly system where each worker walks along a line to complete the assembly of a product from start to finish. 
The research was carried out based on a real job shop environment with a demand-pull production control 
policy. 

1. INTRODUCTION 

Discrete event simulation has been widely applied to the modeling and simulation of various manufacturing 
sectors; almost any type of manufacturing systems can be modeled as a discrete event system. When modeling a 
manufacturing system, however, it is often difficult to find the most effective way to describe the functions that must 
be performed and the relationships between these functions within the system. This is because a manufacturing 
system consists of many discrete operations that occur randomly and non-linearly and the objective function may not 
be expressible as an explicit function of the input parameters. Moreover, a dynamic manufacturing system involves 
randomness that changes with time, such as events on an assembly line where the operation time for assembling 
components may vary with worker ability. The modeling and simulation of a complex dynamic manufacturing 
system theoretically requires many simplifications and the emerging simulation models may not therefore be valid; 
accuracy often becomes a major problem for system optimization. 

The basic principal of building a computer-based simulation model that tracks the changes in a system’s state 
with time has changed little in this period, but, in many cases, significant changes have been made to the graphical 
user interface and the graphical display that can be interactively edited and animated to show process dynamics [1, 
2]. Despite this development, until recently, however, it is widely acknowledged that three major difficulties, which 
are identified as a time-consuming and resource-intensive process, data collection and model maintenance, still 
remain in development and application of simulation models [3, 4]. Hlupic and Vreede [2] argued that computer 
simulation is more appropriate and accurate when a business or manufacturing process is of stochastic nature that 
dynamic changes in the process can best be understood by visually depicting its random behavior that consists of a 
complex flow of activities. It appears that in the near future, many simulation models can be designed and run in a 
web-enabled environment with virtual reality techniques and be distributed through the network; discrete event 
simulation is at a pre-internet stage [5, 6]. 

Most applications on modeling and simulation of an assembly production line have been focusing on 
conventional assembly lines. A typical assembly flow line has one or more stationary assembly workers who occupy 
a specific workstation to complete a single operation and when this operation is accomplished, the partially 
assembled product is transferred to the next worker (or workers) at the next workstation for the next part of the 
assembly to be carried out. The primary concern of this type of line is the balancing of a set of tasks between the 
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assembly workers with the aim of minimizing the number of workstations under the constraints of cycle time and 
precedence while keeping labor/tooling costs to a minimum. Normally, as the variation of processing times at each 
workstation increases, the overall throughput rate decreases and the in-process inventory can build up. Because each 
workstation needs at least one assembly worker, the production line has to be fully staffed at each workstation at all 
times. This can lead to poor responsiveness in the system’s re-configuration and low flexibility in response to 
varying outputs. Moreover, the variation of individual working speed for each worker increases the complexity of 
balancing the workload of individuals. The most common way in dealing with this line-balancing problem is to add 
sizable buffers into the production line. This simply increases work-in-process, throughput time and adds 
unnecessary costs. Previous work outlines that fixed worker lines tend to have low flexibility (in terms of workers 
and products), need constant demand and can be difficult to balance particularly if the work elements are relatively 
large [7].  

Figure 1 illustrates a case study of a semi-automated automotive engine assembly line in which short sections of 
manual assembly using walking workers are incorporated between automated workstations (named as AM1-6). With 
this reconfigured walking worker approach, each worker travels with an assembled engine downstream and stops at 
each workstation carrying out the essential assembly work as scheduled; and each worker completes all the assembly 
tasks from start to end in each manual assembly section. An original motivation of this design was to develop a 
system, which allows the employer to cope with employee absenteeism more effectively. The research has shown 
great improvement in terms of flexibility, efficiency and productivity without additional investment in equipment 
and/or labor. The advantages also include an ease in line balancing and a reduced buffer requirement, greater 
tolerance of work time variations, adjustability of staffing levels in response to varying demands in terms of 
production volume and product mix (thereby minimizing labor costs), cultural changes and an improvement of 
human factors such as motivation, accountability and responsibility as quality can be monitored against individuals. 

 

Figure 1: Layout of linear walking worker assembly lines in a semi-automated automative engine assembly line 

A small number of publications in the literature present studies in modeling a production system operated with 
walking workers. Black and Schroer [8] and Bischak [9] modeled a U-shaped line with fewer walking workers than 
machines using simulation tools. Both show that employing multifunctional walking workers permitted rapid 
rebalancing in production as long as the sum of the operation times assigned for each worker was approximately 
equal. Using mathematical models to describe a system with walking workers who dynamically perform different 
tasks between workstations can be far more complex. Nakade and Ohno [10, 11] developed a simplified 
mathematical model of a U-shaped production line with single or multiple, multifunctional walking workers to 
determine the number of workers required for a given output while minimizing the overall cycle time. Bartholdi et al. 
[12] give a rather interesting name of organizing walking workers in a way, which is called ‘bucket brigade’. Within 
a ‘bucket brigade’ system, walking workers follow a simple rule: each worker carries work forward from workstation 
to workstation until someone takes over her/his work; then this worker goes back to take the work from her/his 
predecessor. The main benefit of the ‘bucket brigade’ method summarized by Bratcu and Dolgui [13] is that this 
simple functioning protocol yielded a spontaneous line balancing achieved by the walking workers themselves. 
Bartholdi’s research outcome was also based on simplified mathematical models as it treats workers simplistically in 
describing each as merely a velocity function [14]. 
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This paper mathematically describes a feasibility study on a semi-automated automotive engine assembly line 
using walking workers instead of the original design of using fixed workers. The advantages and shortcomings of 
such a dynamic flexible manual assembly system using walking worker techniques are summarized in this paper. To 
enable a much better understanding of the system, the research has also been carried out by analyzing existing data, 
developing a simulation model of existing linear walking worker lines and then conducting experiments under 
varying configurations using Witness® to observe the system behavior. Analysis of computer simulation results may 
refer to a number of selected publications by the authors [15, 16, 17]. 

2. MODELING WALKING WORKERS’ ACTIVITIES 

For the linear walking worker assembly line, the time spent by operators performing manual assembly tasks at 
each workstation shows a natural variability. This variability, in terms of processing time variation, is determined by 
variation in working speeds of each assembly worker as well as different models of a product that are assembled on 
the same line. Various uncertain and uncontrollable input variables and parameters must be estimated from existing 
data sets; this stage also performs intensive error checking on the input data. Collected data was analyzed using 
standard statistical procedures such as distribution fitting techniques to form a series of statistical distribution 
functions (SDFs) as input variables, which characterize the actual operational activities (or events) of the system. 
Establishing a meaningful SDF file corresponding to each group of operational activities between workstations or 
walking workers was a critical issue for this work. Data resources were collected from interviews with experienced 
production system design and control managers. This task included data reviews of system design and operational 
documentation. The system design and operational documentation covers data such as: drawings, specifications, 
production records and production-scheduling programs, which define the system’s entities that are involved in the 
model and the logic sequence that occurs for each activity. The profile of operations allocated to each workstation 
determines the variation of processing times at this workstation; these data were then summarized and grouped into 
classes (or categories) to determine the number of individuals belonging to each class (class frequency), which helps 
to form frequency distributions by determining the largest and smallest numbers in the raw data thereby defining a 
range and breaking the range into a convenient number of equal class intervals. The frequency distribution was then 
graphically plotted as a histogram, which represents a relative frequency distribution.  

Because people are very poor at estimating events even though they are very familiar with the systems, therefore, 
the input parameter values based on estimations may be unreliable; also in many cases it was hard to estimate. In 
other words, if the input, in the form of a cumulative distribution, was sampled directly from the empirical data, the 
simulation may faithfully replicate the past but no values other than those experienced in the past can occur. By 
contrast, if the collected data was fitted to a theoretical distribution and then samples are taken from it, the simulation 
may give values either bigger or smaller than the historical data, so the accuracy of representing the system could be 
in doubt. We minimized the sensitivity of the results to errors in data estimated by using a probability distribution 
based on well-known statistical knowledge for which the values of distribution parameters are known to give close 
agreement associated with the system behavior, so that only how close this distribution to reality was needed by 
specifying the appropriate parameter values associated with the system.  

3. MATHEMATICAL ANALYSIS 

The following assumptions and constraints are used in this study: 

• The processing (operation) time at each workstation is fixed. 

• The effect of walking time is negligible. 

• To avoid collision, a faster walking worker should not overtake a slower walking worker. 

The following notations are used: 

- m:        the total number of workstations (or machines). 

- N:        the total number of walking workers in operating the system. 

- PTi:     the processing time (fixed) at workstation i. 

- PTi,j:    the processing time at workstation i for walking worker j. 
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- WTj:   the waiting time for walking worker j (1 ≤ j ≤ N). 

Shown in Figure 2, we assume that each walking worker has the same efficiency; this is an ideal situation. We 
note that workstation b (WSb), where b refers to the bottleneck, has the longest processing time. After a period of 
system warm-up, from the moment that a walking worker j leaves the bottleneck WSb to the moment that this worker 
is about moving into the bottleneck WSb again (but not in WSb yet), a total amount of time this walking worker 
spends in a circuit can be given by:  
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Meanwhile, a total amount of time that other walking workers (except walking worker j) spend in terms of 
processing (operation) times at WSb can be given by: 
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If (1) ≥ (2); there is no waiting time. If (1) ≤ (2); the waiting time for this walking worker j is given by:   
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Therefore, the amount of time this walking worker j needs for producing a unit in a circuit is given by: 
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In practice, it is impossible that each walking worker has equal efficiency. In this case, the slowest walking 
worker may determine the overall output of the line. After a warm-up period, the slowest walking worker can 
possibly have a waiting time in front of the bottleneck workstation WSb. From the moment that the slowest walking 
worker s leaves the bottleneck, this worker needs the following amount of time to arrive to it again in a circuit: 
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Meanwhile, a total amount of time that other walking workers spend at WSb can be given by: 
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If (5) ≥ (6); there is no waiting time. If (5) ≤ (6); the waiting time for the slowest walking worker s is given by: 

 

WTs = (6) – (5), i.e.,                                                                           
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Therefore, we can determine the amount of time that the slowest walking worker needs for producing a unit in a 
circuit is given by: 
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Knowing that the faster walking worker cannot overtake the slower walking worker, therefore, each walking 
worker will have the same output as the slowest walking worker can produce. 

 

 

 

 

 

 

Figure 2: Mathematical analysis of a linear walking worker line 

3.1. CASE STUDIES 

We consider a simplified application based on a linear engine assembly line using walking workers shown in 
Figure 1. In case 1, the original line has 9 workstations (WS11-19); in case 2, the line was reconfigured with one 
additional workstation incorporated into it (i.e., there are 10 workstations on the line). In both cases, the work 
content remains the same but the reconfigured line has been re-balanced across all the workstations. Table 1 shows 
the original cycle times (mean) and the re-balanced cycle times (mean) at different workstations for both lines. 
Apparently, workstation 18 has longest processing time in each case and is considered as a major bottleneck 
workstation along the line.  

We also describe a qualified walking worker who is able to complete the assembly tasks of a unit within an 
expected cycle time from the first workstation (WS11) to the last workstation (WS19 or WS20) as a fully efficient 
worker (let us say 100% efficiency); and describe a slower walking worker who has, for example, 95% efficiency of 
qualified walking workers.  

Table 1: The cycle times in seconds at different workstations in both lines 

Workstations Original Cycles Times Re-Balanced Cycle Times 

11 95 87 

12 97 90 

13 100 88 

14 99 90 

15 95 85 

16 97 89 

17 96 84 

18 117 108 

19 98 84 

20 n/a 89 

Total Cycle Time 894 894 

 

Based on equation 7, with 9 walking workers (2 slower walking workers at 95% efficiency) operating on the 9-
workstation line in case 1, the waiting time for the slower walking worker s is given below:  
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With 8 walking workers (2 slower walking workers at 95% efficiency), the waiting time for the slower walking 
worker s is given below:  

 

ssPTijPTbWTs
ij

7)],([],[
9

1

8

1

≈−= ∑∑
==

 

 

One of the main benefits of using cross-trained walking workers is that the adjustability of staffing levels on the 
line becomes possible. For example, the above result indicates that the in-process waiting time for each walking 
worker can be minimized or eliminated by simply optimizing the number of walking workers on the line; this can not 
be done from the conventional assembly line using fixed workers as the line needs to be fully manned at all 
workstations during production.  

With 9 walking workers (2 slower walking workers at 95% efficiency) on the reconfigured 10-workstation line in 
case 2; the waiting time for the slower walking worker s is given below: 
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Previous simulation results by the authors have shown that the in-process waiting time can alternatively be 
reduced by having more workstations than walking workers on the line [15, 18]. Nevertheless, this result is obtained 
based on one assumption that the work content at workstation 18 is divisible.  

Assuming that each walking worker in case 1 has equal performance (i.e., 100% efficiency) apart from one 
slowest walking worker who has an average 95% efficiency of others, therefore, it is easily computed that the line 
needs a production rate of 1 unit every 123 seconds (as the longest processing time and the slowest walking worker 
determines the overall output rate in this case) or 205 units per day (7 hours per shift),  

 

i.e., 205
123

73600
=

×
units per day. 

 

If a daily demand of 150 units is requested, it can be computed that the line output rate should be of 1 unit every 
168 seconds; we then have  
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We get N ≥ 5.6. Hence, with a minimum number of 6 walking workers (one slowest walking worker at 95% 
efficiency), the line can achieve the daily demand of 150 units as required. 

4. SUMMARY 

This paper addresses several issues in modeling a so-called linear walking worker line based on a case study of a 
semi-automated automotive engine assembly line using walking workers. The feasibility study has shown the 
possibility of gaining several advantages using the walking worker approach over the conventional fixed worker 
approach on the line, they are summarized below: 

1) Each walking worker is cross-trained to perform all the tasks required in each walking worker section; cross-
trained workers can significantly improve the overall system efficiency in the form of higher output and shorter 
cycle times without significant additional investment (equipment and/or labor). 

2) Adjustability of the staffing levels in response to varying production volumes becomes possible; blocking rates 
and in-process waiting times can be altered and minimized by using an optimal number of walking workers on 
the line. 
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3) With this design, each walking worker cannot be starved due to lack of a job. The individual performance of 
each walking worker can be easily identified and the slowest walking worker (bottleneck) can be simply 
removed from the line for further in-house training. This leads to high labor utilization, better use of human 
resources and a relatively steady state of the system during production. 

4) The study has shown that the system has better tolerance of work time variation, compared to the conventional 
fixed worker line. 

5) Greater reduction of work-in-process levels can be achieved by this design, as there is no in-process inventory of 
items apart from those being worked on by on-line walking workers. 

6) Non-powered simple conveyance system in each section can be used for this type of system. 

7) Accountability and responsibility can be improved due to the nature of this design as each individual completes 
their own assembly tasks on an engine for which quality or defective rates can be monitored against individuals. 

However, some shortcomings of this design were also identified by the authors; they are mainly caused by human 
aspects: 

1) The system efficiency can be affected by human factors such as by uneven skilled workers, different working 
speeds and/or individual abilities. 

2) Although each walking worker cannot be starved, a slower walking worker can block the faster walking worker 
along a linear line. 

3) The suitability of implementing the linear walking worker line largely depends on the nature of assembled 
products as well as the level of cross-training. 
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ABSTRACT 

Real-time control of manufacturing systems is the dream of industrial management, and it is also a scientific field 
that has drawn a lot attention from researchers around the world. Much effort has been spent on developing new 
algorithms for intelligent control of manufacturing systems, but very little of this has been implemented in 
scheduling software. Furthermore, of the algorithms that have been implemented, very little is of actual use in 
industrial practice. The reason for this is not that there is something wrong with the scheduling algorithms, but 
the fact that the prerequisites for their use are not present. One very important prerequisite is to report real-time 
status of the different parts in the manufacturing system. An even more important prerequisite is to have a 
management system and overall control system that can handle the information and achieve real-time control. 
Cybernetics and specifically Beer’s Viable Systems Model (VSM) provide a mean to evaluate whether the 
existing or a planned organisation and management system can control the manufacturing system in real-time or 
not. Conclusions about the industrial practice are based on the PPA studies. 

1. INTRODUCTION 

The main task of the production management is to control the production, and make sure that the customers 
receive their products at the right time and to the specified quality. The manager must also make sure that the 
production is profitable and that all laws and regulations are followed, at the same time as they need to keep the 
work force happy and healthy. To his or her help the manager has a mix of manual and automatic support systems. 
Having appropriate methods for managing and controlling changes and disturbances is a prerequisite for a 
successful manufacturing system [1]. There is probably a system with some rules and routines for reporting 
deviations from the production plan or from the product specifications as well as a multitude of other issues that is a 
part of the daily production. Virtually all manufacturing companies use some kind of material requirement planning 
(MRP) system. These software systems have often very powerful algorithms for optimizing the production in 
different ways, for example to maximize the utilization of the machines or to minimize the lead time for a specific 
customer order. However, to buy a software package is not the same thing as using it to its full potential. 

A search in the Compendex database with the keywords control, algorithm, and manufacturing generated 7376 
hits. That is an indication of the multitude of algorithms that are available and of the tremendous effort that the 
research community spend on this issue. A small fraction of all these algorithms have been implemented into 
planning software that manufacturing companies have bought. This article will show why these algorithms, that the 
research community have spent so much energy on, are not used and what the consequences of this deficiency is. 
We will also discuss what the prerequisites are for efficient control of manufacturing systems and how an ideal 
control model and an ideal control system can be formed from a systems theory perspective, using cybernetics 
theory. Stevenson [6] has stated that prerequisites for a successful planning and control system are much easier to 
satisfy in simulation than in practice. The present gap between the theoretical model and the industrial reality will be 
discussed.  

The motivation and background for this paper is the experiences from studies of Swedish manufacturing 
industry using the PPA method ([3] and [4]). The PPA method is outlined in brief in the following section. More 
specifically it is the formal measure “Level of production engineering” and the answers to some of questions that 
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build up this measure that is of special interest for this paper, along with general observations made during the 45 
PPA studies completed this far. 

2. THE PPA METHOD 

The PPA method was developed during 2005-2006 by the Institute for Management of Innovation and 
Technology at Chalmers, funded by the Swedish Agency for Economic and Regional Growth (Nutek). The purpose 
was at the outset to show that there is a potential to radically improve productivity in Swedish manufacturing plants. 
The focus is on the shop-floor operation and the utilization of men and machines, combined with an overall analysis 
of the manufacturing system. The method is carried out during one day by two qualified analysts and results in an 
analysis based on a set of parameters. The PPA method has proven to be useful from a company perspective, where 
different manufacturing companies have a new opportunity to benchmark operational parameters, as well as from a 
consultant perspective for doing initial studies and sell their services based on the PPA analysis.  

A basic assumption is that productivity can be improved through improvement of the method (M), improving the 
performance (P), and improving the utilization (U) [5]. The relation can be expressed as equation 1: 

 

Productivity = M×P×U  (1) 

 

Method improvement is the most important factor where, for example, using an automatic lathe over a manual 
lathe increases productivity tenfold. The performance factor is equivalent to speed, i.e. working faster, and the 
utilization factor determines how well the intended method is carried out. For the PPA method the focus is on the 
utilization factor, the utilization of the labour force compared to the intended method of for example an assembly 
operation, and the utilization of machines compared to an ideal state with no stops and 100% flawless products. 

The parameters forming the PPA method are divided into different levels (see figure 1). Level 1 is the core of 
the method, constituting two parameters for measuring efficiency in manual work and machine work respectively. 
Level 2 parameters affect productivity at corporate level, like inventory turnover and scrap rate. Level 3 parameters 
indicate the company’s ability to improve the production while maintaining a sound work environment. The 
potential of improving productivity by improving the “M” factor of equation 1 is illustrated by level 4. However, 
PPA does not include a formal measure for method improvement since the measure needed is very different 
depending on the particular situation. Company facts are collected to facilitate comparison of result from different 
PPA studies and to be able to sort the database. 

 

Level 1 Level 2 Level 3 Level 4

Company facts

 

Figure 1: The levels of the PPA-method. 
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The parameters at level three are measures of the company’s and its management’s ability to run and develop the 
production. The first parameter is the level of production engineering, which is defined as the number of “yes” 
answers from a list of 40 questions. The questions are sorted into 11 topics: 

1. Strategy - goals 

2. Work methods 

3. Maintenance 

4. Competence 

5. Cleanliness and order 

6. Material handling 

7. Change over 

8. Continuous improvements 

9. Calculations  

10. Planning 

11. Quality 

 

Altogether the 40 questions evaluate how close the manufacturing unit is to what the authors consider being an 
ideal state of production engineering.  

REAL-TIME CONTROL THEORY 

What is an ideal real-time control system? One good start is to be able to identify the controlled system, the 
controller and the relationships between them. The role of the controller is to keep the controlled system within the 
space defined by the outcomes judged as “good”. Every such state is a vector consisting of measures such as labour 
productivity, capital costs, delivery precision, equipment availability, etc. Then, there is the type of control, which 
can be by open-loop or closed loop. The second one provides an error controlled feed-back and is one of the most 
known and utilised. 

Can production be effectively run by error-controlled feed-back? A problem with these systems is that a 
disturbance that will affect the system, and drive it outside the “good” space, will arrive at the controller after the 
disturbance has occurred. This feature makes the error-controlled feed-back system primitive and useful merely as a 
reserve control system. A good controller is related to the controlled system as proposed by Sommerhoff [7]: the 
disturbance may arrive at the controller before it reached the controlled system. Regulation action can then be taken 
in good time. 

A condition to be fulfilled by this controller in order to be a “good” one, i.e. to achieve regulation, is to be a 
model of the controlled system [7]. Thus, if the purpose is to control the future states of production, the controller 
needs to have a model of that future. The quality of this model will decide its success as it will handle only those 
settings of the controlled system that are distinguished and which can be related to regulation action. The necessity 
of a model was until the formulation of Conant-Ashby theorem considered as optional, since then it should be 
considered as compulsory as those systems that happen to be in the “good” space are there only because of the 
whims of fortune. Another condition stated by Ashby [8] in his famous law of requisite variety is, that the control 
model need to be able to handle at least as many states as the controlled system.  

Beer, a contemporary to Ashby, took cybernetics to the field of management. He called cybernetics “the science 
of effective organisation” [9] and postulated principles for viability of complex social systems, such as enterprises. 
One of his contributions is the Viable System Model (VSM), a generic mapping of systems that can be used for the 
purpose of diagnose and regulation (Figure 2). The available space of this paper is simply to short for a more 
exhaustive explanation of VSM than presented here: 
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Figure 2: VSM model of a production system. 

• Subsystem One. This is where the elements that produce the system can be found. It is the system’s raison 
d’être. Without it the entire system lacks purpose. In a firm, subsystem one contains the operations and 
their control. The figure is an example of a VSM with three subsystems One that can be divisions, 
products, resources etc depending on the analysts’ perspective and level of recursion. Subsystem One has 
connections to its local environment at the level of its operations. 

• Subsystem Two consists of those regulatory actions performed by controllers of subsystem One that 
coordinate them in order to avoid oscillation. The controllers belong to both subsystem One and Three, 
which is the next level of recursion. 

• Subsystem Three controls subsystems one for cohesion through legal and corporate requirements, the 
allocation of resources and accountability. Its variety is amplified by subsystem Three star which contains 
audit channels connected directly to the operations that cross-check information that comes through the 
accountability channel. In the figure subsystem Three star is the left-hand loop going from operations to 
subsystem Three. The accountability channel is the one going vertically from the management of the two 
operational elements to subsystem Three. Up to here, questions that are handled have the character of 
“inside and now”. As subsystems One are viable systems in themselves, they will compete with each other 
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thus threatening to induce oscillation. A carefully designed subsystem Three is able to detect such 
tendencies in real time and damp them through its subsystem Two. 

• Subsystem Four handles “outside and then” issues being connected to the environment at the next level of 
recursion relative to the environment of subsystem One. It is not the sum of all subsystems One 
environments but it also contains the opportunities and threats of the future. This is where the adaptation 
mechanisms of the firm can be found and, in order to be efficient, it must contain a model of the future as 
well as a model of the system, all according to the Conant-Ashby theorem. 

• Subsystem Five is the highest level in the VSM. It handles policy issues, i.e. the balance between control 
and adaptation (subsystems Three and Four). The identity of the VSM is formulated here. 

A VSM shows how the subsystems are related to each other and how they absorb each others’ varieties. An 
element might be missing (e.g. no production coordination after 4 p.m.), there might be problems at the transducers 
or in the channel capacity. Time lags may be found in a channel (e.g. when a disturbance during night shift is 
acknowledged by the manager in the morning) or channels may be simply missing. The importance of this last point 
cannot be stressed enough. One typical absent activity that should be performed by Three star is work study, 
intended to provide requisite regulation variety to the management of operations. 

RESULTS FROM THE PPA STUDIES  

The following section will present results from the PPA studies related to the prerequisites for real-time control 
issue. More general results from the PPA studies are presented in [4]. Of special interest for this article are some of 
the questions from “level of production engineering” about maintenance and planning. The questions and the 
percentage of instances where the answer was “yes” are presented in Table 1. These particular questions were not a 
part of the first version of the PPA method, hence the statistics shown in Table 1 only include data from the last 20 
studies, despite the 45 studies made.  

Table 1: Statistics of six selected questions from Level of production engineering. 

 Percent Yes 
Maintenance:  
8. Is down time measured and are causes for stoppages documented? 35% 
9. Is down time measured by an automatic system? 15% 
10. Are small stoppages monitored and actions taken to eliminate them? 10% 
Planning:  
34. Are real operation times reported to the planning system? 50% 
35. Are the operation times in the planning system updated based on the real operation 
times? 

15% 

  

Only 35% percent of the companies measure down time of their machines on a regular basis and yet fewer 
(15%) of the companies are doing that with the aid of an automatic system. To measure and keep track of 
disturbances and their origin is fundamental for effective control. Even more fundamental is to report actual 
operation times, only 50% of the companies have routines to secure that. Since the operation time for an order is 
measured manually in most instances, there need to strict routines to get them reported into the planning system. It 
is very common that the operators report the exact nominal time every time since they think that they have failed in 
some way if they report a time that deviates from the nominal. Another issue is how the reported operation times are 
handled, only 15% of the companies analyzed this far use the actual times to update the planning system. It is 
scarily common to see operation times that haven’t been updated at all. The same operation time is used that was 
used during the running in of the machine, which could have occurred decades ago. Since then several 
improvements could have been made for example optimization of the tool paths, improved set-up procedures, and a 
higher level of automation. 
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CASE  

The following case is one out of several similar cases that we’ve encountered in the PPA studies of suppliers to 
the Swedish automotive industry. The factory in question is a part of a larger group that has grown quite rapidly 
over the past years. Their foremost competitive priority is not to compete through lowest cost, but rather by being 
flexible and fast to start up production of new products. The company doesn’t have their own product development 
and they have only marginal influence over the product design. They have several different customers and the 
customers are generally larger than the company. The machine park is a mix stand-alone machines and machines 
grouped in dedicated lines for one product family for one specific customer. 

A relatively new and modern planning system was in use. However, it did not function well at all. Symptoms of 
that were that the production manager had to work double shifts and was yet available on cell phone 24h a day. The 
factory had problems of meeting the delivery commitments. The delivery accuracy was merely 68%, which was 
somewhat acceptable for the customers because of the company’s ability to start-up production and cover the urgent 
need from the customer. One must also consider the prevailing time of prosperity in the manufacturing business and 
the general lack of capacity in the industry. The operators were responsible for running several machines as a team, 
and most of them were capable of running several machines as well as performing corrective and preventive 
maintenance when needed. Most of the material handling in and out of the machines was automated, but for some 
machines the material had to be loaded in fixtures. The utilization of the operators were quite low, the non-value 
added time was 67%. Some of that time was corrective actions, but most of the time was actually waiting time. This 
magnitude of non-value adding time is quite common when most of the machines in the shop have automated 
material handling. The average non-value adding time for PPA class of semi automated workplaces is 33,5% 
(average of 26 companies). 

There were no automatic system for detecting and collecting information of disturbances and stoppages in the 
machines. On special occasions they used a manual routine for noting disturbances. The operators were supposed to 
report start and stop times of each order in the planning system. However, that was not handled very well for two 
reasons, the importance of reporting in the correct times was not stressed enough for the operators and because of 
that the availability of terminals to do the actual reporting on was limited. There were only three terminals in the 
factory, resulting in a walking distance of over 50m in some instances. The obvious solution would be to install one 
terminal at each machine, but that had been discarded by the management for cost reasons. The result was that 
reported start and finish times were stochastic. Some orders were reported with correct times, some with some 
minutes delay, yet some with several hours delay, and there were even orders that were not reported at all. This total 
randomness did result in a situation where the production manager had to sort and adjust the operating times 
manually. That routine was necessary because the reported times were not only used for production planning in the 
MRP system but also for calculating a efficiency measure, that was aggregated up to corporate level as a part of the 
balanced score card. Further, the efficiency measure was used for deciding upon investments in new machines as 
well as determining the manufacturing cost and price offers to the customers.  

In summary, the company have a very sophisticated planning software system with possibilities to optimize the 
production in different ways, but the company are not able to use it since the prerequisites for its use are not present. 
This flaw have severe consequences for the company and its business, luckily enough the situation is similar at their 
competitors. 

THE PREREQUISITES 

 Based on the theoretically ideal model of an organisation that VSM presents and the reflections above about the 
actual industrial practise related to production control, a model of the most important prerequisites and their 
relations have been formed as Figure 3.  

Figure 3 describes the most important concepts that need to be in place to achieve efficient real-time control in a 
practical industrial setting, and the relation between these concepts and functions. It is based on the VSM model in 
Figure 2. Critical parameters in the production system need to be measured and monitored continuously both to 
produce a real-time measure, through some kind of filtering, as well as to provide data for statistical analysis. To 
define these critical parameters is of course a delicate matter which has to be based on the company’s overall 
competitive priorities. The statistical data is best used for long term adjustments of the control model as well as to 
give priorities for the continuous improvement task. The continuous improvements are important to achieve a stable 
process, with operation outcome that is predictable in terms of operation times with small variations and product 
quality within tolerance limits. Even more important are of course the base line of the operation, which is the 
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resources in terms of machines and personnel and the designed method for carrying out the task. Another important 
factor for a stable process is to have adequate support systems like preventive maintenance. A stable process should 
be documented in a standard operating procedure. In order to get “to-be” input to the control model a model of the 
future is needed. That model must be based on strategic decisions and continuously updated by forecasts about the 
future. The output of the control model is a production plan that is continuously updated. 

 

 

Figure 3: System model of the prerequisites for real-time control. Arrows indicate the logical relation between entities as well as 
information transfer 

So far, the reasoning did not make any mention to computers. What is stated above is valid independently of the 
means used to achieve control. Today, computers are a part of the industrial reality and the PPA studies revealed an 
extensive use of computers on the shop-floor. However, the experiences of their usefulness are mixed. 
Unfortunately, their unparalleled ability to generate data in quantities that are hardly manageable for any human is 
not taken into account. In one example a company “solved” this problem by unplugging the computer and register 
the data manually. Other weaknesses are: 

• They describe the already happened, i.e. the past, which cannot be influenced. This information may be 
useful for designing areas of improvement at a later stage, but for the immediate regulation, idle time 
has just started. 

• No filtering, i.e. no distinction between variation caused by random sources, which does not necessarily 
need to be addressed, and variation caused by uncommon sources, denoting a severe drift from the 
normal performance of the system. This contributes to the overflow of data. 

• Transduction problems, i.e. information incomprehensible for humans 

• Receiver absent or only partially available, especially on second and third shift. 

These weaknesses, which could have been identified at system design stage, render computerised control 
systems ineffective and untrustworthy. As Olumolade and Norrie [2] pointed out; an efficient scheduling system 
which still uses human decision making at critical levels is a sensible approach. 
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CONCLUSIONS 

Manufacturing companies need to become aware of what the prerequisites are for efficient control of their own 
manufacturing system. Most people will probably agree that the situation described in the case above do occur. 
However, what the PPA-studies have revealed is that similar situations are common in Swedish manufacturing 
industry. It is in fact, with a few exceptions, the standard procedure in the industry. Based on the fact that Swedish 
companies after all manage to compete quite well in global manufacturing business, indicates that the inability for 
real-time control is common at manufacturing companies in other countries as well. This paper has presented a 
simple system model that may serve as a base for discussions at manufacturing companies about the ability for real-
time control, as well as serving as a base for further research and case studies on the subject. 
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ABSTRACT 

The SMME’s play a significant role in today’s economy, but they do not act to the same extent on the global 
market as the international larger multi-national companies. The differences between the larger companies and 
SMME’s have been identified, but the differences between SMME have not been thoughtfully identified. SMME’s 
are often categorised according to size of company or if they are original manufacturer or subcontractor. This 
paper focus on the differences and similarities at subcontractor SMME’s. The study has been accomplished in 
different industries and different sizes to identify their characteristics. The result of the study shows that the 
subcontractor SMME’s are not a homogenous group, but there are similarities between them. The subcontractors 
are not homogenous because of the ownership, and manufacturing process. The manufacturing process is 
different in the studied companies, because of the components, the batch sizes and the layouts. The studied 
companies also have different strategies regarding automation. Inventory, facilities and maintenance are 
handled almost in the same way in all the studied companies. 

1. INTRODUCTION 

The challenges for Small and Medium Sized Manufacturing Enterprises (SMME’s) have increased [1] during 
the last years due to increasing globalization and harder customer demands. The globalization also enables access to 
new technologies, to new knowledge, and to new markets, but at the same time competition also becomes more 
severe [2]. For SMME’s, globalization can be seen as a larger challenge than for larger multi-national companies. 
SMME’s are not acting to the same extent on the global market as larger multi-national companies. Larger multi-
national companies can drive national SMME’s out of the market, since SMME’s do not have the same financial 
strengths, share of the market, or resources as the larger companies [3, 4]. To remain competitive on the global 
market, SMME’s should improve productivity [5], management, and manufacturing. 

 
SMME’s play a significant role in today’s economy [5, 6] and 99 % of all manufacturing companies are 

SMME’s [7]. According to [1], there are two main business models for SMME’s: original manufacturers and 
subcontractors. Manufacturers produce their own products, developed and engineered in house. Subcontractors 

979



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 
provide manufacturing capacity and process technology skills, but are not endowed with design skills [8]. This 
paper focuses on subcontractors. SMME’s have often been categorized to be subcontractor to larger companies [6, 
9] and are therefore highly dependent on them. Historically, a subcontractor works for a limited number of larger 
customers [1]. Competitive advantages have been low price and proximity to the customer [1]. This is however 
changing and more and more SMME’s are aware of this challenge and try to increase their customer base to be 
more competitive.  

 
The differences between SMME and larger companies are documented by several research studies [8, 10-12], 

but there are not many research studies that analyse the differences in manufacturing at the subcontractor. 
According to [6, 13], SMME’s cannot be regarded as a homogenous group merely categorised according to size. 
This paper will analyse if the subcontractor SMME’s are a homogenous group or not, and if not, what are the 
differences? 

 
The importance of SMME’s is today known to a growing number of researchers [14] and research on small and 

medium sized enterprises has increased the last years [15], especially in the business perspective. Studies on 
SMME’s have focused on growth and development of the company [15]. When manufacturing is mentioned in the 
SMME literature, it is often described as a part of the company that affects the market and the growth of the 
company [16] [17]. For the SMME’s, manufacturing is often a central part of the company. SMME’s concentrate 
largely on manufacturing and technical issues, rather than on management, organisation, or customer service [1]. 
Even if SMME’s in general focus on manufacturing, there is no general research about characteristics of 
manufacturing in SMME’s.  

2. RESEARCH METHODOLOGY 

The research presented here was performed as an empirical study. The purpose of the study was to identify 
manufacturing characteristics in subcontractor SMME’s. Data was collected through interviews and observations at 
20 different subcontractor SMME’s in Southern Sweden. The companies participated in three different projects, 
depending on type of industry.  Before visiting the companies, semi structured interview questions were designed. 
Semi structured interviews [18] were chosen as interview method to enable follow up questions. The first questions 
were about the company and ownership. The next questions were about the future, strategy, specific questions about 
the project, and manufacturing system.  The interviews lasted not more than 2 hours. The observations were carried 
out in the manufacturing plant after the interviews and followed a structure that was developed prior to the study.  
 

After the investigations of the companies were done, the interviews were transcribed.  The analysis of the data 
has followed cross-case analysis [19]. Cross-case analysis was chosen to enable a deeper understanding and to 
enhance the possibility to generalize. Six decision criteria for a manufacturing system were chosen for the cross-
case analysis [20]. The six decision criteria were chosen since they support the manufacturing system and provide 
the necessary conditions for successful manufacturing. After forming the characteristics of each decision criteria 
(see table 1), the entire manufacturing system can be described. The six decision criteria are: 
 
• Human resources 
• Organisation structure and controls 
• Sourcing 
• Production planning and control 
• Process technology 
• Facilities 

Each decision criteria had certain characteristics that were listed in a table (see table 1 for the three last criteria). 
Each company was analysed in terms of the characteristics of the six decision criteria. The industries were then 
analysed and compared in terms of size, ownership, and manufacturing process.  

 
 
 
 
 
 

980



 
Are Small and Medium sized Manufacturing Enterprises a Homogenous Group? – An Empirical Study of Manufacturing 
Characteristics 
 
2.1. STUDIED SMME’S 

 

The studied SMME’s are subcontractors from three different industrial sectors: foundry industry, polymer 
industry, and automotive parts industry. The studied foundry companies are divided into two groups: 
 
• Non-ferrous metal foundries 
• Iron and steel foundries 

 
 

Table 1: Table of the manufacturing characteristics 

  

Iron and 
steel 
foundries 

Non-ferrous 
metal 
foundries 

Polymer 
companies 

Automotive 
part 
suppliers 

Production planning and 
control         
Repair or preventive 
maintenance Repair Repair Both Repair 

Size of raw material, work-
in-process and finished 
goods inventories 

WIP, finished 
goods 

WIP, finished 
goods 

Raw 
material, 
WIP 

Raw 
material, 
WIP, finished 
goods 

Process technology         
Development of machines 
and technologies; internally 
or externally? Externally Externally Externally Externally 

Amount of automation Not much Increasing Increasing 
Automated 
machines 

New or old technology? Old New New Both 
Are machines general or 
specialised Specialised General General General 
Whether tooling is low or 
high volume Low High High High 
Factory layout Flow batch Functional Functional Functional 
Whether layout and 
technology are static or 
continuously improving Static Static Static Static 
Facilities         
Size of facilities Small Small Small Small 
Are facilities general or 
specialised? Specialised General General General 

Location of facilities 
Smaller 
towns 

Smaller 
towns 

Smaller 
towns 

Smaller 
towns 

Capacity planning 

Re-building 
when 
changing 
machines or 
processes 

Re-building 
when more 
inventory is 
needed 

Re-building 
when more 
inventory is 
needed 

Re-building 
when more 
inventory is 
needed 
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The studied iron and steel foundries are often older than the non-ferrous metal foundries, many of the studied iron 
and steel foundries origin from the casting manufacturing in the 19th century in Sweden. The casting process is also 
different in the studied iron and steel foundries compared with the studied non-ferrous metal foundries. The studied 
non-ferrous metal foundries use high pressure die casting as casting process while the studied iron and steel 
foundries produce moulds and cores. The manufacturing process at iron and steel foundries is more expensive than 
the die-casting process, but it is also more flexible. The batch sizes at the studied iron and steel foundries are 
comparatively low. The batch sizes at die casting foundries are higher, from a thousand up to a million components. 
The studied polymer companies use injection moulding to produce components and the studied automotive part 
suppliers use metal machining to produce components.  

 
The definition of SMME used in this paper is made by the European Union [21]. According to this, companies 

under 49 employees are defined as small, whilst companies between 50 to 250 employees are defined as medium 
sized [21]. The companies of this study have between 27 and 150 employees, out of which 11 are small and 9 are 
medium sized. The visited companies are located in the middle or southern part of Sweden and 88 % are located in 
the Gnosjö Region. The Gnosjö Region is famous for its strong entrepreneurial spirit, known as the Gnosjö spirit 
[22]. In Gislaved municipality we can find 0,3 % of the Swedish population and 6,5 % of the Swedish polymer 
companies [23].  
The studied SMME’s have different kinds of ownership: family business, venture capital, or they can be a part of a 
company group. Groups that own the studied SMME’s are often owned by families or private investors. When 
ownership or size was considered to affect the company characteristic, it is mentioned in the paper. 

3. RESULT 

The research analysis shows that three of the six decision criteria of manufacturing system are dependent on the 
manufacturing process (see chapter 2 for the six criteria). The criteria discussed in this paper are: 
 
• Production planning and control 
• Process technology 
• Facilities  

The analysis indicates that these three criteria focus on the manufacturing process and technology rather than on 
organisation. The analysis also indicates that these three criteria are dependent on ownership and what is 
manufactured, rather than on the actual company size. The other two criteria, human resources and organisation 
structure and control are not further analysed in this paper.  

3.1 PRODUCTION PLANNING AND CONTROL 
 

The study shows that maintenance is dependent on the manufacturing process, culture, and ownership, rather 
than on the size of the company. Maintenance can be divided into two areas, machinery and tools. In this paper, 
maintenance refers to maintenance of machines. The study indicates that the companies mainly use repair (see table 
1), i.e. they take action when something unexpected occurs. The polymer companies also have some preventive 
maintenance. The polymer companies are aware of the importance of maintenance, because they loose considerable 
amounts of money when a machine is broken and it cannot manufacture components. But still most maintenance is 
repair. The other companies do not have the same customer demands as the polymer companies and almost all of 
their maintenance is repair. The main reason for not using more preventive maintenance is the lack of maintenance 
personnel in the studied companies. This is similar at all studied companies, independently of type of industry. A 
few of the companies have maintenance personnel, when asking the companies about maintenance, the answer 
usually was “we have a maintenance department where we repair tools”. The tooling is prioritised in the polymer 
companies, non-ferrous metal foundries, and in the automotive part industry. Lack of tools causes large standby 
costs and delivery delays. The tools are maintained preventively and the analysis shows that there are more working 
hours put on maintaining the tools than on maintaining the machines. Due to this, the studied companies have 
chosen not to employ maintenance personnel for the machines. Another reason for the lack of maintenance 
personnel is that the studied companies do not afford to employ many maintenance personnel and it is also hard to 
find people that have knowledge of all the machines. One non-ferrous metal foundry has chosen to train their 
operators in maintenance. The company does not have to have a maintenance department and the operators are 

982



 
Are Small and Medium sized Manufacturing Enterprises a Homogenous Group? – An Empirical Study of Manufacturing 
Characteristics 
 
satisfied to get more authority. Most of the studied companies, independently of type of industry, use external 
maintenance companies for repair and preventive maintenance.  

All of the studied companies have a lot of work-in-process, but they do not now how much. The companies 
know the present stock of raw material. The foundries have more finished goods than raw material, while the 
polymer companies have more raw material than finished goods. In the studied foundries and automotive part 
suppliers, the delivery lead time for getting raw material sometimes is several months, depending on the present 
availability of that specific material. The studied polymer companies have shorter delivery lead times for plastic 
material, but they must purchase larger batches from the suppliers. The studied automotive part suppliers also have 
large finished inventory due to the large batch sizes and the long manufacturing lead times. The study shows that the 
customer wants the whole batch in one delivery which means that the automotive part supplier store the components 
until the whole batch is finished. The analysis shows that the companies are similar in their way to handle inventory, 
independently of type of industry or ownership. The analysis also indicates that the companies do not measure 
inventories but focus on machinery and machine time. When the studied companies decrease their lead times, the 
machine time is reduced, not the work-in-process. 

3.2 PROCESS TECHNOLOGY 
 

Process technology system consists of machines, processes, and technologies used to produce components [20]. 
The machines and technologies at the studied companies are developed externally by machine or technology 
suppliers (see table 1). The study shows that most of the studied companies use consultants for developing machines 
or new technologies due to the lack of time and knowledge about new machines and technologies. In this study, 
technology can for example be automation, control system, or planning system. At the studied companies, the CEO 
and production manager decide when and what kind of new machine will be bought. Often the CEO at the studied 
companies has deep knowledge on the manufacturing processes and knows what is needed and the consultants or 
machine supplier helps the studied companies with the development and specifications of the machines and 
technologies.  

The analysis shows that the companies have different automation strategies. Many of the studied companies, 
except the automotive part suppliers, want to increase the amount of automation in the manufacturing. The analysis 
indicates that when the studied companies talk about automation, they refer to automating with a robot in- and 
outside one machine, not between machines. The studied companies focus on manufacturing processes, not the 
manufacturing system, i.e. the studied companies automate in- and outside the machines. The robots often have low 
capacity and the studied companies sometimes lack the knowledge of what the robot really can do. Since they 
purchase machine and robot development externally, the companies themselves lack knowledge of industrial robots 
can do. The studied polymer companies focus on the automation in the polymer machines and have knowledge 
about possible usage of robots in that context. The studied automotive part suppliers claim that they are satisfied 
with the amount of automation in the manufacturing and have chosen not to increase the amount of automation. 
These companies have CNC-machines, but generally no robots.  

The study shows that the studied companies, except the iron and steel foundries, renew their technology and that 
they mainly have general multi-purpose machines, i.e. the machines are not manufactured for one special 
component. The studied automotive part suppliers have renewed some of the technologies and machines; some of 
the companies’ technologies have not been renewed because the customers still demands and develop components 
that are manufactured in these machines.  The studied companies must be competitive, and one way to be 
competitive is to be able to manufacture the new and complex components which the customer demands. The 
studied polymer companies purchase new technology and machines to meet the customer demands. In the foundries, 
new technologies are customer driven, i.e. they invest in new technology when the customer demands a new 
component that requires new technology, not before. Many of the studied iron and steel companies are owned by 
groups or venture capital companies; the analysis indicates that the investments in machines and technology are 
different depending on ownership. This is one reason why the iron and steel foundries do not invest in new 
machines as often as the other studied companies.  

In the studied automotive part suppliers, the tooling is important and the volume is high, because they use 
automatic lathes. In the studied polymer companies and the non-ferrous metal companies the tools are special for 
each component; the machine is general for the studied companies. The customers own the tools, so the studied 
polymer and non-ferrous metal companies only own the injection moulding machines and the facilities. The result 
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of the analysis indicates that this is a somewhat problematic situation for the companies; they can not influence the 
development of the products they manufacture or the choice of material. The study shows that the single 
competitive advantage often is the price and the customer often chooses the injection moulding company with the 
lowest price. In the studied iron and steel foundries there are no tooling, many of these foundries have production of 
moulds end cores and sand moulds.  

The analysis indicates that all companies have static layout because of the large size of the machines, the 
machines can not often be moved. The studied companies have static technology because of the deep knowledge the 
employees have of the technology. These studied companies have functional layout. One machine group has one 
place in the facility and another has another place. The studied iron and steel foundries have batch flow system, but 
the facilities are old and re-built many times which make batch flow long, sometimes there is more than one 
building that the products must flow though.  

3.3 FACILITIES 
 

The studied companies have many similarities in facilities. The analysis indicates (table 1) that all the studied 
companies has small facilities and are located in smaller towns. The studied polymer and automotive part suppliers 
are located in towns where there are many manufacturing companies. The studied iron and steel foundries are often 
located near watercourses because of the old location of the old industry.   

The facilities in the studied iron and steel foundries are old and specialised; from the beginning the facilities 
were built especially to fit the casting manufacturing. These facilities has been re-built many times, but are still 
specialised for the casting process. The studied polymer companies, automotive parts companies, and non-ferrous 
metal foundries have newer and general facilities. General facilities means that the building was not always build 
especially to fit the manufacturing machines. General facilities could contain CNC-machines, injection moulding 
machines or assembly. Most of the studied companies were founded by a family and often the family has bought or 
built new general facilities when the old facilities got too small. The analysis indicates that this is also dependent on 
the owner; if the company still is owned by the family, the facilities are newer and better taken care of. If the 
company is owned by a group, the facilities are older, i.e. the group that owns the company do not want to spend 
money on the facility. As written above, these studied companies have functional layouts; the study shows that the 
facilities are general when the layout is functional.  

The study shows that in this economic boom many of the studied companies enlarge and re-builds their facilities. 
The analysis indicates that reasons to enlarge the facilities are because of lack of capacity or when more inventories 
is needed. The studied companies do not have long term perspective, and enlarge there facilities when needed. 
Today many of the studied companies show high profit and have the financial strength to enlarge and rebuild. The 
studied companies that are owned by families do not enlarge there facilities until when really needed because of that 
the families have different perspectives of the company than the owner of a group-owned company. One 
representative from a family-owned company said “we must take care of the company so that the employees have 
somewhere to go to work”. The studied iron and steel foundries only rebuild when they must purchase new 
machines and one iron foundry manager said that “when we now are purchasing a new machine, we rebuild the 
facility to get a better flow”. The analysis indicates that these large investments are needed to rebuild the facility and 
to change the flow of the batches in the studied iron and steel companies. The studied non-ferrous metal foundries, 
polymer companies, and automotive part suppliers rebuild and plan new capacity when they need more inventory or 
more space to new machines. The study shows that instead of developing and improving the manufacturing and 
inventories, most of the studied companies enlarge their facilities due to lack of knowledge on how to improve 
manufacturing and inventories. Some family businesses do improve their manufacturing and inventory as a mean to 
save money on not rebuilding.  

6. CONCUSION 

The result of the study shows that the subcontractor SMME’s are not a homogenous group, but there are 
similarities between them. The subcontractors are not homogenous because of the ownership, culture, and 
manufacturing process. Ownership and culture influence all the companies and their decisions, but are not discussed 
further in this paper. The manufacturing process is different in the studied companies, because of the components, 
the batch sizes and the layouts. When the batch size is low the layout is flow batch, depending on the process, in this 
case when the batch size is low in the iron and steel foundries there is only one line which manufactures all the 
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components. In the other studied companies the batch size is large and all the components cannot be manufactured 
in one line, there are many machines that can manufacture some components in functional layouts. The studied 
companies also have different strategies regarding automation. The automotive part suppliers with metal cutting 
machines are satisfied with their automation level, though they do not have robots, only CNC-machines. The 
polymer companies increase there level of automation to decrease component prices, but only automate to pick the 
component from the machine. The foundries also increase there level of automation, but has previously only 
focused on the material and casting process and therefore lack the knowledge of automation. In table 1 the facilities 
seems quite similar in all the companies, but there are differences when analysing the area. The difference is 
dependent of owner and location. When the company is family business owned the facilities are newer and taken 
care of, the facility is not just a place to work but a place where the family spend most of there time.  

There are similarities between the studied companies, often the studied polymer companies and the non-ferrous 
metal foundries are quite similar, the manufacturing process, tooling and machine are  similar. But the ownership 
and industry are different; the polymer companies have higher demands on price than the foundries and experience 
more competition from the global polymer companies than the foundries. The polymer companies put more effort 
than the foundries into developing their manufacturing. All the studied companies, independently of size of 
company and ownership, treat inventory in the same way, i.e. inventory is necessary but not controlled.  

Almost all the studied companies focus on the different manufacturing processes and they do not have a holistic 
view on manufacturing system. The studied companies know the machine times but not the lead time. To be able to 
decrease the delivery time, the studied companies also should measure their lead times. Today the prioritized 
customer gets the components on time while other customers often must wait for the delivery. To survive and to be 
able of keeping their customers, the companies must focus on the whole manufacturing flow, not only the different 
machines. The companies are not aware of the lead time and do not have the competence to measure and analyse the 
lead time. Often, when more capacity is needed, a new shift is started to gain more capacity. The time for a 
component in the machine is often reduced, but nothing is done to the manufacturing system due to lack of 
competence. 

Only a limited number of the studied companies are working with manufacturing system development. Today, 
when the low cost countries are getting better and better at manufacturing quality products, there are many 
challenges for the studied companies. To survive in this time of globalization the companies must focus on 
manufacturing system development. Today, the lack of resources of employees with higher education and lack of 
financial resources make it more difficult to compete on the global arena.  
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ABSTRACT 

The need for greater system flexibility and manufacturing sustainability in a flighty global market is driving an 
enhanced participation and cooperation amongst manufacturing parties. It is requiring greater disaggregation of 
the production process, making Original Equipment Manufacturers (OEMs) concentrate on their core 
capabilities, while allowing closer bonding with their key suppliers. Fractal Manufacturing Partnership (FMP) is 
a novel manufacturing description that forms a hands-on collaboration between OEMs and their main suppliers. 

Essentially, this synergic alliance creates greater responsibility and involvement amongst parties; OEMs focus 
on their principal business while allowing their suppliers to design, manufacture and assemble their modular 
components, while co-existing/ sharing the OEM's facility. This innovation has been termed ''assembly within 
assembly''. Academic developments show that it improves cooperation, communication, more reduction in WIP 
inventory, creating a smoothly continuous manufacturing process. It is imperative that accurate representation of 
this unprecedented manufacturing co-operation is achieved for optimal performance. The modeling and 
simulation of FMP, presented in this work captures and manages the complexities of scenarios, processes, 
interdependencies and most importantly, cohesion of the parties in a dynamic and unpredictable environment. 
The result spotlights key issues and signifies that this partnership brings about better allocation and utilization of 
resources in the production line. 

1. INTRODUCTION 

Greater system flexibility and manufacturing sustainability are at the cutting edge of the global market. Seamless 
engineering assembly strategies are driving an enhanced participation and co-operation amongst manufacturers and 
their key suppliers. The global stage is teeming with uncertainty, compelling manufacturers to re-balance their 
positions to up their games. The FMP has revolutionized the dynamics of manufacturing system [1, 2]. OEMs bring 
their key suppliers closer to co-own their facility. The former sets the boundaries of the business while the latter 
design, build and assemble their components right under the roof of the OEMs' facility. 

In the face of a complex analytical challenge of the production process [3], this 'bolt-on' collaboration has been 
shown to provide a system-wide and transparent view of the production / assembly process to aid allocation and 
leveraging of resources. The synchronous assembly line so formed guarantees responsiveness and ensures a reduced 
lead time [4]. There is improved level of communication, involvements and feedbacks. There is also increased level 
of control, authority and recognition of the dealership (OEM). 

This simulation project will; develop the definition (description) of the FMP, analyze the data to be used to 
specify the input parameters and distributions. The modeling approach will involve defining the data structure, 
segment the system into sub-models and development of the control logic. Finally modeling of different processing 
times at different cells will be considered. 
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2. THE FRACTAL CONCEPTUAL STRUCTURE 

 Natural fractals are explained by dimensions that have non-integer values, generated through repeated 
mathematical processes. They repeat themselves over, and it goes on. The fractal manufacturing facility is 
composed of small components or 'fractal objects' [5]. A manufacturing system can be structured using these fractal 
units as basic building blocks of the system. In the resulting hierarchical structure, a fractal can represent an entire 
manufacturing system at the highest level or a single machine at the lowest level, as shown in figure 1. 

 These objects have peculiar characteristics, namely; self organization (by strategy and operation), enabling the 
dynamic restructuring of fractals; this refers to the control of processes, composition and reconfiguration. Self-
similarity makes them form 'design within design'. Though different in internal structure (figure 2), self-similar 
fractals chase the same corporate goal and produce the same output with same input. 

They also exhibit self-optimization, whereby they determine and formulate their goals in a dynamic process, 
deciding both internal and external contacts. The decentralized nature of this system forms a bottom-up structure 
networked via efficient, super information and communication systems. They are able to adapt quickly to changes in 
their environment and have a consistent and well coordinated system of goals. 

Dynamism and vitality aid them in goal formation and realization through concurrent and iterative formation 
strategies [6]. These yield constant improvement as well as continuous checks and balances with their self 
organizing control loops [7].  

 

 

 

                                                                                                                                                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Conceptual structure of fractal manufacturing system [8] 
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Figure 2 : Different internal structure for self-similar fractals [5] 

 2.1. METHODOLOGY FOR FMP 

Understanding how the system works is just more than building a model and conducting a statistical experiment.  
There is an organized set of procedures and guidelines used for specifying the structural and quantitative 
parameters, analysis and evaluation of the general principles namely; structure, resources, behavior, strategic 
objectives and constraints of the proposed partnership. The relationship between the factors affecting the output 
performance is succinctly laid out. These factors are varied systematically with a view to finding and identifying the 
optimal conditions that most influence the results.  

Arena [9] is used to capture the essence of the system, compare several scenarios so as to select the best fit and 
balance for the enterprise/ supplier alliance to ensure high responsiveness. It also measures the best mix of resource 
capabilities to maximize throughput and to find the optimal points to ensure sustainability and overall competitive 
advantage. 

The design, analysis and operation of the fractal manufacturing partnership facility are achieved through a model 
driven comprehensive representation, using Arena's flexible flowcharting objects.  

Important variables are identified and investigated. These are defined, measured and controlled during the 
simulation with a view to tracking their level of variation. 

3. SYSTEM MODELLING AND SIMULATION 

The modeling of FMP (figure 3) is partitioned into several activities and sub-models to have an accurate 
representation of the system, and for ease of organization of the modeling and testing efforts. These are; the chassis 
process, build (axle, tire, wheel), cabin process, mount engine and motor transmission, quality control/ inspection, 
dealership(OEM), in that order. This provides a hierarchical view to the model, and shows the integral components 
of the system.  

However, the mount engine and motor transmission sub-model contains a deeper sub-model nested to it, where 
the engine components are built and coupled together. This is in line with the ideals of the Fractal system and to 
depict the integral concept of the FMP termed 'assembly within assembly', whereby the suppliers design, build and 
assemble their modular components while co-owning the OEM's facility [1]. 

The system has part arrivals, manufacturing cells with different machines and part departures. Every part goes 
through the same sequence of station visitation along the assembly line, where the suppliers assemble-on their parts 
while the entity continues on its way down the line, getting progressively built. There is a general quality inspection 
at the tail end, where a check is made on the integrity of the nearly completed part. Failed parts undergo rework 
while parts that pass this inspection proceed to the dealership (OEM).Here there is continuous eyeballing of the 
entire assembly progression and parts undergo yet another check for overall envelop size and weight. This final 
inspection rolls the finished product off the production line. 

All process times are triangularly distributed, inter-arrival times between successive parts arrival are exponential 
distributions with a mean of 13 (varied to 7, 10, 15, to find the optimum) (all times are in minutes). Transfer time 
for parts to any cell is pegged at 2 minutes. Information is considered from the output performance measure of ten 
independent, statistically identical replications of each inter-arrival variation, of length 840 hours, to study the 
system's behaviour, utilization and turnarounds. Statistics is gathered from the long run (steady state) behaviour of 
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the system, hence there is a warm-up period of 240 hours. The base time unit is in minutes. More details about the 
experimental design will be presented at the conference due to space limitation.  

Dealership
(OEM)

Final Assembly line

Dealership
(OEM)

Chassis
Supplier

Axle, Tires &
Wheels Supplier

Motor Engine
Supplier

Quality 
Analysis/ Control

Motor Transmission
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Cabin
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Figure 3: The layout in FMP assembly line (adapted form [1]) 

4. ANALYSIS OF SIMULATION RESULTS  

The key issues to consider in the output performance measure is how the changes in design, parameters 
(controllable or not) or operation affect the behaviour of the system. Investigations made on simulation with 
different inter-arrival times of the parts, (Figure 4 to 7) show selected performance measures and their behaviour at 
different times. Runs from inter-arrival time with mean of seven minutes were plagued by long waiting times and 
queue lengths of 162.2 hours and 78.03 parts respectively (Figures 7).  WIP is massive at an average of 1433.68 
parts. All parts seem to be enduring slow operation accounting for the long queue. However, the scheduled resource 
utilization statistics was high at 79% (Figure 6), Cycle time is also high at 167.70 hours (Figure 5).  With inter-
arrival time of mean 15 minutes, the scheduled resource utilization, (Figure 6) drops to 49% underutilizing the 
resource. The average total number of vans produced also decreased considerably to 2470.60. Average total number 
of parts processing in system, WIP is low at 12.89 parts. On the cycle time, parts averaged at 3.26 hours. The 
system behaviour was optimal at inter-arrival time with mean of 13 minutes. The reading from different output 
measurements for this has been included on table 1. The system showed the best cycle time of 3.4 hours, ideal 
average WIP of 15.66 parts, and a realistic scheduled resource utilization of 56%. The dynamics of the system seem 
to be in harmony. Different sub-models (subsections) of the system were well synchronized, keeping the ultimate 
objectives of the FMP in perspective.  

As a general observation, the imbalance in congestion can be authenticated by looking at the different process 
and resource sections of the data. In dealing with the cell operations, the time in queue and in system and the 
utilization, tend to increase (though not in every case) due mainly to variability. Also the total production increases 
or decreases with the inter-arrival time adjustment due to limited processing capacity. The issue of warm-up period 
is also significant because it greatly ameliorates start-up biases. Long enough 'warm-ups' get rid of initialization bias 
and ensure tight confidence intervals. It occasionally makes parts 'number out' greater than 'number in, which might 
seem erroneous at first but considering that the start of collection of statistics was when system was already in 
operation. 
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Table 1: Output performance measures for inter-arrival time with mean of 13 minutes  

 
Performance Measure 

Replications 
1                       3                         5                             7                         10 

Average Total number of Vans 
Produced 

 
2929 

 
2905.33 

 
2909.40 

 
2891.86 

 
2876.10 

Average Total Cycle time (total time 
in system) hrs 

 
3.40 

 
3.42 

 
3.41 

 
3.40 

 
3.40 

Maximum Total Cycle time (total 
time in system) hours 

 
6.05 

 
3.44 

 
3.44 

 
3.44 

 
3.44 

Average Number Waiting in Queue  
0.1 

 
0.1 

 
0.1 

 
0.1 

 
0.1 

Average Waiting Time in Queue in 
hours 

 
0.37 

 
0.38 

 
0.37 

 
0.37 

 
0.37 

WIP 15.93 15.89 15.89 15.75 15.66 

Scheduled Resource Utilization 0.58 0.58 0.58 0.57 0.56 
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Figure 4: Average total number of vans produced 
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Figure 5: Average total cycle time 
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Figure 6: Scheduled resource utilization  
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Figure 7: Average total number of parts waiting in queue  

5. CONCLUSIONS  

The modeling and simulation of a new form of OEM / supplier cooperation, FMP was presented. The intricate 
character of the Fractal manufacturing system was analyzed. This was captured in different aspects of the 
fundamental logic, structure, and dynamic components of this novel manufacturing approach. The study also probed 
the extreme regions of the (input) parameters, as well as specifying appropriate and realistic distribution as input to 
the model.  

Description of the layout of FMP and a methodology is adopted for modeling the cohesion and inter-dependency 
that exist in the partnership for proper co-ordination and smoothly continuous production process. 

 Different output performance plots were shown to reflect the system behaviour under different conditions. 

Overall, it can be concluded that the conceptual model faithfully represents the system, and shows that the FMP 
guarantees a system-wide view of the assembly/ production process to improve product design and operational 
communication.  

This research project is still progressing to cover identification of the features of Fractal enterprises with a 
detailed view to building a 'leagile' networked capability, establishment of the structural characteristics of Fractal 
manufacturing partnership to achieve high level of responsiveness and exploring the potentials of this new 
partnership. 
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ABSTRACT 

In this paper we illustrate similarities and differences between Lean Production, Sociotechnical System Theory 
and Taylorism (Scientific Management) in the methodology characteristics map. 10 categories are extracted from 
basic literature and classified for each of the methodologies, for the construction of the chart. 4 of the categories 
relate to division of work, where we discuss integration and segregation of work. 2 categories relate to 
instructions and information, while the remaining 4 are related to the general focus of the methodology. With 
reflections to the illustrated results in the chart, we discuss sources to disagreement about similarities and 
differences between the methodologies. 

1. INTRODUCTION 

Lean production and the Toyota production system are widely regarded as the route to world class 
manufacturing today. The implementation of lean production is however performed in complex environments with 
heritage and long experience from tayloristic and sociotechnical production systems. 

Industrial production is historically based on the principles stated by F W Taylor [1], [2] in the beginning of the 
20th century. He mentions four duties (“a science for each element of a man’s work”, “scientifically select, and then 
train, teach and develop the workman”, “cooperate with the men so as to insure all of the work being done in 
accordance with the principles of the science” and finally “division of the work and the responsibility between the 
management and the workman”) for management, as the fundamentals of Scientific Management (SM). In this 
paper we have mainly considered the first and the last one, which both are connected to the practice to establish the 
best procedure for work operations, and the organisation to implement it as the standard operation. 

The theories of sociotechnical system (STS) design in manufacturing were developed during the 1950ies and 
onward in opposition to the tayloristic production systems. The STS theory developed by F. Emery, E. L. Trist and 
others at Tavistock Institute [3] approach production environments as a system with two integrated parts, the 
technical and the social system. They suggest that both these part systems must be considered simultaneously during 
the development of a production system. With the introduction of the social system, STS drew the attention to team 
work. Ten principles (compatibility, minimal critical specification, variance control, boundary location, information 
flow, power and authority, the multifunctional principle, support congruence, transitional organisation and 
incompletion) are used by Chern [4] to describe the STS theory. 

What we today know as Lean Production (LP) [5] is based on the production system originally developed by 
Toyota. The corner stones of Lean Production are concentration on value creation by elimination of waste, value 
flow and perfection by continuous improvement. The focus on steady flow in production leads to emphasis on 
standardized operations to be performed with minimal variance. Womack and Jones [6] explain the basics of lean 
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thinking with the five principles, specify value, identify value stream, make the value-creation flow, embrace pull 
and strive for perfection. 

Several studies with analysis of lean production, sociotechnical and tayloristic production systems are reported 
in literature [7-15]. And questions like “Neo-Taylorism or the next step in sociotechnical design?” [9] and “Denial, 
confirmation or extension of sociotechnical systems design?” [11] were raised. 

Niepce and Molleman [9] evaluated STS and LP against the STS design principles formulated by Cherns. They 
conclude similarities among STS theory and LP in how they differ from Taylorism in the attention to team work and 
continuous improvements. They also conclude that the most obvious differences concern control and coordination 
of work. 

Dankbaar [11] claims that lean production appears as an extension rather than a successor to tayloristic mass 
production system. 

Most papers compare the two most recent developed methodologies, STS and LP, while comments often are 
made in relation to Taylorism. Even though large parts of Taylor´s statements on SM feels out of date, we decided 
to include it in our study because of all the reflections to it, and the parts that in fact are relevant even today. 

In this paper we highlight similarities and differences between SM, STS and LP graphically in the methodology 
characteristics map, where the results are based on evaluation criteria with roots in all three methodologies. The 
study is limited to basic descriptions and principles for the methodologies, and we have made an effeort to exclude 
dialects [16] and flavours of each methodology which is expected to be found in practical implementations. Each of 
the methodologies has a broader view (though in different directions), as product design and supplier relations in 
LP, which we excluded from the study. 

Most studies presented in literature are made on existing systems in industry. These systems are all influenced 
by several methodologies. The aim of this study was to establish a frame of reference for further studies of 
applications in industry. It was also expected that the differences between the methodologies would be most 
accentuated in the basic literature. The main categories division of work, instructions and information and general 
focus of the methodology were selected for more detailed studies. By selection of a limited number of categories, 
the methodologies are not covered in full, which may have made the presentatiopn of each of them more or less 
accurate. It is expected that the reader holds this in mind while interpreting the results. 

2. METHOD 

A set of categories for comparison of SM, STS and LP were extracted from basic literature [1-3] on each of the 
three methodologies for design of production systems. Some of the categories are discussed in the literature for all 
three methodologies, whilst other only may be found in the literature for one of the methodologies. The selection of 
categories was based on our experience and knowledge. 

The methodologies were then classified for each of the categories. Four rating classes according to table 1 were 
used, and the ratings were made by the authors. Finally the classification is presented in a radar chart – the 
methodology characteristics map. The figure for each of the classes gives a relative value to the class definition. A 
low rating for a category will reflect a position close to the center in the chart, while a high value will reflect a 
peripheral position. Radar charts are excellent for visualization of characteristic similarities and differences in 
comparing scenarios [17, 18]. The tables 2-5 were integrated into one single table, where the rows were reorganized 
to give a good visual appearance in the chart. The best visual appearance is achieved when the categories giving the 
axes are clustered. The principal for clustering may be subject based similarities, levels in the numeric values or 
other relevant features. In this case the rating levels were selected to give the best visual appearance. 

Table 1: Classes for rating methodologies for design of production systems 

Rating classes Class definition 
0 The methodology does not deal with the category 
1 The methodology gives some contribution in the category 
2 The methodology gives considerable contribution in the category 
3 The category is a very important part of the methodology 

996



Similarities and Differences between Lean Production, Tayloristic and Sociotechnical Systems Revealed in the Methodology 
Characteristics Map 
 
3. CATEGORIES FOR COMPARISON 

The categories shall give a good representation of all three methodologies, while they also reveal similarities and 
differences between them. The main categories division of work, operating standardization and information were 
selected, and the broader category general focus was added. These categories were then subdivided into more 
detailed categories. 

The results are presented according to the detailed categories, and any evaluation against the main categories is 
left to the reader. When all categories are bipolar (in some way opposite to each other), an axes based chart with the 
two categories in opposite directions, may be developed. This is case for the subcategories on division of work 
below. But as the other selected categories are unipolar the developed chart will be of vector type. 

3.1 DIVISION OF WORK 

Work is always to some extent divided into separate tasks to allow for some level of specialization. In this paper 
we use the words integration, generalization and unification for efforts to bring different work tasks together for 
individuals or work groups, and segregation, specialization and fractionation for efforts to divide work into smaller 
tasks for individuals. As indicated in figure 1 the division of work may be vertical or horizontal [19]. In vertical 
division of work supporting tasks are separated from core operations and from each other. In horizontal division of 
work the core operations as well as the supporting work tasks are divided into specialized unit operations. 

SM strongly promotes vertical as well as horizontal segregation of work, which corresponds to the upper right 
section in figure 1. In the original writing by F. W. Taylor [1], 7 different “teachers/bosses” are mentioned, among 
whom supporting work is divided, which leads to extensive vertical segregation. In SM each worker is expected to 
have an individual and well defined work task, which is the base for training as well as feedback on performance 
and pay according to measured output. The work is expected to be horizontally divided to the level of an individual 
worker, while further division of work and shorter work cycles is not included. 

The main focus in STS is on the situation for the individual worker performing the unit operation, and STS 
promotes limited horizontal division of work (integration). One example is when Emery [20] claims that, while 
fractionation (or segregation) has a positive effect on cost at lower degrees, the effect is the opposite at higher 
degrees of fractionation. STS stresses the importance of giving the group and the individual worker control on their 
own work task. Still very little is written about vertical division of work. 

LP strongly promotes integration with respect to vertical division of work, while there is an acceptance of 
segregation in the horizontal division of work. Workers are expected to have the responsibility, knowledge and 
authority needed for keeping machinery running and material flowing through the production system [6, 21]. This 
knowledge is strongly related to vertical integration of work. Balancing of production systems for a smooth flow 
leads to well defined, standardized and segregated unit operations. 

Classification of the methodolgies for each of the four categories is presented in table 2. As a methodology must 
support either integration or segregation in each of the directions, two categories for each methodology is rated to 
zero. SM was rated to 3 for both vertical and horizontal segregation due to the strong and detailed treatment of 
specialisation. STS was rated 3 for horisontal and 1 for vertical integration, as the literature strongly promotes 
unification of work, and opposes fractionation. Some consideration is given in the literature to vertical integration 
and it was rated 1. The literature on LP has a extensive coverage of responsibilities wider than the individual 
operation, and the vertical integration was rated to 3. Little is written about division of on the operation level, but 
the methods imply standardisation and horizontal segregation was rated to 1. 

Table 2: Classification and rating on division of work 

Category SM STS LP 
Vertical integration 0 1 3 
Horizontal integration 0 3 0 
Vertical segregation 3 0 0 
Horizontal segregation 3 0 1 
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Figure 1: Vertical and horizontal division of work 

 

3.2 INFORMATION AND INSTRUCTIONS 

SM presents detailed work instructions as an important tool for spreading and assuring the use of scientifically 
developed best practice standardized operations. The worker must be made aware of the standard operations, 
otherwise they will mean nothing at all. The standard operations in SM are very detailed, which rules the detailed 
level of the instructions, the rating was set to 3. In the literature nothing is mentioned about information in wider 
context to operation and a rating of zero was given.  

STS proposes relevant product and system information in a wider context to the worker and the group. The 
wider context and knowledge is expected to support the development and quality of work by the individual worker 
and the group. Operation instructions are expected not to be more detailed than “the minimal critical” level. As the 
focus is very pronounced on the wider information this was rated 3. As STS more or less is in opposition to detailed 
instructions this was rated to 0. 

Visibility is frequently stressed in LP. Interruptions in one part of the production system are expected to be 
visible to workers in other areas. Use of the value stream tool [6] is another example on how to work with process 
and system information in a wider context. Subsequently, strive for standardized operations introduce a need for 
detailed instructions. Very low process variation, which is supported by standard operations, is important in LP. 

The information in wider context mainly addresses the manufactured product in STS, and the production system 
in LP. 

Table 3: Classification and rating on information and instructions 

Category SM STS LP 
Detailed instructions 3 0 2 
Information in wider context 0 3 3 
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3.3 GENERAL FOCUS 

Additionally to the categories introduced so far there are a number of intangible and minor features in each of 
the methodologies, which define the primary focus for each methodology. Our conclusion is that these focuses can 
be expressed through the importance of the operation, the individual, the group and the system in each of the 
methodologies. There is a considerable difference in how the production system is interpreted, with respect to a 
technical and a social subsystem. The focus on the group was found to be closely related to the social system, and is 
included in that category in table 4. 

The general focus in SM is the the performance of the individual worker, and methods to increase the 
productivity of the individual. The use of scientific analyses of work operations to establish the best procedure is 
one of the core elements in SM. The best procedure for each specific operation is then expected to become the 
standard. The technical system is closely related to the operations, and SM deales to some extent with this system 
level, while the social system is not considered in the methodology. 

STS has a first general focus on the production system, which is analyzed through its constituents the technical 
and social systems. The study of the social system introduces the group as important in the system. The detailed 
study of the operation is of minor interest in literature on STS. Emery [21] touches the subject in his writing on the 
unit operation, but he is far from dealing with the operations. STS supports the freedom by the worker and the group 
to find the best practice, which makes thery about operations rather obsolete. 

The general focus in LP is the value flow in the production system. The group and the individual come second to 
the technical system. The operation standardization in manufacturing is used to assure that operations are performed 
the same way in different locations and at different times. The same standard shall be utilized regardless space and 
time. LP has a strong focus on standardized operations, as an important mean to lower variance in processes and 
support stable and smooth flow in production. 

Table 4: Classification and rating on general focus 

Category SM STS LP 
Technical system 1 2 3 
Social system 0 3 1 
Individual 3 1 1 
Operations 3 1 3 

4. RESULTS AND CONCLUSIONS 

The results presented in the methodology characteristics map (figure 2). The map gives a general view of 
similarities and differences between the studied methodologies. The other way to interpret the map is to choose an 
axis of interest and discuss the relations between the three methodologies. 

The selected categories indicate significant differences between tayloristic (SM) and sociotechnical (STS) 
system principles. This was of course expected, as SM primarily addresses individual workers and work tasks, while 
the primary focus of STS is systems and work groups. 

 

 

 

 

 

 

 

Figure 2: Methodology characteristics map 
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According to the categories in the study, there are considerable coincidence between lean production (LP) and 
the other two methodologies. This is not surprising as the early development of the Toyota production system 
started with studies of existing production system, and LP includes a lot of best practice. It can also be expected that 
methodologies developed and used in parallel, as STS and LP partly are, will be influenced by the society of the 
time. 

5. DISCUSSION 

When discussing the results it is important that we bear in mind that the three methodologies are developed at 
very different times, where the environment at that time have had a great influence. The tayloristic systems were 
already on the market when the development of STS and LP started. 

Now – is Lean production a neotayloristic production system principle? Or is it an extension of the 
sociotechnical system principles? 

According to the results from this study of basic literature the answer to both questions can be yes and no.  

The focus on operation standardization and detailed work instructions may well be used to show that tayloristic 
ideas have a significant position in the lean production systems. But on the other hand lean production does not 
embrace the tayloristic ideas of extreme divided work and detailed management control. 

We often come across discussion on whether lean production involves the individuals and teams in work 
development. Some have the opinion that work is highly segregated in lean production, while others mean that work 
is highly integrated. One source to the disagreement may well be that the reference for one party is horizontal 
division of work, while the reference for the other one is vertical division of work. The results here show that the 
choice of view will have a crucial influence on the conclusions. 

Another source to disagreement may be whether the opinion comes from a standpoint based on theory or 
practical experience. It is expected that the practical implementation of a new production system will carry a number 
of elements and history from preceding systems, resulting in deflection from some of the theoretical principles. 
Dialects of the basic methodology are developed in different regions and countries [16]. Knowledge on differences 
between theoretical base and implemented methodologies is of course of great interest, though not a part of this 
study. 
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ABSTRACT 

The primary objective of this paper is to study the relationships between manufacturing system complexity and 
performances, for example, manufacturing cycle time. The complexity will be measured by applying the entropy 
theory for the probability distribution of information regarding resource allocations that are described in the 
form of interactions among resources for part processing and part processing requirements. In this paper, we 
investigate the impact of changing part mix ratios on the system performance measure, particularly, 
manufacturing cycle time. Part mix ratios can be viewed as an aspect of manufacturing complexity and it is often 
a management decision determined by capacity planning and marketing criteria. Reducing the manufacturing 
cycle time can lead to lower inventory, reduced costs, faster response to customer orders, and increased 
flexibility. In this study, a computer program for simulating general job shop environment is developed in order 
to investigate the relationship between the part mix ratios and the cycle time. The result from the computational 
experiments using the program for different problem instances show that increasing part mix ratios results in 
decreasing cycle time. The result of this paper can be used by a manufacturing system planner or shop floor 
manager while making decisions about the selection of parts and part mix ratios. The result can also be used to 
reduce decision making complexity or increase manufacturing complexity for improving systems performance. 

1. INTRODUCTION 

The concept of complexity has been intuitively understood and qualitatively discussed in system analysis 
literature. Complexity arises from not only the size of the system but also from the interrelationships of the system 
components and the emergent behavior that cannot be predicted from the individual system components [1]. In a 
broad sense, systems are often qualified as being complex, when they are made of a large number of components 
(topology), when many forms of relationships and interconnections between elements are feasible (connectivity), 
and when uncertainty exists regarding the state of the system (demand, disaster). A system is deemed complex and 
complicated when it consists of many different and connected parts and not easy to analyze or understand [2]. 
Moreover, complexity can viewed as opportunities that help systems maintaining a reasonable performance in face 
of the market complexity and demand uncertainty, which confirms the system theory tenet: “only variety destroys 
variety” [3]; or essential risk that causes costs, weaker respond times, loss of efficiency and so forth [1]. 

Among several complex engineering systems such as aerospace systems, transportation systems, infrastructure 
systems, telecommunication systems and manufacturing systems, manufacturing systems have been the most fertile 
ground for understanding the complexity [4]. The literature on manufacturing complexity is by far the richest 
between all engineering systems.  A Manufacturing system is composed of various elements such as products, 
components, machines, work centres, etc. The number of relationships among the elements in a manufacturing 
system is often obvious in system documents such as the bills of materials, facility layout, and routing. The 
manufacturing system’s elements can have different states. For example, machines may have four states such as 
busy, idle, inoperable, or being set-up.  Depending on the problem and the issue being investigated in system 
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complexity, a variety of classifications of system complexity have been discussed in the literature. According to 
Frizelle and Woodcok [5], and Deshmukh et al. [6] complexity of a physical system can be characterized by its 
static structure or time dependent behaviour (dynamic). Static complexity depends on the connectivity and structure 
of the sub-systems at a given time epoch. Dynamic complexity concerned with unpredictability in behavior of the 
system over a period of time.  

Several papers discuss different aspects that contribute to manufacturing system complexity. One of the most 
important aspects is part mix ratio [10]. The part mix ratio represents the distribution of unit sales across the part 
line for a business unit [6]. A manufacturing system planner or shop floor manager often has the choice of selecting 
different part mix ratios. Hence, the part mix ratios can be used as a decision variable to increase or decrease the 
complexity values, while process the identical set of parts [6]. The actual part mix ratios are affected by the 
environment by means of customer demand for the products. There are few articles regarding manufacturing 
complexity that have included the concept of part mix ratios in their measure [5]-[7]. Kotha and Orne [7] declare 
that a system in which the product volume is spread across the whole product line will have a diverse quantity of 
complexity than a system having a small number of products with high volume.  Frizelle and Woodcock [5] use the 
part mix ratios indirectly in their measure of manufacturing complexity and no conclusions about the effect of this 
aspect on manufacturing complexity are made in their research. Deshmukh et al. [6] include part mix ratios in their 
formulation. They make use of a matrix of part mix ratios to determine the mean processing requirements for 
flexible manufacturing system (FMS). Regardless of considerable efforts by many researchers to study the effect of 
part mix ratios to manufacturing complexity, no global and unifying approach has been offered so far on studying 
this effect [5]-[7]. Therefore, there is a need to make suggestions of the impact of part mix ratios on manufacturing 
complexity and study the effect of varying this aspect to system performance such as manufacturing cycle time. 

In this research, we study the relationships between manufacturing system complexity and system performances, 
particularly, manufacturing cycle time. The manufacturing cycle time has become an important factor in every 
sector of most industries, but unfortunately is ignored by many manufacturers when making decisions. The need to 
respond quickly to a customer order is paramount in today's competitive environment. In this research, we define 
the complexity of manufacturing systems based on required information on describing the system by means of 
topology and interrelationship among components. The complexity has been measured using the framework 
proposed, recently, by the authors [8]. Interestingly, in this framework the complexity is measured using probability 
distribution of interactions among resources in the system based on Shannon’s information entropy measure [9]. 
Therefore, the complexity is measured in bits. It is important to represent a system’s complexity with information 
required to describe the interaction among system components because it is a key determinant for robust control of 
manufacturing system under dynamically varying conditions [8]. This framework for complexity modeling 
considers topology, connectivity and uncertainty together in the form of part processing and waiting times. This 
paper is organized as follows: Section 2 introduces a short summary of the framework used for measuring 
manufacturing complexity based on information entropy theory. In addition, interrelationship between system 
complexity and performance in terms of cycle time is studied by developing a Matlab code for job shop simulation. 
In particular, it is focused on an observation that an increase in the system complexity is not always detrimental in 
the system performance even though the difficulty in decision makings is increased. A simulation model using 
Arena software for the verification of the results obtained using the Matlab code is developed in Section 3. 

2. COMPLEXITY, PART MIX RATIOS, AND SYSTEM PERFORMANCE 

In the manufacturing systems decision making hierarchy, the part selection and production ratio problems have 
been set together into the part mix problem. Different approaches have been suggested in the literature to choose on 
a proper part mix ratios to optimize several performance measure. Whitney and Gaul [11] minimize the number of 
batches and balance workloads within each batch. Hwang [12] attempts to group the part types together so as to 
minimize the number of setups. Stecke and Kim [13] use an integer programming formulation, in combination with 
part selection heuristic, to select part mix ratios with the objective of unbalancing workloads. They have suggested 
an approach to investigate the effect of unbalancing workloads in a Flexible Manufacturing System (FMS). 
However, the idea of studying the effect of part mix ratios to manufacturing cycle time has not been addressed in 
manufacturing system literature. 

In order to study the effect of varying part mix ratios to system performance, specifically cycle time, quantifying 
framework for measuring manufacturing complexity must be used. A formal framework that provide a scale for 
measuring complexity associated with each part mix ratios is used in this paper [8]. A summary for this framework 
and the relationship between manufacturing complexity and cycle time are explained in the next sections.  
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2.1. MEASURE OF MANUFACTURING COMPLEXITY 

In this paper, the framework that captures both direct and indirect interaction among resources is used to 
measure manufacturing complexity [8]. This is a machine-oriented measure in which interactions among machines 
are characterized by the form of influences.  

Consider ( )nρρρ ,,,Ρ 21 L=  a part mix comprising of n parts to be produced in the manufacturing system. 

Let ( )nηηη ,,,η 21 L=  be the number of operations and ( )nψψψ ,,,ψ 21 L=  be the associated part mix ratios 
such that  
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= .Then, m represents the total number of machines associated with the given part set. 

Now, let define a matrix (Λ), called interaction index matrix, that takes account for existence of interactions among 
processes in terms of processing time and waiting time. For a part type l, we define Λl as  
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times. We now define a matrix (Pl), called processing time matrix, where diagonal elements represent processing 
times and off-diagonal elements are zeros. Define the overall interaction matrix (Π) which represents processing 
time-based interaction, waiting time-based interaction and part mix ratios as   
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After normalization, we have the direct interaction matrix as  
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To consider the effect of indirect interaction, we define a normalized general interaction matrix that takes 
account for both direct and indirect interaction as  
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where, kΠ~ reflects all higher order interactions over 1−k  nodes and k  links, i.e. 1=k  corresponds to direct 
interaction, 2=k  to second order interaction with one intermediate node, etc. Now, we define the normalized 
influence ( iπ

(
) of the i-th machine in the system as  
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and the complexity be calculated using Shannon’s entropy theorem as 
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=
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log ππ ((
 (6) 

Now let consider an illustrative closed job shop example making two part types simultaneously. The part mix 
ratios, sequence of operations, associated machines, and service times are given in Table 1. 

Table 1: Part mix ratios, sequence of operations, and service time for two part types in a closed job shop manufactruing system  

Part Type Part Mix Ratios Sequence of Resources Processing Time 
Type 1 40 % 321 mmm →→  10, 11, 12 
Type 2 60 % 132 mmm →→  14, 15, 13 

 

Interactions among resources (m1, m2, m3), based on the information shown in Table 1, can be illustrated as 
shown in Figure 1. 

 

 
 

 

 

 

 

 

 

Figure 1: Interaction among resources for a closed job shop manufactruing system 
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Then, Equations (2) and (3) give us 
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Then, the general interaction matrix, using Equation (4), will be as  
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2782.03175.00241.0
0170.02527.00952.0
2193.00545.02296.0

Π̂  

Hence, the normalized influence of the i-th machine, using Equation (5), will be as 

[ ]4166.02452.03383.0π =(  

and the complexity measure for this closed job shop manufacturing system, using Equation (6), is 

0761.1=Ε J       

We use this framework in order to study the relationships between manufacturing system complexity and cycle 
time. 

2.2. EFFECT OF VARYING PART MIX RATIOS TO CYCLE TIME 

Modifying the part mix ratios is one method of changing manufacturing complexity associated with a given set 
of parts. A planner or shop floor manager often has the choice of changing the ratios in which parts are produced in 
the manufacturing system. Hence, the part mix ratios can be used as a decision variable in practice to increase or 
decrease the complexity values, while process the same set of parts [6]. In this section, we examine the impact of 
varying part mix ratios on the system performance measure, manufacturing cycle time, by developing a Matlab code 
for job shop simulation. The manufacturing cycle time is one of the most important performance measures. It is the 
time that a job spends in the manufacturing system between order release and completion. Reducing the 
manufacturing cycle time has many benefits, including lower inventory, faster response to customer orders, reduced 
costs, and increased flexibility. We present the following example to illustrate the effect of varying part mix ratios 
on the manufacturing cycle time. Consider a closed job shop manufacturing system, which can be represented as a 
Jackson network, where three operations are required at three different machines to produce two different part types 
(with 100 parts in the system with 0.01 increment for fraction of part 1) as shown in Table 2. 

Table 2: Sequence of operations and service times for 2 part types in a closed job shop manufacturing system (to study the effect 
of complexity on cycle time with varying part mix ratios) 

Part 
Type 

Part Mix Ratios for 100 Parts in the 
System 

Sequence of 
Resources 

Processing 
Time 

Type 1 01,1 =ψ  01.02,1 =ψ  KK  1100,1 =ψ  321 mmm →→  3, 4, 8 
Type 2 11,2 =ψ  99.02,2 =ψ  KK  0100,2 =ψ  123 mmm →→  4, 3, 8 

 

We observe the behavior of manufacturing complexity and average cycle time, as the part mix ratios 
)( 21 ψψ and are varied. Thus, we have  
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Figure 2 shows the variation in manufacturing complexity and cycle time with the part mix ratios. Figure 2 (left) 
illustrates that the complexity in bit (with log base of 2) for the example is maximized at the part mix 
ratio 47.01 =ψ .  Figure 2 (right) shows that the manufacturing cycle time is minimized as parts are mixed 
with 5.01 =ψ . From these plots, it can be seen that the manufacturing cycle time is minimized when the 
complexity is maximized. The graph of complexity measure has been obtained by developing a Matlab code using 
the machine-oriented measure for manufacturing complexity [8] as seen in Figure 3. Figure 3 shows the algorithm 
used to measure cycle time of the system. It has been obtained by using a Matlab code for job shop simulation with 
100 parts in the system [14].  In this test, fraction of part 1 has been varied from 0 to 1 with 0.01 increments as 
shown in Table 2. Here, the manufacturing cycle time is the sum of the average waiting time in the queue plus the 
average job processing time [15]. Since the theoretical maximum complexity for a manufacturing system with m 
machines is ( )m2log  [8], then for this example the theoretical maximum complexity is ( ) 585.13log2max ==Ε  
in bits. 

 

Figure 2: Manufactruing complexity (left) and cycle time (right) for different part mix ratios (3 operations for each part type) 

 

Figure 3: Cycle time calculation algorithm (part of the Matlab code  to study the effect of complexity on system performance) 

3. SIMULATION MODEL  

Computer simulation has been widely used in manufacturing systems to validate the effectiveness of tentative 
decisions, such as a new plan or a new schedule. One of the largest application areas for simulation modeling is that 
of manufacturing systems, with the first uses dating back to at least the early 1960’s [16].  In general, simulation is a 
practical methodology for understanding the high-level dynamics of a complex manufacturing system [17].  

In this section, a simulation model was developed using Arena 10.0. The purpose of this model is to validate the 
results, for studying the effect of varying part mix ratios to system performances in terms of cycle time, that we got 
using the Matlab code with the results that we got using this simulation model. The simulation model consists of 
two sub-models, the Excel model and the Arena model. The structure of the manufacturing system has been 
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developed using Arena 10.0 and all graphs have been obtained using the Excel model. All of the calculations have 
been performed using the Arena model. The relationship between the two sub-models is illustrated in Figure 4.   

 

Figure 4: The relationship between the Arena model and the Excel model 

The structure of the manufacturing system can be seen in Figure 5. The middle part of Figure 5 represents the 
flowchart modules, while the left and right parts represents the input and output parameters to the Arena software, 
respectively. In this section the example in Section 2.2 (Table 2), to study the effect of varying part mix ratios to 
cycle time,  is used to make a comparison of the graphs obtained using the Matlab code with the graphs obtained 
using the Arena software. This comparison is shown in Figure 6. Figure 6 shows that the patterns for manufacturing 
complexity measure and cycle time using Arena software are similar to the patterns obtained using the Matlab code. 
We conjecture the discrepancy between these models is caused due to discretization of continuous interaction using 
Equation (4). Furthermore, from Figure 6 we can see that the maximum point for both curves, for the complexity 
measure, is overlapping at 585.1max =Ε  which satisfied the theorem developed recently by the authors [8]. 

 

Figure 5: Structure of the manufacturing system model, input, and output parameters using Arena software 
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Figure 6: Comparison between the graphs obtained using Matlab code with the graphs obtained using Arena software for 
studying the effect of varying part mix ratios to cycle time 

4. CONCLUSION 

In this paper, the relationship between manufacturing system complexity and performance, particularly, 
manufacturing cycle time has been presented. We have investigated that the effects of managerial decisions on the 
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complexity of the system to improve system performances via an entropy theory based framework for measuring the 
manufacturing system complexity. Furthermore, we developed a computer program for job shop simulation using 
Matlab and Arena software in order to study the impact of changing part mix ratios on system performance measure. 
This simulation study confirmed that increasing the manufacturing complexity results in an improvement in the 
system performance, cycle time, if the system is operated optimally. We have shown that the manufacturing cycle 
time is deteriorated as the complexity increases. Reducing the manufacturing cycle time became a significant factor 
in every sector of many businesses, but unfortunately is mistreated by many planners or managers when making 
investment decisions. The need to react quickly to a customer order is paramount in today's competitive 
environment, and a company cannot merely look at dollars when justifying expenditures. How the project will affect 
the manufacturing cycle time should be at the top of the list of the various elements to be considered in justifying 
capital expenditures because if cycle time is reduced there will be a significant impact in all of the other sectors. 
Hence, the manufacturing system planner or manager has to make a decision about how mush complexity to add to 
the system, by varying the part mix ratios, in order to improve system performance such as reducing the cycle time. 
The plots obtained using the program code for job shop simulation, presented in this paper, can be used by planners 
while making decisions about the selection of parts and part mix ratios. These plots can be very useful tools for 
reducing decisions making complexity or increasing manufacturing complexity in order to improve system 
performance. Further research could be carried out by studying the relationships between manufacturing system 
complexity and other performance measures such as throughput and tardiness of the system. Another promising 
avenue for future research is to study the costs associated with increasing manufacturing complexity with respect to 
different cost structures for the elements that contribute to manufacturing system complexity. 
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ABSTRACT 

This paper describes an approach to supporting the development of a new or existing manufacturing process 
towards next-generation distributed systems. Systematics is used to modernize industry manufacturing systems to 
orient them away from the FMS (Flexible Manufacturing System) paradigm and towards the Distributed 
Manufacturing System (DiMS) paradigm. The created dynamic evolutionary emergence process is based on the 
use of a logical frame, double-loop learning process and concept-based design. It uses a hybrid soft- and hard-
system approach supported by fast concept creation, modelling and digital manufacturing-based testing. The 
developed approach has been validated within industrial cases and found to be capable of supporting the 
transition towards complex adaptive systems. 

1. INTRODUCTION 

Recently, a great deal of effort has been expended on developing and introducing new paradigms for future 
factories that could cope better with the demands of complex changing reality. New future factory concepts will be 
based on new mind-sets and new manufacturing system development practices. Accordingly, current prevailing 
mind-sets will have to be abandoned. Accepting, planning and implementing new systems that are based on new 
mind-sets are not to be considered as trivial tasks.  

In this paper, the transition process from current Flexible Manufacturing Systems (FMSs) towards next-
generation manufacturing systems is studied. Just as the emerging new manufacturing paradigms Bionic 
Manufacturing Systems (BMS)[1], Holonic Manufacturing System (HMS)[2], Fractal Manufacturing System 
(FrMS)[3], Cognitive Technical Systems (CTS) [4] etc. have recognized the evolutionary nature of manufacturing 
processes within an industrial context, this research recognizes principles of evolutionary development. 
Manufacturing systems can be seen from this viewpoint to emerge through evolutionary steps rather than be planned 
according to a known set of parameters. This is due to the constant need of manufacturing domains to, on the one 
hand adapt to, and on the other to influence, developments within business processes and R&D [5]. The successful 
emergence of sustainable change calls for effective co-operation with R&D, business and manufacturing domains 
and a sound adaptation process [5]. Especially in the case of an emerging revolutionary change towards a new 
manufacturing paradigm, the transition process is challenging, as sustainable rapid transition calls for building on 
existing excellence an emergent multipath system. [6].  

The industrial partners selected to participate in the FMS 2010 project are heavy users of industrial automation. 
They are typical world-leading suppliers working in global B2B-type networks that compete globally with 
excellence, but still retain strong local manufacturing commitment.  Their products are typically customized and 
made in small batches and they use effectively FMS (Flexible Manufacturing Technology) technology. 
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2. DEVELOPED EVOLUTIONARY TRANSITION PROCESS  

 FMS 2010 project was set up to study the change over from present FMS systems towards next-generation 
flexible automation and develop a practical approach to support the rapid transition from one to the other. The 
adopted approach described in Figure 1 combines three phases: synthesis, solution creation and usage. The 
transition between the phases is an evolutionary process initiating the next phase. This evolutionary process consists 
of emergency, implementation and growth (skills and knowledge creation).To represent current development in 
future factory concepts, this study uses the RMS concept and Distributed Manufacturing (DiMS) concept. DiMS-
concept [10] is based on the work conducted within Tampere University of Technology using the Distributed 
Manufacturing Systems paradigm (DMS) [9]. The DiMS concept uses ideas from four prominent approaches that 
have already matured, namely: HMS, FrMS, BMS, and CTS. A manufacturing system based on the DiMS approach 
is characterized by self-similarity, complexity and emergency-based self growth and self organization. It is able to 
cope with demands of open complex systems within a dynamic environment.  

The research hypothesis is that the transition from present FMSs to next-generation manufacturing systems 
representing a new manufacturing paradigm calls for a suitable transition process to ensure the necessary mind-set 
change, learning and coherent structure of the new system. Thus, the transition process should also be based on an 
evolution paradigm. As change is the only constant within the manufacturing domain, can this developed transition 
process form a basis for the continuous evolution process of the system through and beyond its life-cycle? 

2.1. TRANSITION PROCESS APPROACH IN FMS 2010 PROJECT 

All manufacturing systems in use are under constant pressure to improve. The need for improvement comes 
from business, product development and manufacturing domains and is generally related to new value offerings, 
capacity adjustments, cost efficiency or technology. At the same time, innovative ideas and new concepts are 
emerging and new technologies are being developed. Fast adaptation to opportunities arising from innovative 
business models, products and production models and technologies and their synergies is far too complex a task to 
be dealt with by traditional Decision Support Systems (DSS) and systematics. There is always a need to use 
complementary systems allowing group work, communication, learning and use of intuition [12]. 

There are basically two different approaches to respond to the needed change within manufacturing domain: the 
mechanistic closed complex system approach and holistic open complex system approach. In the former, the 
manufacturing system is seen to form an ideal machine to be fine-tuned to changing needs or to be reorganized to a 
new ideal machine. In the latter, the manufacturing system is seen as a dynamic network of evolving entities capable 
of self organization through a negotiation process. The transition from the closed system transition paradigm 
towards the open system paradigm was set as the basic research question within the FMS 2010 project.  From this 
research hypothesis, it follows that development tools supporting the closed-system paradigm-based development 
cannot be effectively used in the transition towards open-system manufacturing systems.  

The FMS 2010 project uses action-learning-based research where the developed approach has been created and 
validated within several industrial cases. In each case, the change needs and possibilities are gathered by on-site 
studies and multidisciplinary discussions and interviews within participating case-companies. Results of these 
studies are then discussed with the same groups in created scenarios.  The strategic use and role of manufacturing 
systems in relation to the scenarios is studied and the results compared against three basic alternatives representing 
different development roadmaps.  

The developed hybrid transition process is based on complementary use of the hard-system and soft-system 
approach to synthesize technical, cultural and human issues (see also Figure 3). The systematics is set to challenge 
the prevailing mind-set, although the resulting implementable solution may not be built on a new mind-set. The 
general idea is to make a good synthesis based on collaborative negotiation. As a result of this, a concept and 
roadmap as a basis for investment decisions is produced. As the company has selected the concept to be developed 
towards an implementable solution, more detailed work is in progress.  

The general idea within the developed transition process is to make a good synthesis based on collaborative 
negotiation. As a result of this, a concept and road map that can be studied for investment decisions is produced. 
When the company has selected the concept to be developed towards an implementable solution, more detailed 
work is carried out. The chosen alternative may or may not be based on a new mind-set, but at least the alternative is 
discussed and the possibility studied.   
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Figure 1: Practical approach to support a paradigm change-based transition process towards next-generation 
manufacturing system 

2.2. DOUBLE LOOP LEARNING SUPPORT FOR PARADIGM CHANGE 

A double-loop learning approach is needed when a new process needs a change of underlying values and 
practices [13]. The first loop concentrates on challenging prevailing mind sets and the second on learning the new 
approach. In this research, three different approaches for improvement of existing present FM-systems were chosen. 
As the first alternative used a so-called FMS+ approach, the second alternative was a transfer process oriented 
towards RMS and the third alternative was a transition process oriented towards the distributed manufacturing 
system (DiMS). Selection criteria for the actual implementation recommendation were that the chosen alternative 
should support adequately all the scenarios created during the scenario phase, that it should not compromise the 
company vision and that it should be accepted as the next development step by the organization. 

2.2.1 FMSS UPDATING TO FMS+ 

A typical state-of-the-art approach to adapting present FM-systems to changing requirements involves the 
updating of existing systems with respect to new needs. The changes within the existing FMS consists then of 
updated machine tools, methods, tool-handling and workpiece devices, such as fixtures and robots, improved 
control, etc. arranged to deal with part families, variations, volumes etc. within the scope of the new system. The 
functionality and capacity of FMS+ will then be pre-designed, while flexibility is inherent and built-in a priori [14]. 
Because of the fixed flexibility of FMS, it is not suitable for rapid and cost-effective reconfiguration in response to 
changes outside of its new scope. In the case of shortening product life cycles and foreseen frequent introduction of 
new products, these matters would require a more adaptive system and the FMS+ alternative would become 
challenging. Fast planning and ramp-up of an updated FM system is not possible because of the great amount of 
integration-related planning this would need.    

2.2.2 FMSS CHANGE TOWARDS RMS  

 
Reconfigurable Manufacturing System (RMS) is an approach designed to meet the demands of unpredicted 

market changes better than limited flexibility FMS or Flexible Transfer Line (FTL) [14]. The transition from FMS 
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towards RMS includes general-purpose hardware and software modules that can be reused in reconfiguration tasks. 
These modules are replaced or added only if necessary [15]. An RMS has the ability to change capacity and 
functionality to bring about the needed flexibility, i.e. to bring about exactly the functionality and capacity needed 
precisely when needed. RMS core characteristics are modularity, scalability, integrability, convertibility, 
customization and diagnosability. The underlying paradigm of RMS design is mechanistic and based on the rapid 
creation of an ideal reconfigurable solution to a known set of parameters; thus, the design practice is similar to that 
in the case of FMS+. The limitations of the RMS approach to cope with complexity become obvious as the 
complexity level of the manufacturing system grows and the adaptation requirements increase. The implementation 
of an RMS requires an advanced control and suitable modules that are currently under development, therefore RMS 
can today be realized only in special circumstances [16]. 

2.2.3 FMSS  CHANGE TOWARDS A DISTRIBUTED MANUFACTURING SOLUTION  

 
The third alternative approach used in this study is based on the DiMS idea. According to past research, only 

this kind of open-systems approach can cope with constant ongoing multidimensional change in complex 
environments [17]. Distributed manufacturing systems address non-predeterministic changes by self growth, self 
organization, adaptation and evolution. Their central characteristics are emergence, complexity, self organization 
and self  similarity. One of the central differences between FMS and DiMS is in their design characteristics. As 
FMS is designed to a set of parameters, a DiMS can be seen as being designed to self-configure to a network, the 
scope of which relates to actual need. A network of such scope is based on evolving competence-based holons in a 
fractal structure connected with an SOA-based hybrid control system. 

The transition process from present FMS towards a DiMS type of system requires a double-loop learning 
process as FMS and DiMS represent different underlying paradigms. Rapid ramp-up of a distributed manufacturing 
system can be achieved as an evolutionary process, while the first implementations can be completed around the 
existing FMS-system by adding extra functionality and using, for example, new services based on added robots. 
According to the roadmap, needed changes have to be introduced to full-scale implementation gradually. 

2.3. USE OF SINGLE- AND DOUBLE-LOOP LEARNING 

As a mind-set change is not needed in transition from present FMS to FMS +, the change process is of the 
straight forward single-loop type. Planning tools and systematics based on pre-deterministic and reductionistic 
principles are thus suitable. The main issue is the formation of the needed exact problem definition and system 
model, as the new system can be planned only to a known set of parameters. Characteristic to this process is 
proactive anticipation of the future flexibility needs during the expected system life-cycle. Generally, this leads to 
extra functionality, capacity and complexity.  Transition from FMS towards RMS is also of the single-loop type as 
only re-configurability issues are to be considered differently. The same planning tools and principles are valid. The 
severest problems with RMS-roadmap creation come from the lack of suitable hardware modules on the market. As 
the DiMS alternative represents a totally different mind-set compared to existing FMS-concepts, it serves as a good 
case for the double-loop learning approach.   

FMS -> DiMS mind-set change concentrated on the following statements: 

1. Benefits of open-system design principles; capability of open systems to add their complexity and thus 
be self organizing [3][17][12]. 

2. Benefits of fractal model; fractal-system approach ensures coherence within complex distributed 
systems [8][3]. 

3. Benefits of holonic model. Self-organizing entities having holonic structure with internal autonomy 
and co-operation dimensions simplify the system structure and allow dynamic and concurrent 
reconfiguration [2][3]. 

4. Benefits of open self-organizing systems and SOA (Service-Oriented Architecture); SOA-based open 
self-organized systems can form more complex structures in response to needs than planned ones and 
their actions resemble those of a market economy, ensuring constant improvements in productivity. 
[16][15][22]. 

5. Benefits of ecosystem and evolution thinking. DNA and evolution features ensure suitability for 
context (business ecosystem) growth and learning [1][3]. 
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6. Benefits of hybrid planning system with complementary use of soft- and hard-system approaches. 
Open complex systems are ill-structured problems that need a different planning approach 
[5][6][12][13].  

As mind-set change cannot be forced, a well-planned learning process with supportive tools is needed. The mind 
-set challenging process used here consists of two stages: knowledge approval (soft-system approach) and 
understanding by concept analysis (hard-system approach). For practical purposes, the process was made fast and 
simple. 

3. VALIDATION OF CREATED TRANSITION PROCESS  

For the creation and validation of the process, several test cases were selected from an industrial setting. The 
selected cases were from different companies and different automated manufacturing processes. Common to the 
chosen processes was the fact that they could not meet the requirements derived from future needs, i.e. new 
products, scaling, quality cost efficiency etc. The participating companies were asked to define their idea and the 
scope of the needed development. As the given problem statements were analyzed, it became obvious that they 
represented a typical single-loop type of development idea that did not seek to challenge the underlying belief 
system of the present situation. There was no case where company people would have suggested a double-loop type 
of approach for challenging their present way of working.  

A classification of FMS development needs given by companies is as follows. 

 90 % Bottleneck removal by added capacity and simulation of process. 

 100 % Replacement of manual steps by automated ones. 

 50% Technology transfer, new method, new fixture. 

 60 % Fast ramp up of new capacity. 

 40 % Reduction of set-up time. 

The next step was to form a multidisciplinary team consisting of business, R&D, manufacturing, logistics and 
HRM specialists within the company to work with the research group. The members of the research group acted in 
two roles, process consultants and experts. The effort combined human judgment and mathematical modelling by 
using a logical frame, fast concept creation, design reviews and scenario techniques. 

3.1. USE OF LOGICAL FRAME AND EXTREME CONCEPTING    

In order to produce effective action, it is necessary to make a proposition that is generalizable and applicable in 
the unique context of the company. FMS 2010 project used the ideas of Professor Seppo Torvinen and Stafford 
Beer [19] for the creation of the Transition Logic Frame (Figure 2). A Transition Logic Frame is a tool that helps us 
to understand the change from one state to another. The underlying idea behind a transition logic frame is that all 
the systems have an internal logic that can be described as a hierarchical description. This description claims that 
there is interaction between different conceptual levels. Therefore, the problems within one conceptual level can be 
solved only by addressing a higher conceptual level responsible for the situation within the lower level. For 
instance, if the manufacturing system cannot cope with the workload cost efficiently, the solution is to be found at 
the next higher level.  That is the way the system is managed. If the corrective actions of management are not 
fruitful, the solution is to be found at the resource level. If added resources cannot solve the case, only a change at 
the mind-set/value level can help. If that is not enough, then revising the strategy would be an option. Changing 
vision is the final and most difficult option. 

 This idea guides the workgroup towards holistic, more sustainable, solutions, rather than towards solving local 
problems.  One important notion is the effect of the paradigm. Within this model, paradigm flexibility brings more 
possible solutions, whereas paradigm rigidity limits the flexibility. Self-configuration capability is thus limited, not 
only by strategy, but also by paradigm, values, resources and self-management abilities. As the system evolves and 
learns, it gains more adaptivity and productivity through better use of resources and through better strategic 
flexibility.    
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Figure 2: Transition Logic Frame, (Seppo Torvinen, Kai Salminen, beased on ideas of Stafford Beer [19])  

 

To have a consensus of the adaptivity requirements, the work groups were set to study best scenario, worst 
scenario and as-is scenario from the business, product and manufacturing point of view. Each case and each 
scenario was described within the transition logic frame. Documentation consisted of different models, tables and 
written documents. The collected information was both qualitative and quantitative. At this stage, hard- and soft-
system approaches are in complementary use.  The collected data, information and knowledge thus form the starting 
point for synthesis and serve as the base for concept creation.  

The term concept is here understood to refer to a written and partly visual representation of a new idea of a 
future system. Description includes functionalities and benefits for the process it is a part of and for the needed 
technology. The concept was created concurrently to support the workgroup with their task. A similar practice is 
used in programming domain where it is called Extreme Programming (XP)[20]. XP was created in response to 
problem domains whose requirements change. As was the case with XP, the concept creation group is 
multidisciplinary, consisting of a workgroup with representatives from R&D, business and manufacturing domains 
working together with the university team. Asking questions, negotiating scope and schedules, and creating 
functional tests requires more than just the expert team to be involved in producing early concepts. The quality of 
the work depends on the quality of communication and collaboration and on the process to reach sound conclusions 
or consensus. 

Another approach that the research group tested as a process complementary to concept creation is the Mizen 
Boushi (reliability problem prevention) GD³ [21], which has been applied in automotive development as a tool to 
refine concepts at the prototype stage. GD³ is a quality innovation process that supports this objective, based on the 
pillars of Good Design, Good Discussion, and Good Design Review.   

The original GD³ process utilizes creative Failure Mode & Effects Analysis (FMEA), Fault Tree Analysis 
(FTA), where possible, and Design Reviews (DR) based on available models. These tools focus attention on the 
many potential problems that could occur due to a change in design or environment of the developed system. The 
System Design Review is especially useful in examining potential risks, root causes, and prototype designs and to 
guide discussion. From the present FMS system there was not enough data available for true GD³, therefore it was 
applied only partly. The systematics as a whole was, however, studied as part of the future system adaptivity 
support process design.   
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Figure 3: Fast concept creation process 

The fast concept creation approach proved to be an efficient aid for the comparison of different approaches. 
Especially as the concepts matured enough, it was possible to model them partly for simulations. Based on the 
models and simulations, it was possible to estimate risks and plan tests to reduce them. Visualizations served well in 
multidisciplinary discussions. The role of the logical frame came apparent as it helped to guide the discussion from 
problem seeking to solution finding. 

4. CASE EXPERIENCES 

FMS 2010 project chose an action-based approach for testing and validating the developed approach. The 
industrial cases selected for the project represented different kind of industries and different roles in the value chain. 
A development tool provider and FM-system house were participating also.  

As the transition process was set to assist in the emergence of new manufacturing systems based on the new 
manufacturing paradigm within an industrial setting, the quality of the emerged system concepts is the key interest 
within this research. So the results achieved are both satisfactory and slightly disappointing. Only in a few cases did 
industry want to select an advanced future concept, despite the fact that the comparisons proved the future 
possibilities of these cases to be sound.  From the evolution process point of view, the produced roadmaps were 
logical and well grounded. In the light of the experience gained, it is clear that transition to new paradigms is guided 
easies through the action learning process based on double-loop learning. Successful digital pilots and tests are of 
vital importance.  

5. SUMMARY 

The goal for this ongoing study is to create a rapid transition process that helps to develop existing FMSs 
towards more adaptive and cost-efficient systems by utilizing the latest knowledge, technologies and distributed 
manufacturing paradigm. The process should form the basis of the self-configuration process for manufacturing 
systems based on an open complex system paradigm. So far, the experiences gained are promising. To challenge the 
prevailing manufacturing paradigm and initiate transition to a new one is, in the light of our experiences, far from a 
trivial case. The double-loop learning process alone has proven to be an essential, but not sufficient, method. It 
needs to be supported by a suitable set of tools to support the emergence of the new system. For that purpose, both 
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soft- and hard-system approaches are needed as complementary approaches. The rapid concept creation idea 
supported by GD³ methodology and a transition logic frame proved to form an effective whole. The next stage of 
the project will concentrate on distributed manufacturing systems within the production network context and on the 
issues arising from system growth and skills and knowledge creation.  
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ABSTRACT 

This research develops a vacuum forming system based on reconfigurable screw-pin tooling technology. The 
system integrates reverse engineering, screw-pin tooling, CNC machining and vacuum forming together to 
manufacture products for aerospace and plastics industries in a rapid and cost-effective way. The reconfigurable 
tooling is composed of identical screw pins, which are engaged with each other within a matrix. By adjusting 
vertical displacement of the screw pins, a wide variety of component geometry can be formed. The reconfigurable 
screw-pin tooling technology provides flexibility and adaptability to current manufacturing systems and is 
suitable for producing small batch and mass customization products. 

1. INTRODUCTION 

With the development of science and technology, tooling equipments, such as dies and moulds, play more and 
more important roles in the manufacturing industry. A large class of manufacturing methods such as injection 
moulding, casting, stamping, vacuum forming and forging rely heavily on design and fabrication of dies and moulds 
heavily. Toolmakers continue to look for ways to produce traditional metal and carbon/epoxy tools efficiently by 
designing for optimal manufacturing at a lower cost.  

Traditional tooling is often dedicated and expensive. Dedicated tooling means that a tooling made for a 
particular product design can be used only for that design. Any design changes lead to the tooling being unsuitable 
for use, and a new one has to be made.  This results in long lead time, high tooling cost and waste of material. 
Especially for complex tooling, both development time and manufacturing costs make it extremely expensive. At 
the same time, the traditional tooling design and fabrication process is an iterative procedure of trail and error, it 
also results in considerable lead times and costs in the production of the tools. These conventional methods are 
adequate for mass production because the cost of dies can be shared by a large number of products. However, such 
tooling is not suitable for mass customization. 

The current market trend is moving from mass production towards a small batch and large variation production. 
That means mass customization will be added. The need for rapid, low-cost tooling fabrication and modification 
methods is greater than ever in manufacturing industry. This has led to the high demand of flexibility and 
adaptability of the manufacturing systems.  

Recently, reconfigurable tooling forming methods for a small size lot are being developed. D.E. Hardt has built a 
flexible die system for the automation of die design for sheet metal forming at the Massachusetts Institute of 
Technology [1,2], as seen in Figure 1. This prototype reconfigurable tooling was capable of continuously varying the 
forming surface based on a computer model and can be used to form high quality double curvature parts using a 
neoprene interpolating layer. M. Z.  Li et al. [3,4 ] has developed a multi-point forming (MPF) technique for sheet 
metal forming. In MPF, the conventional stamping dies are replaced by a pair of matrices of punches. Pin-type 
reconfigurable tooling is also widely used to clamp or support irregularly shaped or large components. D. F. 
Walczyk et al. [5-7] and J. M. Papazian et al. [8-10] designed reconfigurable tooling systems for use in stretch and 
matched-die forming of sheet metal in aerospace applications. 
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N. Gindy [11,12] patented a pin-type clamping device (Figure 2), which was composed of identical pins 
engaged with each other within a matrix. The clamping system consists of two platforms. Each platform has a two-
dimensional array of pins. A low-melt alloy (bismuth-lead-tin-cadmium) is used as the holding mechanism. The 
low-melt temperature allows the use of hot water or induction heating as the power source of phase change. 

 

                                

 

 

H.K.Klesspies et al. [13] and D. F. Walczyk et al. [14] presented methods for producing large compound curved 
surfaces using a variable configuration vacuum forming mould (Figure 3). The mould is composed of a number of 
uniformly spaced discrete pins, covered by a rubber interpolation sheet. Thermoplastic sheet is placed over the 
reconfigurable mold, heated using radiant heaters, and drawn into the mold surface by drawing vacuum. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Variable configuration vacuum forming mould [13] 

     Surface Generation Ltd. has developed a Subtractive Pin Tooling (SPT) [15,16] technology which is a semi-
reconfigurable tooling process. In the SPT concept, the pins with square tops made of a consumable tool material 
are arranged in a matrix. Pin rows automatically separate and allow individual pins, which are mounted on screws, 
to be adjusted vertically by turning. After adjustment, all of the square pins are oriented 45 degrees to the row axis 
to allow efficient packing with adjacent rows. Finally, the rough upper surface is CNC-machined to exact contour.  

From a literature view of reconfigurable tooling, it can be concluded: 1) Most attention of the research on 
application of reconfigurable tooling is focused on sheet metal forming and complex components clamping, 
thermoplastic and composite sheets forming has not been given much attention by the research community; 2) The 
discrete elements in a reconfigurable forming tool can be either densely or sparsely arranged. The tool with sparsely 
arranged pins limits part shape fidelity and dies geometry; On the other side, the tool with densely arranged pins 
limits maximum forming loads; 3)There is no shape fidelity control methodology for thermoplastic or composite 
sheet components formed by vacuum forming over reconfigurable tooling. 

Figure 1:  Reconfigurable pin-type tool for         

              sheet metal forming by D.E. Hardt [1,2] 
Figure 2:  Manufactured pin-type clamping system [11]
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2. INTEGRATED VACUUM FORMING SYSTEM 

2.1. METHODOLOGY 

Considering the problems of current reconfigurable tooling, this research developed an integrated vacuum 
forming system based on reconfigurable screw-pin tooling (Figure 4) to fabricate high quality thermoplastic or 
composite components. The reconfigurable tooling is composed of identical screw pins, which are engaged with 
each other within a matrix. Screw pin tooling is three-dimensional and capable of reproducing surfaces. By 
adjusting vertical displacement of the screw pins, a wide variety of component geometry can be formed. A 
programme module is to be developed to automate this reconfiguration and die surface machining. Thus, active 
control over the tool shape during the forming process is possible.  

 

                                                
                            

Figure 4: Screw-pin based reconfigurable tooling 

 

2.2. SYSTEM FRAMEWORK 

As shown in Figure 5, the framework of the project is composed of six parts: CAD/CAM, pin reconfiguration, 
surface machining, vacuum forming, component digitization component inspection. The content of each part is 
outlined as following. 

 
 

Figure 5: Frame of reconfigurable screw pin tooling system 
 

 
1) CAD/CAM 
 

Computer Aided Design (CAD) section is used to model or import components to be produced and map surface 
shape to screw pin central point matrix. Screw pin adjustment module and surface machining programme are 
developed by Computer Aided Manufacturing (CAM) section. 

 

Component surface 

Screw pins 
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2) Pin reconfiguration  
 

Screw pins in the reconfigurable tooling are engaged with each other within a matrix. According to the data of a 
designed working surface, the computer control system commands a servo motor to actuate the screw and adjust the 
height of each screw pin then establish the desired die shape. A programme module is to be developed to automate 
this reconfiguration and die surface machining. A flowchart of pin reconfiguration is shown in Figure 6. 

 

 
Figure 6: Screw-pin adjustment approach 

 
 
3) Surface machining and gap filling 
 

To overcome the effects of discrete pins on part shape fidelity, screw pins are adjusted to near net position and 
then machined. Gaps among screw pins will be filled utilizing epoxy adhesive or an elastomeric interpolating layer. 

 
4) Vacuum forming 
 

In this process, the sheet material is heated until it becomes soft and then it is draped over the screw pins. 
Subsequently, vacuum force is applied; the sheet is drawn into intimate contact with the mould, whose detail is 
picked up by the sheet. 

 
5) Digitizing component 
 

Using optical measuring system ATOS (Advanced Topometric Sensor), the geometry of objects that are 
produced by screw pin reconfigurable tooling can be digitized quickly with high local resolution and is compared 
with the master data for the quality evaluation. The ATOS systems mainly consist of the sensor comprising two 
cameras, projector and stand, the control unit for the sensor head and a high-performance PC. 

For the digitization, markers are put on the object. The 3d-coordinates of these markers are determined using a 
high resolution digital camera and the ATOS software. The Project Mode of the ATOS software is used to create 
measuring projects, adjust and calibrate the sensor and record the measurements. The object to be measured is 
scanned by means of several individual measurements, and the transformed 3D data of these individual 
measurements are then available as a common 3D view. 

 
6) Component inspection 
 

The Evaluation Mode of the ATOS software is used to inspect the components produced by the reconfigurable 
tooling. The original master data are superimposed on the measuring data of digitized parts and compared with 
them. Based on this comparison, the user may check whether the tolerances have been met or in which area the part 
is deformed. The deviations can be displayed by means of colour polygon meshes or surface control points for 
defined measuring points. 
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3. SHAPE CONTROL OF SCREW-PIN TOOLING 

The screw-pin tooling can be expressed as matrix of meshed screws as that shown in Figure 7(a). The screw can 
be simplified by its centre axis. Therefore, the matrix of meshed screw is changed to a matrix of axis as shown in 
Figure 7(b). 
 

                                   
                      
                                 (a) Screw-pin tooling                                                    (b) Simplified screw-pin tooling 

 
Figure 7: Screw-pin tooling and simplification  

 
Assuming that screw-pin position is adjusted from that in Figure 8(a) to Figure 8(b), Zc(x,y) is the intersection of 

an axis A(x,y) of a screw with the component geometry shown in Figure 8(a),  Zn(x,y) is the intersection of the axis 
A(x,y) with the component shown in Figure 8(b). The position difference between Zc and  Zn can be calculated 
automatically, then the screw pin can be adjusted responsively.  

 
 

                                             
                
              (a) Current component shape with tooling axis matrix      (b) New component with tooling axis matrix                    

 
Figure 8: Screw-pin tooling adjusted from one shape to another 

4. SUMMARY 

By removing traditional tooling limits, reconfigurable tooling technology allows the mass customisation of 
goods with tailored components, giving the opportunity to sell custom products at a premium. The reconfigurable 
nature of the screw-pin tooling enables it to be used to regenerate moulds needed for out-of-production parts and, 
therefore, the need to store infrequently used tools is eliminated. Physical storage space is exchanged for electronic 
storage of part surfaces as data files. When CAD models or data files for parts do not exist, they can be recreated 
using reverse engineering technologies.  

x 

y 

z 
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The system integrates screw-pin tooling, CNC machining, vacuum forming and reverse engineering to 
manufacture products for aerospace and plastics industries in a rapid and cost-effective way. The application of 
reconfigurable screw pin tooling enables the same tool to be re-used for components with different geometry, 
offering a significant reduction of leading time and cost.  
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ABSTRACT 

Digital engineering tools and procedures have had a positive impact on the European manufacturing industry. However, 
to design a sustainable manufacturing system, a multitude of system dimensions has to be jointly optimized. We propose 
an integrated simulation tool helping to maximize production efficiency and to balance manual and automated work 
subject to ergonomics and environmental constraints. In this article, we describe the method of work, state-of-the-art 
review, and the structure of the SIMTER tool. 

1. INTRODUCTION 

Simulation is used for problem solving in many real-world cases. There are numerous of different simulation 
methodologies and software on the market today, all of them having their specific area or branch of applicability. However, 
each simulation is trying to represent reality only taking heed of the specific parameters evaluated in that specific analysis. 
This is a problem when the decision makers need to handle a multitude of different parameters which cannot be 
incorporated into the analysis of one single simulation. It leads to sub-optimization, when only a few of the many 
parameters are included in the simulation. Hence, sub-optimization is common when decisions have to be taken. The aim of 
the cross-disciplinary SIMTER project is to improve optimization by introducing more parameters enabling joint analysis of 
multiple synergistic phenomena. 

In this paper, we will consider the parameters grouped into three modules – ergonomics, level of automation (LoA), and 
environmental impacts – in addition to the conventional production simulation. We will provide a description on how a few 
of the parameters normally existing only in separate simulation and analysis tools should be unified to holistically optimize 
production. The main ingredient in our approach is to produce a tool that would be capable of integrating several aspects of 
interest for the decision maker, e.g. a production engineer working on either modifying an old or designing a new 
manufacturing system. We are focusing on production development that is economical, human-centered, and 
environmental-friendly. The identified areas are interdependent and have substantial impact on each other. Therefore, there 
is a need for conducting analyses accounting for all three viewpoints simultaneously.  

2. THEORETICAL FRAMEWORK 

The paper is based on theoretical background from four interrelated areas: discrete event simulation (DES), levels of 
automation (LoA), ergonomics, and environmental impact analysis. 

2.1 DISCRETE EVENT SIMULATION 

Simulation is a powerful problem solving tool for industries today. One of the largest application areas for simulation is 
that of manufacturing systems, according to Law and McComas [1]. The first uses of this kind of simulation can be traced 
back to early 1950’s. Since then, the development of the field has been ongoing. However, the integration of 
multidisciplinary parameters and their analyses is a more recent approach [2], [3]. Simulation analysis provides many 
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production performance indicators. The common aim is to identify problem areas, and quantify or optimize production 
system performance such as throughput under average and peak loads, utilization of resources, labor and machine, staffing 
requirements, work shifts, bottlenecks, choke points, queuing at work locations, queuing caused by material handling 
devices and systems, effectiveness of the scheduling system, routing of material, work in process and storage needs. DES 
will constitute the basis for the SIMTER tool. 

2.2 LEVEL OF AUTOMATION 

Modern manufacturing systems normally include complex technical equipment as well as skilled human operators. 
When developing and changing such systems, an important design issue is the allocation of work tasks between humans and 
automated equipment. Often, such decisions are considered in a more or less binary manner – either a system is automated 
or it is manual. However, recent research [4] and [5] claims that careful consideration and controlled change of the level of 
automation (i.e. using a gradual increase or decrease of the number of automated tasks) may increase productivity and 
flexibility in many manufacturing system. Lowering the level of automation in a system may have the downside of 
increasing operation times. However, the increased number of operations performed manually will have a positive influence 
on system flexibility and provide for rapid disturbance handling. Experiences from research into operation of computer and 
aircraft control systems suggest that dynamic but controlled adjustment of the levels of automation in a system may be a 
powerful tool for semi-automated system control [4]. In [6], it is also suggested that the level of automation can be assessed 
and analyzed by decomposing semi-automated tasks into physical and cognitive components. This enables a more detailed 
design of physical tasks and decision support tools. The level of automation has natural implications on ergonomic features 
of a work situation, physical ergonomics as well as cognitive ergonomics. In the SIMTER tool, previously developed tools 
for level of automation analysis will be used and integrated with modules for ergonomics and environmental systems 
analysis. 

2.3 ENVIRONMENTAL IMPACTS 

To be able to consider the environment impacts of a process, it is important that the environmental parameters are 
assessed simultaneously in the same simulation model along with process parameters. Thus, the environmental 
considerations can be made at the time of production planning. However, so far no unified method for this approach has 
been found. Life cycle assessment is a method for evaluating environmental impacts associated with a product during its life 
span [7], [8]. The assessment can be accomplished by identifying and quantitatively describing the product requirements for 
energy and materials, the emissions and waste released to the environment. The product under study is examined from the 
initial extraction and processing of raw materials through manufacturing, distribution, and use, to final disposal, including 
the transports involved, i.e. its whole life cycle. 

Typically, industrial modeling with the life cycle assessment describes static models in comparison to DES. Examples of 
publications from different industrial areas are pharmaceutical intermediates [9], nitric acid plant [10], boron production 
[11], phenolic-resin manufacturing [12], and cement production [13]. 

In this domain, our intention is to enable the life cycle assessment on a detailed level where cause and effect can be 
measured over time with dynamics from discrete event simulation influencing each product’s way through the production 
system (“gate to gate”). The SIMTER tool is planned to include Life cycle inventory analysis (LCI) concentrating on the 
most important environmental aspects of production systems. 

2.4 ERGONOMICS 

The SIMTER tool will allow the production engineer to gain insight into the ergonomic impact of the production system 
by means of human simulation within the production model. It is known that both physical and cognitive aspects of 
ergonomics affect the humans’ ability to perform the job correctly and efficiently, while maintaining one’s health and 
safety. But within this area, the primary focus of the SIMTER tool is physical ergonomics. The tool is planned to be able to 
measure task duration and to compare results with ergonomics indexes (e.g. [14], [15], [16], [17], [18] and [19]). It will also 
enable reach, field of view and other physical factors analyses, including factors of occupational hygiene, such as 
temperature, noise and lighting. The possibilities of covering these aspects are plausible, and many of these aspects have 
already been implemented in the OSKU tool [20], a digital human model developed for participatory production design. 
That tool, featuring basic human simulation, is the starting point for SIMTER’s ergonomics dimension. 

Several common and validated methods for evaluating the ergonomics of working postures are employed in OSKU and 
will be inherited in the SIMTER tool. Such methods include RULA [21], OWAS [22], and ERGOKAN [23]. RULA (Rapid 
Upper Limb Assessment) is a survey method for investigating biomechanical and postural loading on the upper body, with 
particular attention to neck, trunk and upper limbs. OWAS (Ovako Working Posture Analysing System) identifies and 
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evaluates potentially harmful working postures using a scoring system. It can reveal the frequency and relative proportion of 
time spent in potentially harmful postures. Finally, ERGOKAN combines RULA and OWAS. 

In analyzing and developing production ergonomics, a number of analysis methods can be applied. Such methods are, 
for example, task analysis [24], cognitive work analysis [25], contextual design [26], usability testing [27], heuristic 
usability evaluations [27], ergonomics analyses [22], and participatory design [28]. In the SIMTER tool, cognitive 
ergonomics could be included using check lists, questionnaires or visual/aural simulations. 

3. METHODS AND MATERIALS 

The state-of-the-art and the requirements for the SIMTER tool have been gathered through literature review and 
interviews at partner companies in Finland and Sweden. The industrial partner companies represent machine building, 
automotive and chemical industries. The cases for applying the tool have been defined within each company. A semi-
structured questionnaire was composed to ensure comparable information gathering. The interviews concerned companies’ 
production activities, aims and prospects in production development and current problems within the three areas of interest 
in SIMTER. The findings in companies will be applied as milestones during the SIMTER tool development process. They 
will also be used in verifying the final outcome. The actual tool will be implemented on the platform of a commercial 
modular visual discrete event simulation system in the form of software plug-ins. The tool will be applied to the defined 
company cases to test the viability of the concept and the tool. 

4. RESULTS 

4.1. STATE-OF-THE-ART REVIEW 

The body of literature on individual aspects of SIMTER is extensive. However, there are only few reported scholar 
works considering two or more aspects simultaneously to some extent. 

4.1.1 ERGONOMICS 

Human performance modeling is one key subject in analysis of level of automation. Siebers presents ideas on how to 
combine human performance modeling with discrete event simulation [29], [30]. It is important to understand human 
performance variation. Unlike humans, machines can be modeled with a more deterministic logic. 

A joint simulation system supports the “Design for All” (DfA) principle that merges usability, accessibility, liberty, and 
barrier-freeness of environments, products and services to achieve sustainable and robust solutions [31]. Most of the system 
designers and engineers have to consider ergonomics from early steps in the product development process [32]. Digital 
human models have to be implemented in the first case to support engineers in their daily development work [33], [34], 
[35], [36] and [20]. 

It has been shown that ergonomics and assembly system configurations are closely related in practice. In [37] and [38], 
it is proposed an integrated, balanced approach for assembly system design and the use of virtual 3D design tool in 
ergonomic evaluation. The findings in these articles stress the idea that assembly design and ergonomics should be 
complimentary to each other. One restricting factor is the limited number of suitable commercial simulation tools 
supporting both assembly system design and ergonomics analysis at the same time. 

4.1.2. LEVEL OF AUTOMATION  

Level of Automation is often coupled with ergonomics and productivity. Ergonomics improvement may need some 
automation, for example, in the case of heavy lifting tasks one should automate material handling. There is also a link 
between ergonomics, productivity and process quality [37]. The selection of the most suitable production system is 
demanding. Productivity and performance issues need to be evaluated during the design and final selection of production 
system alternatives. Our literature survey indicates that methods based on Overall Equipment Efficiency (OEE) which can 
be captured in the following three sub-metrics of equipment or labor efficiency: 1) availability, 2) performance efficiency, 
and 3) rate of quality [39]. These metrics will be used to measure the output of the SIMTER tool simulation and analysis. 
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4.1.3. ENVIRONMENTAL IMPACTS 

Solding and Thollander [40] and Solding and Petku [41] used discrete event simulation to find environmental 
bottlenecks affection the environment negatively. One of the motivations to do this study was that energy use is the largest 
cause of environmental problems in the world and foundries do use comparatively a lot of energy. Persson and Karlsson 
[42], Alvemark and Persson [43] and Ingvarsson and Johansson [44], used discrete event simulation as a tool for 
environmental measurements in food production. A combination of life cycle assessment and discrete event simulation was 
employed. Five different life cycle assessment parameters were incorporated in the discrete event simulation models, CO2 
eq., NOX eq., SO2 eq., ethene eq., and energy eq. The results are very promising for jointly evaluating economy and 
environmental impact. However, these studies do not include level of automation or ergonomics. 

4.2. TECHNICAL FEATURES AND WORKFLOW OF SIMTER TOOL 

The SIMTER tool, which can be viewed as an information processing unit, operates with a number of input and output 
parameters. At the input, there is a set of alternative manufacturing process layouts having different combination of manual 
and machine work. The layouts are produced by the designer based on the process requirements, previous generation 
layouts and standard sub-layouts, known constraints relating to quality, productivity and safety. Each layout has to be 
supplied with the parameters such as content of tasks (e.g. pick-and-place, fasten etc.), energy and material flows associated 
with the task as well as other indicators (e.g. failure rates, maintenance costs). 

The workflow of the SIMTER tool is shown in Figure 1. First, the set of alternative process layouts is assessed based on 
the LoA. Only the layouts that fit into the LoA “box” (limited by the highest and lowest acceptable LoA values in the 
dimensions of information and mechanical automation) are retained, hence reducing the search space. Second, for each 
alternative, the process is simulated to evaluate performance and to highlight the points causing problems in terms of 
environmental impacts and ergonomics. For complex processes this approach is not feasible due to the dimensionality and 
the incomplete knowledge of too many process parameters. Therefore, it is better to assess the ergonomics and 
environmental impacts on the sub-layout level. The ergonomics sub-tool can simulate a sub-layout and to provide the 
duration and ergonomics scores of a manual task. The environmental sub-tool can perform energy calculations relating to 
energy consumption (e.g. due to lighting, air-conditioning) and waste (material, energy) of different variations of the same 
manual or automated task. Third, the process parameters are adjusted and the procedure is iterated (re-simulated) until a 
satisfactory set of potential solutions is attained. 

 

 
Figure 1. SIMTER tool: Information flow and shared data within the tool 
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At the output, the SIMTER tool produces not a point solution, but the factual basis for the decision making in the form 
of high-level indicators (e.g. availability, performance efficiency and rate of quality) and guidelines. This is important to 
ensure that the results are practically applicable because a point solution is never fully adequate due to the inherent process 
uncertainties and unknown parameters. 

As a conceptual example, consider a task that can be accomplished either by a robot or by a worker. For the robots, the 
task duration can be obtained using a DES system in combination with the robotics simulation. This functionality is 
available as a basis of several commercial tools, including Visual Components’ 3DCreate or Dassualt Systemes’ Igrip. For 
the worker, the task duration and ergonomics indexes can be obtained with an ergonomics tool such as OSKU or, in some 
extent, Dassualt Systemes’ ergonomics and digital human model functionality. The manual work and the automated work 
will produce different wastes and will consume energy and materials differently. Hence the environmental analysis will be 
influenced by the LoA choice. Specific calculations for the environmental impacts can be performed by using the data from 
existing LCI databases and tools. Here, all three SIMTER sub-areas are interrelated. For instance, choosing a higher 
automation level may be hindered by the high outage rate or energy consumption. On the other hand, using manual work in 
a task may be impeded due to its low ergonomics index, excessively high overall process pace or certain chemicals used in 
the process. 

In order to avoid using several pieces of simulation software and to reduce the total cost of the SIMTER tool, it has been 
decided to exploit commercial software, which includes both factory and robotic simulation features on a single platform – 
3DCreate and 3DRealize of Visual Components [45]. The selected component-based simulation software with 3D 
capabilities is needed for fast design and system analysis. Pre-engineered re-usable sub-model elements are available, new 
can also be created if needed. The advantage of using 3D simulation is visualization of the system, which improves 
communication. 3D features are also needed in ergonomic analysis or robotic work-cell design. Finally, selected system is 
extendable and support add-on application development (one reported example is the OSKU [20], which, in fact, is 
expected to be developed further in SIMTER). It is also possible to integrate external application to simulation, to read and 
to write data from/to spreadsheets or other external files. During the SIMTER project, it is planned to implement the plug-
ins on the 3DCreate platform for each of the three SIMTER sub-areas: ergonomics, LoA, and environmental impacts. 

5. DISCUSSION AND CONCLUSIONS 

This paper introduces the SIMTER project, which is one of the first efforts introducing joint analysis of 1) 
environmental impact calculations in combination with discrete event simulation and 2) virtual analysis tool for level of 
automation evaluations in combination with ergonomic considerations.  

The literature review indicated that the joint simulation regarding ergonomics, level of automation and environmental 
impacts, being proposed in SIMTER, have not yet been reported. Furthermore, the company interviews conducted within 
SIMTER also indicated the practical need for the joint perspective on simulation for decision support.  

As a future work, there are several specific challenges to be addressed with the proposed joint simulation. Such 
challenges include, for example, balancing manual and machine work, reducing vulnerability of manufacturing systems to 
disturbances while maintaining low person-hour cost, revealing the influence of levels of automation on ergonomics and 
environmental impacts; filling in the gap between life cycle assessment and conventional process simulation, and finding 
out the most eminent environmental factors to be taken into account. Finally, the SIMTER tool has to be implemented and 
tested in industrial cases.  
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ABSTRACT 

Data collection is a crucial and time consuming stage in many manufacturing analyses. In addition to the 
experience and process knowledge of the project managers, efficient data collection requires a structured 
working method. Data collection is greatly dependent upon the project’s problem formulation and its objectives. 
To avoid misunderstandings, the problem formulation should be clear and precise. It is important that the 
process owner understands and agrees with the formulation. The project must also have clear objectives, if it is 
to be successful. This paper introduces an initiative to create a software tool, with the purpose of aiding data 
collection and preventing misunderstandings. Creating a simple visualisation of the manufacturing resources 
and their correlations with each other enables the important pieces of equipment to be identified more easily. 
Furthermore, the tool should help the user communicate with the process owner, helping to identify which data 
is needed to conduct the study. The tool may also act as a virtual contract between the process owner and the 
project manager. The initial version of the software focuses on foundry specific equipment with parameters 
important for discrete event simulation and mathematical energy optimisation. 

1. INTRODUCTION 

One of the most important stages in advanced manufacturing analyses, such as studies using modelling, 
simulation and optimisation, is data collection and analysis of input data. If adequate input data is not available when 
needed, the project will be delayed and the quality of the results will suffer. There are a number of factors which can 
result in longer data collection time, for example inaccurate problem formulation, lack of clear definition of project 
objectives, high complexity of the system, high level of model detail and poor data availability [1]. In order to collect 
data effectively and to carry out the project successfully, it is important to develop a plan at the beginning of the 
project. Thorough project planning is generally a great advantage, as it saves both time and resources in the long run. 

Even though a great deal has been written concerning project management and data collection [2, 3, 5, 6 and 7], 
the fact remains that efficient project management, planning and data collection are still highly dependent upon the 
skill and experience of the project manager. It would be useful to have a tool which could aid and train inexperienced 
project managers and assist the more experienced with data management and information sharing. 

This paper presents some ideas and issues concerning planning and conducting manufacturing analyses. This 
includes areas such as problem formulation, defining objectives and collecting data. The paper also introduces an 
initiative to create a user-friendly software tool that will aid the collection of data and help to prevent 
misunderstandings between the project manager and the process owner. 

The ideas presented in this paper originate from work done in the research project INTENS (INTegration of 
ENergy optimisation and discrete event Simulation). The main objective of this project is to combine discrete event 
simulation and mathematical energy optimisation. When it was realised that many of the initial steps in the data 
collection phases are identical in both methods, the project’s participants agreed upon the advantages of a structured, 
methodical approach. A literature study was carried out which established the basis for the software tool. 
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2. PROJECT MANAGEMENT 

Managing a project in such a way that it is completed within the defined scope and time frame and with adequate 
quality, there are several important steps that must be considered. The problem of interest must be clear and the 
objective of the project should be clearly defined. The next step is to ensure that there are sufficient appropriate 
information, personnel, data and resources for the job. The input data needed by the project should also be identified 
and collected. There are several project methodologies [2, 3, 5 and 6], that are acknowledged in the manufacturing 
analysis community. According to Law [2], in order to fulfil the project goals successfully and to complete it within 
the given time frame, there are seven steps which should be carried out: problem formulation and setting of 
objectives, collection of data and construction of conceptual model, conceptual model validation, programming of 
the model, validation of the programmed model, designing, conducting and analyzing experiments, and finally 
documenting and presenting the results. This study emphasizes the problem formulation, setting of objectives and 
data collection. 

2.1. PROBLEM FORMULATION 

The first step in every project should be the problem formulation. When formulating the problem, there are 
several important guidelines to keep in mind, for example: 

• Clarity: it is important to understand the problem clearly [3, 4]. 

• Specificity: the specific questions to be answered by the study. Without high specificity, it is impossible 
to determine the appropriate level of model detail [2]. 

• Agreement: it is important that the process owner understands and agrees with the formulation [3]. 

2.2. SETTING OF OBJECTIVES 

An objective is a statement of what should be achieved [7]. Every project must have clear objectives to be 
successful. According to Robinson [7], a useful framework is to consider the objectives in terms of three 
components: 

• Achievements: describes the basic aim of the project, which might be to reduce energy usage. 
Achievement contains key actions such as increase, reduce, understand, determine, identify, 
demonstrate, compare, select and communicate. 

• Measurements: if the achievements can be quantified, for example reduce energy usage by 10 per cent. 

• Constraints: normally expressed in term of money, people, resources or time, for example increase 
production by 10 per cent without employing more labour. 

If there is more than one objective rank the objectives, determine which are more important and which are less 
important [7]. There are also several important questions which should be asked when defining the objectives of the 
study. They are: 

• Time-scale: when are the results required [7, 3]? 

• What amount of personnel is needed for the project [3]? 

• Visual objectives: if there is some kind of visualisation, what level of visual display is required [7]? 

• Interaction objectives: in some cases the project model needs a certain level of interaction. In which way 
should the interaction operate, through a data file or menu-driven options [7]? 

• Why is the study being performed [8]? 

• Who will be using the model [8]? 

• To whom will the result of the project be presented [8]? 

• What information is expected from the project [8]? 

• Is this a “throwaway” model? Is it a “reusable template” [8]? 

• How important is the decision to be made? What are the projected savings or gains [8]? 
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2.3. DATA COLLECTION 

Data collection plays a key role in the project. In many cases, data collection may be hindered by inherent 
difficulties. It is therefore important that data gathering should be planned, goal oriented and focused on information 
that will help to achieve the objectives of the study [8]. Data collection is a time consuming process and most 
simulation practitioners argue that the collection and analysis of input data takes an extremely long time, typically 
more than a third of the project time [9]. There are many types of data that might need to be collected [10], as most 
models require a substantial amount of information that involves delays: processing times, travel times, operator 
work schedules, etc. The amount of data that needs to be collected is highly dependent upon the project objectives 
and credibility concerns. There are, however, several guidelines that should be kept in mind when gathering data [7]: 

• List all the data that needs to be collected. 

• Assign a person to be responsible for gathering the data. 

• Define the date on which the information needs to be available. 

• Categorize the data into three categories: 

o Category A: Available data which is immediately available. 

o Category B: Not available, but can be collected. 

o Category C: Not available and not collectable. 

• When possible, videotape the system while active and extract data later by viewing the tape. 

• If you are modelling a system where the physical movement of entities among stations will be represented in 
the model, the operating parameters and physical layout of the material-handling system will also be 
needed. 

3. SOFTWARE AIDED DATA COLLECTION 

A software tool can be useful when training inexperienced project managers as well as assisting more 
experienced project managers in collecting, organizing, visualizing and sharing data and information. Such a tool 
should help the project manager to ask the process owner the right questions and to identify the data needed. A 
simple visualisation of the manufacturing resources and their correlations with each other will allow the important 
pieces of equipment to be identified more easily. The tool has to be flexible, so that it can be used in many different 
types of data intensive analysis of manufacturing systems. 

The main functions of the software tool should be to aid the project manager when formulating the problem, 
setting the objectives and identifying the data to be collected. The software ought to provide hints and guidelines 
comparable to the hints and guidelines discussed in section 2. The main advantage of this approach is that it forces 
the project manager to carry out the project in a structured and standardized way, thereby minimizing the risk of 
overlooking important steps. If the software tool is used throughout the project, it can be used as a communication 
platform, preventing misunderstandings between the process owner and the project manager. The outcome of using 
the software should be improved meeting efficiency and a reduced need for complementary data collection activities. 

3.1. METHODOLOGY 

The software tool is intended to be used together with a methodical project management methodology [2, 3]. The 
first function of the tool should be to define the type of study which will be conducted and to remind the user of how 
to define the problem. Guidelines intended to assist the user, including clarity, specificity and agreement, should be 
easily accessible. The next function of the software should concern the definition of objectives. In addition to 
providing the corresponding guidelines, the software tool should give the user an option to categorize and rank the 
objectives. The last function of the software tool should be data collection. The basis for this function should be a 
simple visualisation of the production flow. The included equipment should be named, defined and categorized. If 
the equipment is common, the software should provide a list of predefined key parameters as shown in figure 1. 
Depending on the type of study conducted, the suggested list should be adjusted accordingly. It should also be 
possible to, in line with the suggestions listed in section 2.3, set an availability category, choose a responsible person 
and set a final date for the data collection for each parameter. This should give all the project participants the same 
view, which will make it easier to manage the rest of the work. 
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Figure 1: Example of a simple flow visualisation (to the left) and the list of predefined key parameters (to the right). 

In every phase of a project the user should be able to list and print the collected input data. The summarized input 
could be used as a virtual agreement or just to inform the process owner of the status and progress of the project. The 
result should be improved communication and a reduced risk of misunderstandings occurring. 

3.2. TECHNICAL SPECIFICATIONS FOR SOFTWARE TOOL 

To provide functionality to a wide range of end users the software tool should be developed in a format familiar 
to them, such as a Microsoft compliant environment. An equipment database with predefined key parameters should 
be available in the software tool. Since the parameters have varying importance according to which type of study is 
being conducted, each parameter should be associated with the appropriate types, for example: 

• Machine capacity : discrete event simulation, energy optimisation 

• Breakdown time: discrete event simulation. 

The database should be updated continuously. The initial version of the database includes foundry specific 
equipment with parameters important for discrete event simulation and mathematical energy optimisation. 

All project data should be stored at one location in a separate database. The main advantage of this approach is 
the encapsulation and management of the input data. Various report generators could be used which will make the 
input data easier to evaluate. Additionally, data could easily be exported to many formats which will allow better 
interaction with other software. 

4. DISCUSSION 

The work presented in this paper was conducted in close cooperation with industrial participants. The software 
tool in particular was to a great extent shaped by the needs and desires of the industrial participants. There were 
primarily two issues which the participants were interested in. The first one was the necessity for clear, efficient 
communication. They felt that many projects were delayed by communication flaws and that much time was spent on 
inefficient meetings. The second issue concerned the project’s vulnerability, when an unexpected change of project 
manager occurred. In the experience of the industrial participants a project would often lose momentum if this 
occurred, and sometimes the project would need to be completely restarted. The work done so far has been positively 
received by the industrial participants and they are eager to try the software. 

The greatest difficulty concerning the software development so far has been to find the right level of flexibility. If 
the software becomes too flexible, there is a risk that its usefulness will suffer. If the software is not flexible enough, 
it will be of use in only a small variety of problems. 

1035



Software aided data collection methodology  

 
5. CONCLUDING REMARKS 

This paper has described a methodology where a newly developed software tool is used to assist the collection 
and organisation of data. The industrial participants in this project have shown great interest in the tool; it will 
therefore be used in future scheduled projects at these companies with the aim of evaluating the impact the tool has 
on time consumption and the quality of the manufacturing system analyses. 

The software tool is in its present rendering designed for use together with modelling, simulation and 
optimisation. However, the structure of the system makes it generic enough to be both scalable and adaptable, 
allowing it to also be used for other purposes. The possibilities of multiple application fields in addition to a foundry 
specific focus distinguish this approach against other approaches used in the semiconductor industry. 

6. FUTURE WORK 

Even though most of the groundwork for the software is completed, some parts still need improvement before 
public release. The release of the first version is planned for the second half of 2008. When conducting production 
systems analyses, in the future, using computer software tools such as discrete event simulation and mathematical 
energy optimisation programs, the method will be applied. This will test and evaluate the method, as well as lead to 
further improvements. There is also an ongoing discussion about incorporating even more project phases in the 
software in future versions. 
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ABSTRACT 

Frequent introduction of new possibilities, requirements and constraints forces manufacturing enterprises to be 
changeable and adaptable and to maintain their existing capabilities. In an ongoing research project, FMS 2010, 
a concept of adaptive manufacturing systems is being developed. It aims to achieve a more autonomous and 
effective manufacturing system. This paper examines issues of changeability in manufacturing-related research 
and discusses different viewpoints on changeability, where this can be seen as the capacity and capability of a 
system to change and adapt to a new situation. This paper proposes that one of the main enablers for 
changeability is a digitally presented manufacturing system. It can be used in decision making and the 
management of changes. Alternative ways to fulfil the required changes can be evaluated and tested digitally in 
advance and the best alternatives found can then be chosen for implementation. 

1. INTRODUCTION 

The challenges of globally distributed competition force manufacturing enterprises to be changeable. The aim of 
the FMS 2010 research project is to create a concept of a new, more adaptive, efficient and autonomous 
manufacturing system. The system consists of basic entities: products, resources and orders. The intention is to 
integrate the design and development of the basic entities and related domains; process, production and business. 
This paper discusses changeability issues related to the concept, where changeability can be seen as the capacity and 
capability of a system to react to changes, make them reality and adapt to a new situation. Different aspects of 
changeability, such as flexibility and agility, are examined and viewed against recent research articles dealing with 
changeability related to different manufacturing system paradigms.  

The claim in this paper is that a digitally presented manufacturing system in conjunction with human skills and 
knowledge is one of the main enablers for changeability. The digital manufacturing system consists of digital 
information and knowledge as well as tools for simulation, modelling and analysis of the real manufacturing 
systems. The focus can range from enterprise network level down to individual tools and machines.  

The digital manufacturing system is an integrating design and development of product, production system and 
business domains. It is a valuable tool to be used in decision-making processes, change management and future 
requirements. The alternatives to achieve required solutions to changes can be tested in advance in a digital 
manufacturing environment. The most feasible alternatives found can be chosen for further comparison and a 
solution selected for implementation. 

1.1 A VIEW ON APPROACHES TO CHANGEABILITY 

Measuring the success of manufacturing enterprises is often linked with the classical key factors of cost, quality 
and time. Wiendahl and Heger [1] suggest changeability as an important factor in the competitiveness of 
manufacturing companies, as well as in classical performance measurements. Changeability is defined on the five 
structuring levels of an enterprise: changeoverability, reconfigurability, flexibility, transformability and agility. 
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Changeoverability is related to single workstations that perform manufacturing processes in order to 
manufacture product features. Transformability is changeability at a factory level. It includes, for example, facilities, 
organization and employees. The whole factory is oriented towards the market to offer the right products and 
services [2]. Agility is seen from a manufacturing enterprise level and refers to the ability of an enterprise to effect 
changes in its systems, structure and organization [3]. The structuring levels of reconfigurability and flexibility in 
the manufacturing systems environment are discussed in more detail below. 

Reconfigurability and flexibility are the most widely examined structuring levels of changeability. Typically 
discussed manufacturing paradigms are Flexible Manufacturing Systems (FMSs) and Reconfigurable 
Manufacturing Systems (RMSs). An FMS is configured to deal with part variations within its scope. The 
functionality and capacity of FMSs are pre-designed, while flexibility is inherent and built-in a priori [4]. Because 
of the fixed flexibility of FMS, it is not flexible enough for rapid and cost-effective reconfiguration in response to 
changing markets [5].  An RMS is composed of general-purpose hardware and software modules that are reused in 
reconfiguration tasks. Modules are replaced or added only if necessary [6]. An RMS has the ability to change 
capacity and functionality to bring about the needed flexibility, i.e. to bring about exactly the functionality and 
capacity needed exactly when needed [7]. Tolio et al. [8] introduced the Focused Flexibility Manufacturing System 
(FFMS). It takes into account both present volume and variation changes of products and possible future 
technological changes. Whether to focus the flexibility on existing systems or to have extra flexibility taken into 
account in the future is a strategic decision. 

It is quite obvious that changeability, at all of the structuring levels, must work in order to successfully operate 
and develop. A sixth structuring level, awareness, can be added above agility. It can be explained as knowledge of 
the industry. It sees the production network as a part of the industrial ecosystem, where the current network entities 
exist and from where the future entities can be searched. The behaviour at the ecosystem level differs from the five 
structuring levels, because it is not under any administration. A manufacturing enterprise can have a certain control 
of its own enterprise network, but it cannot control new enterprises coming into the market. 

According to Sohlenius [9], changeability is a precondition for success. Innovation requires a combination of 
creativity with quality and productivity, i.e. the ability to make decisions about products and processes. Sohlenius 
mentioned that striving for stability is more important, but innovation requires an ability to adjust to new 
opportunities and constraints. 

Lapinleimu [10] discusses a theory of the Ideal Factory. He explains the similarity of product and production 
structures, modularity, from three viewpoints: 

- Ideal unit structure of products, the viewpoint of customers. 

- Structure of manufacturing units, the viewpoint of technology and capabilities. 

- Structure of factories, the business and logistics points of view. 

The modularity enables the ability to change the structure of products and production systems without changing 
the units involved. The other way to see this is that changing the behaviour of the units does not impact on the 
system structure. 

Zäh et al. [11] outlines a paradigm of the Cognitive Factory, which is based on Cognitive Technical Systems 
(CTSs). It is a factory environment equipped with a network of sensors and actuators. The differences between 
CTSs and other technical systems are cognitive capabilities, such as perception, reasoning, learning and planning. 
The benefits of this paradigm are, for example, that the manufacturing units know what they are doing, they are able 
to control themselves and plan future manufacturing activities in conjunction with other units. 

2. FMS2010 CONCEPT OF ADAPTIVE MANUFACTURING SYSTEMS 

The aim of the FMS 2010 research project is to create a concept of an adaptive and autonomous manufacturing 
system. The intention is to integrate the design and development of product, production and business domains to 
occur simultaneously in one environment. The view will be held that integration of this kind is possible by mapping 
through the requirements, possibilities and constraints of products, resources and orders. The challenge is to 
increase the adaptivity in changing markets and individual customer demands. The working title of the concept is 
Distributed Manufacturing System, DiMS.  

The DiMS approach is a transition process towards distributed manufacturing systems. It consists of synthesis, 
solution creation and usage of the created new system. In the synthesis, the existing system, together with new 
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existing possibilities, is evaluated against new ideas and needs for change. The use of digital information and 
knowledge, as well as the information and communications software, is analyzed to achieve the current state of the 
system’s digital enablers. In the solution creation process, the often isolated software systems of different 
manufacturing domains are analyzed to see how they can be used more efficiently and integrated to appear as one 
system from the end user’s point of view. In the development and usage phase, the created system is constantly 
updating its information and knowledge by learning from the actions.  

The digital manufacturing system offers information and knowledge to the physical manufacturing system and 
the physical system is updating the digital system when operating. The constant updating of the state of the digital 
system is the basis of the development of the real system. The main principles of the FMS 2010 concept are 
represented in Figure 1. 

Synthesis

Usage

Need for change 
Ideas

DiMS

FMS 2010

DiMS

Emergency

Implementation

Skills 
Knowledge

Solution 
creation

 

Figure 1: The main principles of FMS 2010 concept, DiMS. 

The adaptive system consists of autonomous and co-operative units. The units in the system are self-organizing 
and they work as a team in a knowledge-based network. In the co-operative teamwork, the communication between 
the units is seen as services, where only needed information is included in the services and the skills and knowledge 
are kept as the autonomy of the units. The units are able to develop and learn from their actions, constantly updating 
their skill and knowledge for future operations. The system itself can also be seen as an autonomous and co-
operative unit. The system is part of a wider system, where it is communicating with other systems, such as 
suppliers, partners and customers, whether they are part of the manufacturing enterprise or enterprise network.  

The FMS 2010 framework is being piloted in participating companies. In each company, a specific design and 
development challenge is selected for analysis. The cases vary from system-level inspections to detailed inspection 
of machine tools and equipment. The scope of the case to be examined will vary, depending on the characteristics of 
the system. It will be kept within reasonable limits because the aim is to pilot the concept and expand it further in 
the future. The main areas of the research are: 

- Challenges in state-of-the-art FMS technology. 

- FMS-control architecture. 

- Manufacturing methods integration. 

- Flexible automated fixtures. 

- Digital manufacturing - modelling, simulation and analysis of machine tools and robots. 

- Digital manufacturing systems - modelling, simulation and analysis of material and information flow of 
manufacturing systems. 
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3. VIEWS ON CHANGES 

Different views on changes such as external and internal changes, changes in the time horizon and changeability 
capabilities and capacity are examined in this paper. The issues of changeability, mainly related to the digitally 
presented manufacturing system, are discussed in Chapter 4. 

3.1. EXTERNAL AND INTERNAL CHANGES 

External changes can be indirect or direct. Indirect changes derive from, for example, environment, politics, 
society and markets. Some of the indirect impacts, such as laws and regulations, are mandatory, i.e. the 
manufacturing enterprise is required to adapt. Human beliefs and ethical questions are examples of changes where 
decisions may be made on a voluntary basis. They may seem unnecessary for productivity, but can have a great 
impact on customer behaviour and enterprise reputation and recognition of the manufacturing enterprise. The 
external changes cause internal changes. Internal change may also happen without external influence, although most 
internal changes are made to improve the system to meet the challenges of future external and internal changes. An 
internal change almost never ends after the change has happened. It most likely causes other changes to the system, 
and even external changes if the system has changes made from the external viewpoint, and may offer something 
new. Whether the change is external or internal, nearly all of the change factors influencing the performance of 
manufacturing are permanently changing [12]. 

3.2. CHANGES IN THE TIME HORIZON 

The lifecycle phases proposed in [13] are design, planning, implementation and operation. They are intended for 
both product and production systems to be applied in an integrated process. In the design phase, which aims to 
achieve alternative solution principles on abstract descriptions, the ability to change is fairly undemanding. The 
possibilities are numerous, but the risk of faulty decisions is high. The planning phase aims to have detailed solution 
alternatives that are compared and further researched. The old system at the start of the design phase is changed to 
new system alternatives at the end of the planning phase. As the system is examined in a detailed fashion, the 
possibilities are narrowed down. The ability to change relates more to the process of selecting from detailed 
alternatives. The result of the implementation phase is a fully functional system. The implementation includes issues 
related to layout design, flow of material and positions of resources working together. In this phase, it is possible to 
implement the system in such a way that it is easy to reconfigure if further configuration is needed. The operation 
phase aims to efficiently operate the system. The capacity and scalability against changing production volume and 
mix can be simulated. Rules for the system operation and needed actions to change the system can be examined.  

Another time-horizon-related approach is to look at the system from history, current, tactical, strategic and 
visionary viewpoints. Obviously, changes cannot be made to the history, but the history can be valuable if the 
system’s past is examined. Analyzing why certain phenomena occurred and what their root causes were, unwanted 
situations can be avoided in the future, thus the system changes by learning. The tactical decisions, enterprise 
strategy and future visions are examples of using the lifecycle phases: design, planning, implementation and 
operation. The difference is how far they are looking into the future. In all of the cases, the aim is to detect the 
possible need for change before the actual changes happen. 

3.3. CHANGEABILITY CAPABILITY 

The capability to change can be seen as the first requirement of changeability. If the manufacturing system lacks 
capabilities, it has to be able to acquire the needed capabilities. The evolution of capability from the unknown to 
core skills and knowledge is presented in Figure 2. 

 

Unknown CoreYesCouldShouldWould

Possibilities Technologies Capabilities
Configuration

Implementation
Integration

Improvement
Learning  

Figure 2: The evolution of capability from the unknown to core skills and knowledge. 
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The capability of a manufacturing system to make the change can be seen from different levels. Something that 
is unknown cannot be considered until the possibilities are known. When it is clear that the change is possible, 
needed technologies must be investigated. Having the technology available, the system may be configured and the 
capabilities achieved. When the actual possibility is implemented and integrated into the system, it is safe to say that 
the capability exists in the system. The existing capabilities are constantly improved by learning from actions. 

4. DIGITAL MANUFACTURING SYSTEM AS AN ENABLER OF CHANGEABILITY 

The digital manufacturing system consists of digitally presented information and knowledge as well as 
computer-aided tools for modelling, simulation and analysis of the real manufacturing system. Example areas of 
digital manufacturing systems are [14]: 

- Product development, test and optimisation. 

- Production process development and optimisation. 

- Plant design and improvement. 

- Operative production planning and control. 

The research into digital and virtual manufacturing, factories and enterprises has no commonly agreed 
definitions, but they share some characteristics often found in the literature, (see, for example, [14], [15], [16]):  

- Integrated approach to improve product and production engineering processes and technology. 

- The use of computer-aided tools, such as modelling, simulation and analysis, for planning and development 
of real manufacturing processes 

In this paper, a digitally presented manufacturing system is claimed to be one of the key enablers of 
changeability. The digital manufacturing system is defined as “An integrated environment for design and 
development of products, production systems and business processes.” It includes information and knowledge of 
every aspect of a real manufacturing system that it is possible to present digitally. It also includes tools for 
simulation, modelling and analysis of changes. The focus can be at any level from enterprise network level down to 
individual tools and machines. The digital manufacturing system can be used in decision making and management 
of changes. Alternative ways to fulfil required changes can be evaluated and tested digitally in advance, and the best 
alternatives found can then be chosen for implementation.  

Production
Domain

Capacity
Scalability

Capability Supply
Demand

Process
Domain

Business
DomainProduct

Resource Order

Production
Domain

Capacity
Scalability

Capability Supply
Demand

Process
Domain

Business
DomainProductProduct

ResourceResource OrderOrder

Communication

Communication

(a) Holonic Entity (b) Holonic System

Digital
Information
Knowledge

Real
Physical

Virtual
Model

 

Figure 3: The structure of a digital manufacturing system, both holonic entities and systems. 

Figure 3 represents the structure of a digital manufacturing system, having both (a) holonic entity and (b) 
holonic system. The structure of the holonic system consists of three types of manufacturing holons and 
corresponding manufacturing domains, each of them having a specific role in the system. The structure of all three 
types of holonic manufacturing entities consists of digital, virtual and real parts; co-operation is seen as the 
communication part of the holon.  
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Products are what the customers see as supply; at the same time, they define the capabilities needed to make all 
of the products. The process domain describes the capabilities of the system. The system needs to be able to 
manufacture all of the features of the products, i.e. the resources should be associated with corresponding methods. 
The resources, having the needed capabilities, also define the capacity of the system in the production domain. The 
production domain is responsible for manufacturing orders at the right time. It should have enough capacity to 
manufacture the volume and scalability needed to handle the variation in orders. The business domain makes sure 
that the system offers the right products, so that there will be enough orders, i.e. so supply matches demand.  

The different roles and descriptions of the holonic entities in the system are briefly given as follows: 

- The digital part includes all the digitally presented information and knowledge.  

- The real part represents what exists physically in the real system. 

- The virtual part is a representation of the physical part as a computer model. 

- The communications part is the language and content of the information that is transferred within the 
system. 

The approach is based on the principles of Holonic Manufacturing Systems (HMS), Service-Oriented 
Architecture (SOA) and Fractal Manufacturing Systems (FrMS). The idea for the architecture of a digitally 
presented manufacturing system is based on the Reference Architecture for Holonic Manufacturing Systems, 
PROSA [17]. The FrMS approach explains the self-similarity of the holons at different structuring levels [18]. A 
manufacturing system holon is part of a manufacturing enterprise holon, i.e. it is a sub-holon in relation to the 
enterprise. At the same time, a manufacturing system holon consists of manufacturing unit holons; it is therefore a 
holarchy of manufacturing units.  

SOA is a form of distributed systems architecture [19]. The communication in the manufacturing system and its 
context is based on SOA. It is seen as services, which hold all the information needed for autonomous operations 
and co-operation. This provides an environment for networked distributed operations between manufacturing 
holons. The communicating manufacturing holons can be units within a system or systems in an enterprise network 
that are communicating with each other. 

4.1. BENEFITS OF DIGITAL MANUFACTURING SYSTEMS IN CHANGEABILITY ISSUES 

The lifecycle phases discussed in Chapter 3.2 all occur in a digital manufacturing system. Because of that, there 
is a possibility of an incremental and iterative process, even in the late phases. The possible mistakes can be 
corrected, rethought and redesigned before becoming involved in the real manufacturing system. A digital 
manufacturing system is a tool to analyze what has happened, what is happening now and what are the challenges in 
the future. The examples of the benefits of digital manufacturing systems listed here are based on [20], [21] and the 
experience of the author of this paper: 

- Service-Oriented approach is used to explain the structure of the information and knowledge required in a 
digital manufacturing system. Resources have specific capabilities and therefore they are typically presented 
as service providers. Products consist of features that are needed in order to maintain products as service 
requesters. The structure and content of the services has to be exact in order to create a formal connection 
between products and resources.   

- When new products are introduced, service requests can be simulated so they render an immediate response 
in terms of the system’s capability to manufacture the products. If change is needed, different solutions can 
be simulated and analysed, and the best solution selected. Using the digital manufacturing system in the 
early steps of design and development challenges makes it possible to detect requirements for the change in 
advance. 

- Capability descriptions are intended to describe what the system is capable of doing and when the system 
has to be changed or something new has to be implemented in the system. The descriptions have to be 
presented formally so that both humans and machines can use the information and communicate in the 
system. 

- Decisions made in a company can be seen from, for example, the respective viewpoints of the current 
operational system, short-term forecasting and long-term forecasting, where digital simulation models offer 
efficient tools for decision making. 
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- An open communications system enables an efficient exchange of information and ideas between entities 
inside a company, in the enterprise network with suppliers and customers, as well as with experts in 
research centres and universities. 

- Digital simulation models provide an efficient way to demonstrate events that are happening in the 
manufacturing system. Effects of individual decisions on the whole system are easier to understand with 
animation and realistic-looking graphics. 

- History data management offers an efficient way to analyse the system. Logging the events that have 
happened in the system provides an opportunity to look back and find out what happened and what caused it 
to happen. It is possible to find the root causes and prevent or minimise unwanted events from happening in 
the future. 

In addition to the benefits listed above, the construction of a digital manufacturing system itself increases the 
knowledge of the system. The experts in a manufacturing enterprise acquire a wider outlook compared to their 
special domain of knowledge. 

5. SUMMARY 

It has been suggested that changeability is a key factor in the competitiveness of manufacturing companies, in 
addition to the classical performance measurements of cost, quality and time. Different approaches to changeability 
found in the literature, where the main structuring levels related to manufacturing systems were flexibility and 
reconfigurability, have been discussed. Three viewpoints on changeability – external and internal changes, changes 
in the time horizon, and changeability capabilities and capacity – were examined. 

The idea of a digital manufacturing system, as an enabler for changeability, was discussed. The holonic structure 
consisting of basic manufacturing system building blocks – product holons, resource holons and order holons – was 
the inspiration of the structure of the digital manufacturing system. Each of the basic building blocks was divided 
into digital, real and physical parts, as well as the communication part. The approach to digital manufacturing 
systems was explained and, finally, several benefits of digital manufacturing systems were explored. 
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ABSTRACT 

The effective production processes control requires the appropriate mechanisms for process monitoring and 
process flow normalization in case when fluctuations appear, that scope is bigger than the buffering abilities of 
manufacturing system. In the conditions of uncertainty a crisis may appear that threats seriously the production 
system operations continuity. The aim of the paper is to present a method that was applied for improvement of 
production flow control in a machines assembly plant in conditions of delivery and process lead times 
uncertainty. In the case that has been the basis for the project, the automotive manufacturer has a problems in 
fulfilling the due-to-order deliveries of final product in required by clients time horizon. Authors briefly presents 
stages of researches well as the final solution that was proposed. The indicators that were applied for production 
flow control will be presented. The numerical example will be discussed to point potential for application of the 
elaborated by authors solution. 

1. CASE STUDY DESCRIPTION 

The preliminary stage of this project was already presented as work-in-progress at FAIM 2006, where theoretical 
background and initial proposal for solution was described. This paper refers to final stage of the project, as the final 
solution of the problem and numerical example are presented.  

1.1. PROBLEM DOMAIN 

The analyzed production system is typical for nowadays European automotive industry and is a mixture of the 

traditional mass production features in the departments responsible for pre-treatment (like body shop and paint shop) 

and Just-in-Time concept in the area of the final assembly [4,6]. The production system is characterized by high 

stability understand as: 

- steady production plans 

- Master Production Schedule (MPS) is prepared many weeks in advanced  

- high similarity of production routines 

- high similarity of product structure (BOM), however they may differ in number of specific attributes like 

for example color. 
The manufacturer in order to protect the stability of production system and to achieve the gains of the economy 

of scale combine two policies by production planning, as followed: build-to-order and build-to-forecast. The forecast 
of customer demand regarding volume and items’ specification is elaborated many months in advance in order to 
provide an attractive product mix for assembly plant balancing. The customers orders are collected many weeks 
before production starts and are either fitted into the plan laid out by the production programmed months ahead, or 
the forecast orders in the system are amended to customer requirements. The orders are allocated to for a build week 
and re-shuffled into a sequence of build orders for the assembly plants. Once sequenced, the orders are sent to the 
body shop, where they become a complete body [2]. After the body shop, the body are cumulated in body-in-white 
storage, to achieve efficiency in the paint shop by accumulating bodies that are meant to be sprayed in the same 
color. In paint shop the initial production sequence is distorted, and it becomes unpredictable for all subsequent 
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operations as to what cars are coming down the process. After paint, the cars are generally re-shuffled again before 
they are sent on the assembly department in order to ensure the mix of cars is aligned with the constraints opposed by 
the line balancing activities. 

All deliveries of raw materials and components are based on just-in-time basis. Suppliers are being informed few 
days in advance about production plans (production sequence). 1

st
-tier Suppliers are being informed about qualitative 

and quantitative orders requirements at three time-points. The first roughly information on required components and 
materials is given to suppliers when Master Production Schedule is agreed a few weeks before production starts. The 
last call for supplies of components takes place when pre-treated products leave paint shop (Dep.2). The main value 
adding process is generated by final assembly (Dep. 3). All supplies of components are supposed to arrive at final 
assembly department in the required sequence due to the fact that there are no buffers. Due the fact that all deliveries 
of raw materials and components for final assembly are based on just-in-time basis, any changes in order sequence 
results in problems with on–time deliveries of components, what seriously disturbs the overall operations 
management performance.  

Due complexity of the production systems in the automotive industry there are problems to identify the sources of 
disturbances. It has been recognized at initial stage of the described research that that the problems in fulfilling on 
time customers orders appear due uncertainty inherent in process lead times and deliveries lead times [3,5]. The 
variations of delivery lead times and process lead times are transmitted through manufacturing system causing 
problems in execution of production plans. It has been identified that a new approach for production flow control is 
needed in order to better identified disturbances. 

1.2. PRODUCTION PLANNING AND CONTROL  

In the analyzed manufacturing system by the execution of elaborated Master Production Schedule (MPS) a 
number of variations appear regarding both time of particular order completion and the orders sequence. The MPS is 
elaborated on the basis of predefined criteria which are known. The existing system for operations management 
monitoring register the production sequence at a number of Production Control Point (PCP) those are located within 
assembly plant (Fig. 1). Within manufacturing system problems appear due the fact that a number of disturbing 
events has occurred between the time of the observation is made and the MPS was prepared. The histories of events 
which appear between MPS elaboration and its execution are known and stored in the production database. Due a 
big number of information coming from production system to production database regarding production flow, the 
people responsible for production planning and control are overloaded with information. The production database is 
not appropriate analyzed and disturbances are not identified before they are too big to be fixed.  

 

 

 

 

 

 

 

 

Figure 1: Production system model, source: [1] 
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following production orders identification number (POIN) observed at the entry to the production system. Block of 
production orders is a fragment of production sequence and consist of k POIN.  

In the real manufacturing system the differences are significant. The sequence at the end of the production system 
comparing to the manufacturing system entry is inconsistent. The inconsistency is perceived as a fragmentation of 
original block of items into smaller block and its mixture with others block. Consequently it is impossible to forecast 
precisely both the time when defined block of order will be manufactured and the order following POIN within block 
will appear. 

This situation influence on-time supplies of components for final assembly and seriously affects the ability to 
provide clients with required goods on-time. 

2. METHOD FOR PRODUCTION FLOW IMPROVEMENT  

2.1. THE APPROACH FOR PRODUCTION FLOW CONTROL  

On the basis of the case study and the literature review the following approach for production flow monitoring 
was proposed. It was assumed that the method for the improvement of production flow control should provide the 
possibility to identify and forecast “crises” in production flow. The crisis is defined as an appearance of disturbance 
in the planned production flow that is bigger than buffering abilities of production system. Two categories of the 
events to be monitored have been identified:     

- crisis- when a serious variation between planned and real sequence has appeared (bigger then buffering 

abilities of the production system)  

- the danger of crisis appearance   
The danger of crisis appearance can be forecasted by application of the production flow cycle indicator 

XY_Long, which is counted as a sum of time windows between moments when analyzed Production Order 
Identification Number (POIN) passes through following production control points PCPs (equitation 1). The time 
when POIN enters the production system at PCP1 is counted as 0 (tpcp1= 0):  

XY Long = ∑
=

n

i

pcpit
1

  (1)  

For block of k number of POINs the indicator is counted as (equitation 2):  

XYLong_set av= 
k

tPOIN
n

i

pcpi

k

k∑∑
=11

   (2) 

The indicator XYLong_set av  is applied for identification of places within production system where crisis appear.  

 

The identification of „crisis” can be achieved by „ex post” analyzes of production databases in order to find PCP 
where the most often serious disturbances appear. The identification of such problematic PCP allows to plan the 
prevention activities and to monitor the effectiveness of prevention activities by verification whether disturbances on 
the same PCP still appear.  

For purposes of measuring of the difference between planned and real system state at following PCPs and 
identification of serious disturbances appearance the following two indicators has been proposed: 

− Sequence dispersion range (SDR)- measured for block of POIN as a difference between maximum order 

identification number in defined block and minimum identification number observed at chosen production 

control point (equitation 3).  

=SDR min)max( POINPOIN −   (3) 
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The values of SDR indicators shows how defined at MPS block of POINs has been distorted by appearance of 
number of POINs belonging to the other blocks of orders.  

 

− The overall production sequence quality presents the number k of POIN in analyzed block to SDR at 

observed production control point for example if there was “k” POIN and the SDR equals to “k” the quality 

of operations management regarding sequencing will be 100%. The value of this indicator is counted as 

following (equitation 4) 

OPSQ = 
RS

k
 *100% (4)  

The low value of OPQS indicator inform about serious disturbance in production flow for analyzed block.  On 
the basis of proposed indicators it is possible to monitor production flow and to identify when serious disturbances 
appear and regulatory activities are needed. Application of proposed indicators allows to identify potential crisis 
situation when value of OPSQ falls below the defined critical value. 

The critical value of QPSQ is counted on the basis of following algorithm: 

1. compare pairs of blocks passing through analyzed PCP  

2. add the values of OPSQ indicator for blocks of POIN passing through analyzed PCP and dived by number 

of blocks, as (equitation 5):  

n

OPSQ

OPSQ

n

i

i

av

∑
== 1

  (5) 

where: n- is the number of blocks   

3. the value of indicator OPSQ for next analyzed block is compared with average value of OPSQav. The 

critical value is counted as OPSQav minus the tolerance range. The tolerance value is counted individually 

for each company according to the statistical dispersion of the indicator. When the value is below the 

average value with defined tolerance then the potential “crisis” appears  

2.2. THE METHOD 

The following algorithm for production flow control has been elaborated by the authors: 

1. Define the block of orders 

2. Count the OPSQ indicator value  

3. Evaluate the critical value of OPSQ indicator 

4. If the value of OPSQ for defined block falls below critical value then analyze the XYLong_set av  at this 

PCP 

5. Identify the type of disturbances 

6. Apply the regulatory procedures 

7. Verify whether OPSQ value increase above critical value, if yes then go to step 8 of this procedure , if not 

then make changes in MPS 

8. Count the OPSQ indicator value at next PCP 

9. Evaluate the whole production flow performance  

10. Come back to step 1   

3. NUMERICAL EXAMPLE 

The numerical example was conducted according to the algorithm presented in section 2.2. In step one of the 
algorithm daily production program (635 cars) was divided in 58 blocks. The size of block was defined according to 
the company restrictions in order to provide line balancing. The size of the block is not constant and it depends on 
time needed for processing of particular orders. In table 1 the value of OPSQ is counted for defined blocks at 
particular PCPs. The values are monitored at entry (1) and exit (2) of departments: welding (W), paint shop (P), final 
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assembly (A) and at the final control (FC). The cases, when OPSQ indicator falls below critical value is indicated  by 
color shade. In table 2 the critical value for OPSQ is counted.   

Table 1: The value of OPSQ indicator 

BLOCK 
MPS W1 W2 P1 P2 A1 A2 FC 

1 100,00% 27,27% 17,65% 100,00% 9,53% 23,08% 25,71% 100,00% 

2 100,00% 27,78% 20,21% 20,83% 4,53% 100,00% 100,00% 4,45% 

3 100,00% 18,67% 15,22% 11,20% 100,00% 100,00% 100,00% 100,00% 

4 100,00% 24,14% 4,96% 100,00% 100,00% 100,00% 3,67% 100,00% 

5 100,00% 10,83% 10,63% 100,00% 100,00% 100,00% 4,58% 57,43% 

6 100,00% 9,17% 9,80% 9,01% 100,00% 100,00% 2,80% 47,62% 

7 100,00% 15,79% 20,00% 17,91% 100,00% 100,00% 7,19% 100,00% 

8 100,00% 100,00% 9,84% 11,11% 30,00% 25,00% 25,00% 100,00% 

9 100,00% 100,00% 29,61% 26,09% 9,14% 7,86% 100,00% 100,00% 

10 100,00% 75,00% 6,12% 6,32% 2,90% 2,97% 100,00% 100,00% 

11 100,00% 15,91% 100,00% 6,20% 100,00% 100,00% 1,99% 100,00% 

12 100,00% 100,00% 100,00% 100,00% 2,59% 3,12% 100,00% 100,00% 

13 100,00% 27,78% 41,67% 100,00% 41,67% 100,00% 100,00% 100,00% 

14 100,00% 26,53% 21,67% 12,75% 4,08% 4,96% 100,00% 100,00% 

15 100,00% 75,00% 100,00% 16,67% 11,54% 6,12% 6,12% 100,00% 

16 100,00% 75,00% 85,71% 5,94% 22,22% 17,14% 17,14% 20,69% 

17 100,00% 83,33% 3,05% 3,07% 5,75% 4,27% 100,00% 3,97% 

18 100,00% 85,71% 10,71% 10,35% 5,09% 5,61% 100,00% 1,67% 

19 100,00% 75,00% 22,06% 10,49% 7,98% 7,04% 100,00% 100,00% 

20 100,00% 75,00% 18,00% 15,52% 10,23% 12,68% 12,50% 100,00% 

21 100,00% 73,33% 68,75% 18,97% 4,42% 4,20% 100,00% 1,41% 

22 100,00% 70,37% 100,00% 100,00% 51,35% 32,76% 43,18% 6,76% 

23 100,00% 74,07% 28,57% 30,30% 7,52% 100,00% 100,00% 3,79% 

24 100,00% 83,33% 62,50% 26,32% 31,25% 5,68% 100,00% 100,00% 

25 100,00% 83,33% 8,62% 100,00% 100,00% 100,00% 100,00% 19,48% 

26 100,00% 86,67% 12,75% 11,50% 2,64% 100,00% 2,33% 2,16% 

27 100,00% 100,00% 8,33% 100,00% 5,98% 5,88% 6,73% 1,58% 

28 100,00% 100,00% 4,20% 100,00% 1,08% 100,00% 100,00% 100,00% 

29 100,00% 75,00% 8,11% 100,00% 100,00% 100,00% 1,96% 5,11% 

30 100,00% 80,00% 100,00% 100,00% 3,60% 100,00% 3,57% 2,42% 

31 100,00% 81,25% 59,09% 31,71% 28,89% 100,00% 100,00% 2,42% 

32 100,00% 81,82% 18,56% 100,00% 100,00% 100,00% 6,00% 4,02% 

33 100,00% 78,57% 10,38% 100,00% 4,93% 100,00% 4,93% 3,68% 

34 100,00% 75,00% 68,18% 26,32% 100,00% 100,00% 5,30% 4,84% 

35 100,00% 83,33% 75,00% 5,79% 100,00% 100,00% 4,04% 100,00% 

36 100,00% 77,27% 24,64% 22,37% 12,41% 100,00% 14,66% 10,18% 

37 100,00% 80,00% 80,00% 20,00% 100,00% 100,00% 1,99% 100,00% 

38 100,00% 85,71% 60,00% 27,27% 13,04% 11,32% 11,32% 31,58% 

39 100,00% 70,83% 68,00% 50,00% 100,00% 100,00% 4,76% 12,41% 

40 100,00% 85,00% 100,00% 16,35% 100,00% 100,00% 4,22% 100,00% 

41 100,00% 78,95% 100,00% 24,59% 100,00% 5,49% 5,49% 100,00% 

42 100,00% 100,00% 100,00% 9,38% 100,00% 5,95% 5,95% 100,00% 

43 100,00% 77,78% 100,00% 41,18% 100,00% 2,08% 2,08% 100,00% 

44 100,00% 100,00% 80,00% 7,21% 100,00% 3,19% 100,00% 9,70% 

45 100,00% 71,43% 6,85% 6,33% 100,00% 1,02% 100,00% 100,00% 

46 100,00% 4,85% 4,42% 3,49% 100,00% 1,56% 100,00% 10,81% 

47 100,00% 80,00% 29,63% 29,09% 100,00% 4,76% 100,00% 5,52% 

48 100,00% 60,00% 7,14% 7,89% 100,00% 2,01% 2,01% 100,00% 

49 100,00% 85,71% 100,00% 54,55% 1,99% 2,01% 100,00% 100,00% 
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50 100,00% 61,90% 59,09% 16,05% 3,88% 4,00% 100,00% 100,00% 

51 100,00% 64,29% 21,95% 25,00% 8,65% 6,29% 6,12% 100,00% 

52 100,00% 71,43% 71,43% 71,43% 17,86% 17,86% 17,86% 100,00% 

53 100,00% 4,08% 3,31% 3,05% 2,42% 2,47% 2,47% 100,00% 

54 100,00% 83,33% 71,43% 41,67% 12,50% 11,63% 11,63% 5,10% 

55 100,00% 3,82% 3,82% 3,60% 1,49% 1,62% 100,00% 100,00% 

56 100,00% 66,67% 50,00% 20,00% 2,30% 1,78% 1,78% 100,00% 

57 100,00% 9,76% 8,63% 6,82% 100,00% 100,00% 100,00% 21,82% 

58 100,00% 11,01% 8,39% 6,78% 2,65% 100,00% 100,00% 100,00% 

Table 2: The critical values of OPSQ indicator 

  MPS W1 W2 P1 P2 A1 A2 FC 

OPSQ av. 100,00% 63,93% 42,05% 37,04% 46,35% 47,47% 47,88% 60,36% 

Tolerance 25% 0,00% 15,98% 10,51% 9,26% 11,59% 11,87% 11,97% 15,09% 

critical value 100,00% 47,95% 31,53% 27,78% 34,76% 35,60% 35,91% 45,27% 

 

For blocks where value of OPSQ indicator falls below critical value the indicator XY_Longav is analyzed in order 
to: 

- identify places where disturbance has appeared  

- identify the danger of disturbance appearance, when the tendency for systematic growth of this indicator 

values  can be observed for blocks passing through particular PPC  

- identify places in production flow where some additional prevention activities should be taken.  

The observation of XY_Longav (as presented on figure 2) allows to evaluate whether the increase in length of the 

production flow cycle is caused at particular PCP (between tpcpi and tpcpi-1) or whether it is a result of cumulated 

delays at previous PCPs. Important is the dynamic of the process. It was observed in analyzed company that when 

for following 3 pair of blocks the value of XY_Longav was bigger than critical value of this indicator a danger of 

crisis appear.   

The critical value of XY_Longav is counted as a sum of average value of the production flow cycle at particular PCP 

and tolerance range. In analyzed company the tolerance range was counted on the basis of the statistical analyses of 

the historical data and the interviews with shifts managers. It was recognized that for 95% of non-disturbed blocks 

the length of the production cycle was fluctuating 10% from the average value of this indicator at particular PCP. 

The critical value of XY_Longav was indicated as a sum XYLong_setavid (counted from equitation 2 for blocks of 

POIN of non-disturbed production flow)  and tolerance range 10% of this value. 
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Figure 2: The value of XY_Longav 
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Particular values of tpcpi (pointed on Figure 2 with different colors) refers to time needed for processing block of 

POIN between PCPi and PCPi-1.  

Table 3: The critical values of indicator XY_Longav 

  MPS-W1 W1-W2 W2-P1 P1-P2 P2-A1 A1-A2 A2-FC 

XYLong_setavid [h] 29,60 30,91 37,44 55,33 58,07 67,46 74,06 

tolerance 10% 2,96 3,09 3,74 5,53 5,81 6,75 7,41 

Critical value [h] 32,56 34,00 41,19 60,87 63,88 74,21 81,46 

 

The next step of the algorithm is identification of the type of disturbances. The indicators presented in section 2.1 

can be used for quick scan of the production system. Some types of disturbances cause change in the values of only 

of the indicators, some may influence values of both indicators (OPSQ and XY_Long). Table 4 presents the types of 

disturbances that affects the production flow in the analyzed company.  

Table 4: Identification of the type of disturbances  

 

Effects caused in production 

system by uncertainty 

Fall of OPSQ indicator under 

critical value 

Growth of XY Long indicator over 

critical value 

Disturbances of production 

capacities (process lead times 

uncertainty) 

Machines’ breakdown at the separate 

production process part  

Breakdown of information systems, 

breakdowns of electricity supplies, 

machines’ breakdown at the joint part of 

the production process 

Disturbances in materials’ flow 

(deliveries lead time 

uncertainty)  

Non standard material requirements  

 

Non-standard supply lead times,   

poor quality, lack of needed 

components  

--- 

 

Non-standard supply lead times,   poor 

quality, lack of needed components 

Disturbances in information 

flow (deliveries & process lead 

times uncertainty)  

Invalid production data   Changes in design of product, 

Non-standard design 

 
After identification of the place of disturbance appearance as well as type of disturbances in production flow than 

regulatory procedure can be applied, the evaluation of effectiveness of taken action is based on verification of OPSQ 
indicator. When the overall production sequence quality increase over critical value then the regulatory activities 
were well suited. In situation when OPSQ indicator has not improved then change in Master Production Schedule is 
needed. In production systems of high stability where daily production plans are steady the changes at MPS level 
should be avoided.  

The evaluation of the whole production flow performance in presented numerical experiment is based on 
Sequence Dispersion Range indicator. Figure 3 presents the values of SDR for whole analyzed production program 
(635cars). For non-disturbed production flow the value of this indicator should be constant at all PCPS in the 
production system and equals to the size of analyzed production program. The analyzed production system is 
characterized by high stability (compare with section 1), so action taken in the framework of production planning 
and control should lead to the self-regulation of the system within analyzed planning horizon. Despite local 
disturbances the value of RS should trends at the end of production system to the standard value SDR=k, where k is 
the size of analyzed production at the system entry (first PCP) The distribution of SDR indicator at figure 3 confirms 
this assumption.  
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Figure 2: The value of XY_Longav 

4. CONCLUSIONS 

The paper presents the results of the case study conducted in automotive industry. The aim of the studies was the 
improvement of the production flow monitoring. On the basis of conceptual framework presented in the paper IT 
solution called Prograph 0.99 has been elaborated. The software was evaluated at automobile assembly plant. The 
software due the wide range of analyzing abilities is also suitable for application at massive production databases and 
due application of Java technology it could be plugged-in to manufacturer database by Java Connector. The 
evaluation of OPSQ was applied for identification of disturbances level at which additional action for production 
flow regulation should be taken. The identification of places in production process flow where the frequency of 
disturbances occurrence is the highest or places where scope of disturbances seriously affects the planned production 
sequence allows undertaking appropriate actions to improve the quality and reliability of production planning and 
control. The further research within the project enhances the implementation of proposed indicators into production 
information management system for continuous (on-line) monitoring of production plans execution. The presented 
research was strongly case-based oriented however due the fact that manufacturing systems of the European 
automotive manufacturers are similar the proposed solution might be applied as well for other companies in the 
sector.  
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ABSTRACT 

The paper presents mapping of processes in the manufacturing company based on ICOM definition from IDEF0 
and activity box from IDEF3 as well as their relations to manufacturing units (with given level of complexity). In 
the production management field some indivisible component, such as manufacturing units with 0 degree of 
complexity, 1st degree of complexity, homogeneous stand groups, can always occur. They form technological 
routes in manufacturing company. The suitable signs and language in terms of given methodology to define all 
required processes are described. The main objective is to describe the essential processes using process 
modeling pattern and simultaneously tie it together with technological routes. Formal definition of structural 
unit which integrates both approaches is presented. Finally, conclusions and future research directions are 
provided. 

1. INTRODUCTION 

Logistics puts the emphasis on material flow processes from input, where raw materials appear, right up to the 
final user. It comprises a wider framework than just the production management. However, the process oriented 
attitude of the logistics can extract from its domain many structural problems that are subject of the production 
management. 

Process modeling is the essential part of the development of an enterprise information system. Each 
manufacturing company has to remember about the importance of proper data handling. 

Process modeling approach may pose many problems, for example: time-consumption, incompatibility between 
models, difficulties in model maintenance, difficulties in ensuring a seamless transition in the system development 
life cycle, etc. In order to overcome these problems a comprehensive modeling methodology must be applied.  

In accordance with the existing literature around 70 process modeling languages are used in different type of 
applications [1].  Report from project IST-FP6-508794 co-founded by the European Commissions within the Sixth 
Framework Programme (2002-2006) [1,2] presents the IDEF0 as the chosen language taking into account 18 criteria 
(formality, expressiveness-information, expressiveness-actors, expressiveness-dynamics, expressiveness-process, 
expressiveness-real time, graphical, textual, abstraction and modularization, extendibility, executability, 
analyzability, evolutionability, multiple conceptual perspectives/views, computer support, availability, 
maintainability, standardization). IDEF0 and IDEF3 (language which based on IDEF0) are presented in section 2.  
The most characteristic features are described and compared. Section 3 presents basic definitions of production 
layout (production system structure) and its indivisible components. The concept of integration of the both 
approaches is described in section 4. Section 5 closes the paper with our conclusions and further works. 

 

 

1053



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 
2. PROCESS MAPPING WITH THE USE OF IDEF METHODOLOGY.  

Process approach in logistics is reflected in methodologies of process mapping. These methodologies operate on 
process elements which are used as indivisible elements. IDEF0  and IDEF 3 methodologies are the examples. The 
development of the Integrated DEFinition (IDEF) methods began with the Air Force Program for Integrated 
Computer-Aided Manufacturing (ICAM)[3]. Because of this work the need for a family of mutually supportive 
methods for enterprise integration was realized and the development was continued in the Air Force Information 
Integration for Concurrent Engineering (IICE) program. Thus, the IDEF methods have become widely used in 
concurrent engineering (CE) efforts, total quality management (TQM), and business process reengineering (BPR) 
initiatives[4]. The IDEF acronym represents the family of Integrated DEFinition methods. 

IDEF0 was developed for modeling a wide variety of systems, which use hardware, software, and people to 
perform activities. An IDEF0 model consists of three components; diagrams, a text, and a glossary, all cross-
referenced to each other. The box and arrow diagrams are the major components of the model. In a diagram, the box 
represents a function and the arrow represents an interface. The box is assigned an active verb phrase to represent 
the function. At a given level there are three and six function boxes. Each box in the diagram may be decomposed 
into a lower level boxes. The resulting diagram represents information stored in a hierarchical form. An interface 
may be input, an output, a control, or a mechanism, and is assigned a descriptive noun phrase. Inputs (I) enter the 
box from the left, are transformed by the function, and exit the box to the right as an output (O). A control (C) 
enters the top of the box and influences or determines the function performed. A mechanism (M) is a tool or 
resource that performs the function. The interfaces are generally referred to as the ICOMs (see Figure 1). Each 
block may have many ICOMs.  

 

 

 

 

 

 

 

 

Figure 1. IDEF0 box and interface arrows [4] 

Replacing function of the IDEF0 block with an activity and deleting a mechanism results in IDEF3 block 
(Figure 2). The experiment with various applications indicates that retaining the mechanism in IDEF3 is useful. 
Each box in IDEF0 or IDEF3 has a specific node number and is connected by all relevant interfaces. The functions 

 

 

 

 

 

 

 

 

 

Figure 2. IDEF3 box and interface arrows [4] 
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Control (C)
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Control (C)

Mechanism (M)
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(IDEF0) or activities (IDEF3) may be decomposed into lower functions or activities. The resulting diagrams form a 
hierarchy of information that is summarized in a node tree.  

While IDEF0 provides a structured representation of the functions, information, and objects that are interrelated 
in a system, IDEF3 has been created specifically to model processes. The IDEF3 model enables an expert to 
communicate the process flow of a system by defining a sequence of activities and the relationships between them. 
There are two basic components of the IDEF3 process description language; the process flow description and the 
object state transition network description. The two components are cross-referenced to build IDEF3 diagrams [5]. 

The IDEF3 process flow description is made up of activities (units of behavior), links, and junction boxes. 
Examples of activities include: parts assembly, inspection, or proposal evaluation. Relationships between activities 
are modeled with three types of links: precedence links, relational links, and object flow links. Precedence links 
express simple temporal precedence between activities. Relational links highlight the existence of a relationship 
between two or more activities, however, no temporal constraint is implied. Object flow links provide a mechanism 
for capturing object related constraints between activities and carry the same temporal semantics as a precedence 
link. 

Relationships between activities are modeled with precedence links and logical connectors. The logical 
connectors (junctions) used for activities are classified as and (&), or (O), and exclusive or (X). Inputs or outputs 
that occur at the same time are linked with synchronous logical connectors, while asynchronous connectors 
represent inputs and outputs occurring at a different time. 

3. PRODUCTION LAYOUT LEVELS. 

Structure of production system (production layout) is the means to develop production floor in a factory by 
grouping machines and devices into production units and their mutual allocation[6].  

Production unit is an organizational unit performing technical activities to produce the predefined set of products 
and to control their production process[6]. 

Production costs depend on production layout. The relation may be both direct and indirect: 

- direct - defining the size of manufacturing area, 

- indirect as allocation of production units influence (define) the number of transport and handling 
operations necessary for the performance of production process. 

Many different forms of production layout can be distinguished according to the following two criteria: 

- nature of material flow, 

- allocation of production units.  

Japanese organization model defines manufacturing enterprise as a line. Production line is a series of pieces of 
equipment dedicated to the manufacture of a specific number of products or families [7].   

The wide variety of production structure is on the other hand characteristic of American and European 
organization model. The consequence is a hierarchical production structure composed of production units of various 
levels of complexity. Hence, production units of higher level of complexity include production units of lower level 
of complexity. 

The following forms are distinguished according to classification based on complexity level [6]: 

- zero level complexity production units – workstations, 

- first level complexity production units – in American and European organization production model there 
are many forms of production units of first level of complexity (job shops) 

- second level complexity production units – department, division. 

Zero level complexity production units are: a machine, an area needed to store and handle tools, materials, parts 
etc., equipment for handling material and/or containers with material within a workplace, area where workers and 
operators stay to perform their job[6]. APICS dictionary defines workstation as the assigned location where a 
worker performs the job, it could be a machine or a workbench[7]. 
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First level complexity production units (cells)[6]: they are composed of zero level complexity production units 
(workstations), routes (to transport material from and to first level complexity production units and between them)  
and  area necessary to store materials. Typical forms are line, job shop. APICS dictionary[7] defines job shop as an 
organization in which similar equipment is organized by function. Each job follows a distinct routing through the 
shop. APICS dictionary[7] defines cell as a manufacturing unit consisting of a number of workstations and the 
materials transport mechanisms and storage buffers that interconnect them. 

Second level complexity production units[6]: they are composed of zero level complexity production units and 
first level complexity production units, as well as of service and support units (providing tools, storing materials, 
etc.). 

To perform a production process the technological route is defined. This route contains indivisible elements – 
workstations. Each activity in the production process is performed by a workstation in the designed order. 

4. INTEGRATING BOTH APPROACHES. 

In order to integrate both approaches, structural unit called RO (Resource Operation)[8] has been defined. It is 
necessary to perform calculation and simulation in a numerical experiment. The following definitions allow for the 
description of this structural unit in a formal mode. [8] 

Definition 1  

Assortment – set of products of different complexity, manufactured in the analyzed production system 

 A={a1, ...., as}     (1) 

where:  al    -   element of assortment set 
  l - product,   l ∈ <1, s>, 
  s – number of products in the set analyzed. 
Every l element of al is described by the following parameters: 

 al (D, F, R)   

Definition 2 

Parameter Dl - complexity of  l item , is a pair 

 Dl = (ak , dlk)     (2) 

where: ak - element k of  products set, k ≠ 1,  
      al – element of ak which is characterized by directly lowest level of complexity  
 dlk – recurrently (number of pieces) of product l in product k 

Definition 3 

Parameter Fl technological process , which is the set of technological operation characteristics. The characteristics 
are given in predefined order, according to operations flow.  

 Fl = {f1 ,  ....   , fml }    (3) 

where :   fi  -  consists of three elements 

      fi = (tpz , tj , τ)    (4) 

      and: tpz – setup time, tj   - lead time, τ  -  normative interoperation break, 
 ml – number of elements. 

Definition 4 

Parameter R – resources requirements defined for each element l of set A.  

R =   R1    +    R2       (5) 

and: 

 R1  - is requirements of operations 

  R1 = [(r1 , ... , ( ... , ri  , ...)m]   (6) 
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 where: ri  - is a set   

  r1 = {zi , ωi}    (7) 

       and: zi – resource i,  i ∈ <1, n >, n – number/amount of resource i ,ωi – use of resource i, 

 m – number of operations, 

 R2 – is requirements not connected with any operations 

  R2 = [ ... , {zi , ωi} , ...]   (8) 

Definition 5 

Set of resources – all materials necessary to manufacture products in the predefined system. 

 Z = { z1, zn }     (9) 

where : zi  - element of resources set,  i - resource, i ∈ <1, n >,  n – number/Mount of resources. 

Each of „i” elements of  zi is characterized by parameters: 

 zi (qi , ci )     (10) 

where:  qi – size of resource „i” accessible in time analyzed, 
             ci – cost of resource „i” dependent on its accessibility in time analyzed 

             ci =  qi x ( ciNj + ciMj )     (11) 

            where:  ciNj  - price of resource „i” in time analyzed,  
  ciMj -  cost of storing and maintaining resource „i” in time analyzed. 

Definition 6 

Production program is one of the features which is crucial for resources. Production program is a function of two 
parameters: 

 Pl = f(al , ∆t )     (12) 

Where: al  - item „i” of assortment set,  ∆t  - time period analyzed . 

Each item may be: - final product, - part manufactured to assembly. 

Thus: 

 Pl   =  Pfl   +  Pml     (13) 

where: Pfl – production program of final product „i”,  Pml – production program of part „i” 

                        Pml = ∑  Pak  x  dik     (14) 

           D 

The program is a sum of the number of items assembled (.Pak) multiplied by the number of parts “I” in item “k”. 

Definition 7 

RO (Resource Operation) is a structural unit which contains elements of technological process and resources 
required to perform this process. 

 ROi = (F’, R’),     (15) 

Where:  F’ is a technological process, which consists of the set of the threes describing each technological operation  
and can be described as:  

 F’ = (fi, ... , fml)     (16) 

R’ is a parameter describing  resource requirements for each product offer as an assortment and is described as:  

R’= (rm, ... , rn),  

If triplets of fi belong to the particular  ROj  then it cannot belong to any other  ROk for each j which is different 
from  k  
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∧  ∈ ROj  :  fi  ∉ ROk  &  k  ≠ j    (17) 
fi   

Definition of RO was developed as a result of the analysis of IDEF0 methodology and systems based on MRPII 
concept. RO is connected with ICOM  concept applied in IDEF0 methodology. The benefit of IDEF0 methodology 
is that it allows combining system functions like activities, actions, processes, and operations, functional 
relationships and data that support integration of systems. The main components of IDEF0 model are the diagrams 
which are constructed of boxes and arrows. The box is respondent to the function (activity), the arrows identify data 
or objects needed or produced by the function (ICOM : I – Input, C – Control, O – Output, M – Mechanism). In the 
proposed by the authors approach RO refers to the description of Mechanism and Function. 

RO is also connected with some ideas used in MRPII concept. The similarity is based on applying the idea of 
homogeneous units groups in MRPII concept, production process organization and RO defining. In order to define 
RO the production logistic system should be analyzed and the idea of homogeneous units groups should be applied 
in the analysis. The database used by MRPII systems needs the following data: 

- data concerning all manufactured products and their elements, 
- data concerning bill of materials, 
- data concerning lot sizing, 
- data concerning manufacturing lead time, 
- data concerning technology. 
The technology is defined in the following way: the particular operations are assigned not to particular units but 

to previously defined homogeneous units groups. Grouping the units is reflected in the machines register. The 
groups are also called ’replaceable’ units groups as the units can replace each other when performing a 
manufacturing process. The idea of RO is the definition of relations between units in units groups. 

5.CONCLUSIONS AND FUTURE WORKS. 

On the basis of the RO approach and Logistic Flow Matrix the IT tool for the analysis of logistic systems 
production has been elaborated. The numerical experiment performed with the usage of the tool has given positive 
results. The results of the numerical experiment were presented at the International Conference on Industrial 
Engineering and Systems Managements [9]. 

Further research will be focused on the extension of the RO definition with elements of signal processing. Such 
approach will allow for the application of the presented approach for virtual supervisor induction method. The 
framework of the virtual supervisor induction method was already presented during 19th International Conference 
on Production Research [10]. The potential of the software agents technology will be examined in further works on 
extended approach supporting IT tool.  
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ABSTRACT 
 In this paper we have proposing a novel use of data mining algorithms for the extraction of knowledge from a large set 
of flow shop schedules. The purposes of this work is to apply data mining methodologies to explore the patterns in data 
generated by an ant colony algorithm performing a scheduling operation and to develop a rule set scheduler which 
approximates the ant colony algorithm's scheduler. Ant Colony Optimization (ACO) is a paradigm for designing 
metaheuristic algorithms for combinatorial optimization problems. The natural metaphor on which ant algorithms are 
based is that of ant colonies. Fascinated by the ability of the almost blind ants to establish the shortest route from their 
nests to the food source and back, researchers found out that these ants secrete a substance called ‘pheromone’ and 
use its trails as a medium for communicating information among each other The ant algorithm is simple to implement 
and results of the case studies show its ability to provide speedy and accurate solutions. Further, we employed the 
genetic algorithm operators such as crossover and mutation to generate the new regions of solution. The data-mining 
tool we have used is –Decision Tree–, which is produced by the see5 software after the instances are classified. The 
data mining is for mining the knowledge of job scheduling about the objective of minimization of makespan flow shop 
environment, which is represented by IF-THEN rules and allowing the production managers to easily take the 
decisions regarding the flow shop scheduling based on various objective functions and the constraints. 
 
Keywords: Batch Processing Flow Shop, Ant Colony Optimization, genetic algorithm operators, Chimerge Algorithm, 
Data Mining, See5 

1. INTRODUCTION 

In this paper, we propose an approximate method to resolve a multi product batch flow shop schedule. Our 
paper is based on the Koonce’s work [1] that uses data mining techniques to extract forms from Genetic 
Algorithm solution, but we propose an ant colony algorithm that is fast and easy to implement for 
generating a learning population. Further we propose another method of knowledge extraction that will 
generate decision rules finding the affection order of operation on all machines. We studied an 8 x 4 
benchmark problem of E. Tailard [15] to compare our results. 
This paper is divided in to two sections. The first section describes the ant colony algorithm (AC) and the 
method to generate a population of the optimal sequences. The second section deals with mining the 
solutions given by AC to extract from them the decision rules. These rules are based on several attributes 
like processing time, position in the job, remaining time of the job, machine loading etc. to find the 
affection order of operation on every machines. 
 
2. ANT COLONY OPTIMIZATION 
Ants are social insects. They live in colonies and all their actions are towards the survival of the colony as a 
whole, rather than the benefit of a single individual of the society. The individual ants have no special 
abilities. They communicate between each other using chemical substances, the pheromones. This indirect 
communication allows the entire colony to perform complex tasks, such as establishing the shortest route 
paths from their nests to feeding sources. In [2] an optimization algorithm was proposed that tries to mimic 
the foraging behavior of real ants, i.e. the behavior of wandering in the search for food. This algorithm has 
already been successfully used to solve the TSP, and other NP hard optimization problems.  
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Fig. 2.1. How real ants find a shortest path. A) Ants arrive at a decision point. B) Some ants choose the 
upper path and some the lower path. The choice is random. C) Since ants move at approximately constant 
speed, the ants which choose the lower, shorter, path reach the opposite decision point faster than those 
which choose the upper, longer, path. D) Pheromone accumulates at a higher rate on the shorter path. The 
number of dashed lines is approximately proportional to the amount of pheromone deposited by ants. 

When an ant is searching for the nearest food source and comes across with several possible trails, it tends 
to choose the trail with the largest concentration of pheromone τ, with a certain probability ρ. After 
choosing the trail, it deposits a certain quantity of pheromone, increasing the concentration of pheromones 
in this trail. The ants return to the nest using always the same path, depositing other portion of pheromone 
in the way back. Imagine then, that two ants at the same location choose two different trails at the same 
time. The pheromone concentration on the shortest way will increase faster than the other: the ant that 
chooses this way, will deposit more pheromones in a smaller period, because it returns earlier. If a whole 
colony of thousands of ants follows this behavior, soon the concentration of pheromone in the shortest path 
will be much higher than the concentration in other paths. Then the probability of choosing any other way 
will be very small, and only very few ants among the colony will fail to follow the shortest path. There is 
another phenomenon related with the pheromone concentration. Since it is a chemical substance, it tends to 
evaporate in the air, so the concentration of pheromones vanishes along the time. In this way, the 
concentration of the less used paths will be much lower than that on the most used ones, not only because 
the concentration increases in the other paths, but also because their own concentration decreases. 

3. BATCH PROCESSING FLOW LINE 

The problem of scheduling flow-shops with three or more stages has been considered to be NP-Complete in 
strong sense [9]. Niem-Trung L. Tra [10] provide overviews of the role of scheduling by defining what the 
scheduling problem involves and the various network structures, i.e., the layout of machines and flow of 
material, that are prevalent to the batch production industry. The batch processing flow line is a kind of 
popularly implemented production lines in the metalworking and semiconductor industries. In some stages 
of a batch processing flow line, a limited number of jobs with the same production demand can be 
processed simultaneously as a batch by a set of the batch processing machines, examples include diffusion 
and thermal annealing operations in semiconductor wafer fabrication, burn-in operations in semiconductor 
testing, heat treatment in metalworking and the printed circuit board (PCB) SMT flow line. Further batch 
process manufacturing finds its usefulness in the pharmaceutical, polymer, food and especially chemical 
industries, because it provides the necessary flexibility to accommodate various production requirements 
using the same processing facility. 

 The makespan minimization of the serial multiproduct batch problem comprises of two tasks: (1) 
determination of completion times dealing with the details of operation schedule for a given sequence, and 
(2) determination of the optimal sequence. This batch scheduling problems comprise of several different 
sub-categories depending on the way of handling the intermediate products between successive stages. In 
this paper we specifically consider that each of N (i = 1,…,N) jobs follow the same job order on M 
(j=1,…,M) machines ( flow shop scheduling) and further make the following  assumptions:  
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a. Processing time Tij for each job on each machine is known a priori. 
b. Use of suitable intermediate policy 
c. Each job can be processed on one machine at a time 
d. Jobs are not preemptable 

For batch processes, different intermediate storage policies are considered in literature, namely, the 
unlimited intermediate storage, finite intermediate storage, no intermediate storage, and zero wait 
processing (ZW). Heuristic and MILP formulations for makespan minimization for all different storage 
policies are available in literature [4-8]. Here, we have considered the ZW policy, which is widely followed 
in industries. 
 
3.1. ZW POLICY 

In batch processing, some products cannot be stored at all between some stages in the processing sequence 
like in chemical or heat treatment processes. These batches of products are usually unstable reaction 
intermediates that must be processed by the next processing unit immediately upon completion of the 
current processing unit. For such product stages, zero-wait policy must be adopted [3]. The completion 
time of product i at unit j, Cij for ZW policy can be given by: 
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4. ANT COLONY ALGORITHM WITH GENETIC ALGORITHM OPERATORS FOR FLOW 
SHOP 

Let us now illustrate the ant algorithm for optimal scheduling of batch production with N= 6 products each 
being processed on M = 4 machines using processing times tij given in Table 4.1. 

  
Units 

Products 
U1 U2 U3 U4 

P1 10 20 5 30 
P2 15 8 12 10 
P3 20 7 9 5 
P4 14 6 15 10 
P5 6 11 5 15 
P6 13 7 17 10 

Table 4.1. Process data for Example. 

For this problem, A=5 software ants (agents) are deployed to find an optimal schedule that minimizes the 
makespan given by equation (1). The ants decides the position of product number in the schedule by either 
one of the following processes:   

(a) Chooses the site with maximum pheromone trail using certain probability q0.  (q0 is a priori 
defined number in the range (0,1), we used q0=0.75 for illustrative example). 

(b) Chooses one of the N sites using a stochastic distribution with a probability (1- q0), denoted as, pij. 
The first process is known as exploitation whereas the latter is termed as biased exploration. To decide one 
of the above mechanisms a random number between zero and one must be drawn. Let the chosen random 
number be 0.69. As this value is less than q0= 0.75) the first process will be chosen to decide position of 
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product number. From the pheromone matrix, which product number has the highest affinity towards 
position number one (i.e. a position chosen with highest pheromone concentration) is decided. Let the ant 
choose element one next for deciding its position in the schedule. The algorithm generates a random 
number say, r = 0.86.  The random number generated is greater than q0 hence; the algorithm uses the 
mechanism (b) for positioning element one in the current partial schedule. The ant chooses position j for 
placing element i by exploitation using the equation no. (3). In this way, the ant develops its complete 
schedule. As soon as an ant constructs the solution, the pheromone trail ijτ  is updated locally using the 

following equation no. (4). Where, ρ is the evaporation rate generally lies in the range (0,0.1) and (1-ρ) is 
the persistence of trail. Thus, higher value of evaporation rate results into greater loss of information 
gathered in the past.  Thus the complete schedule generated by the first ant is given by: 
 

Product P1 P2 P3 P4 P5 P6 

Position 4 1 6 3 2 5 

Table 4.2. Sequence generated. 

The remaining four ants construct their solutions and modify the pheromone trail matrix using local 
updating rule employing the above-mentioned procedure. The fitness of solutions generated by different 
ants is now computed using equation (1). The solution with highest fitness value is allowed to update the 
pheromone trail, which is called global trail updating. The global pheromone trail updating is intended to 
strengthen the edges belonging to the solution having minimum makespan value in the current iteration. 
The global updating is done by equation no. (5) 
Thus, the algorithm essentially works as follows: A number of ants start with empty solution strings. Each 
ant builds a solution by repeatedly applying a stochastic greedy rule (process (a)) and/or random 
probabilistic rule (process (b)). While constructing its solution, an ant also modifies the amount of 
pheromone on the chosen edges by applying the local updating rule. Once all the ants have build their 
solution, the amount of pheromone on edges is modified again by applying global updating rule.  
 
4.1 USE OF GENETIC OPERATORS 
The algorithm continuously develops new solutions in order to find an optimal/near-optimal sequence of 
jobs with minimum makespan. In order to generate new region for ant tour, we had used the crossover and 
mutation genetic operators. We had performed corresponding GA using PMX and OX operators as 
advocated by Jung et al. The crossover operation is done as follows. Select a parent randomly and set the 
first variable of the child’s position vector (which for the present problem is the vessel size for the first 
stage) same as that of the first element of the parent’s positions vector. The subsequent values of the 
variables of the child are set to the corresponding values of a randomly chosen parent with a probability 
equal to the crossover probability (CP). A cross over probability of one means that each element of the 
child’s position vector has a different parent. A CP of zero means that the child region has all the elements 
same as the chosen single parent. After the crossover step, mutation is carried out by randomly adding or 
subtracting a value to each and every variable of the newly created region with a probability equal to a 
suitably defined mutation probability. The mutation step size is reduced as per the relation: 
 

 (T, R) = R (1- ϒ(1_T)b)          (2)  
 
Where ϒis a random number from [0, 1], R is the maximum step size, T is the ratio of the current iteration 
number to that of the total number of iterations, and b is a positive parameter controlling the degree of non-
linearity. The nonlinear reduction in mutation span reflects the decreased need for global search as the 
iteration proceeds and enhances the probability of locating maximum by concentrated search around a 
reduced search radius. In trail diffusion, which is another element in global search carried out by the ant 
algorithm, two parents are selected at random from the parent regions. The variables of the child’s position 
vector can have either (1) the value of the corresponding variable from first parent; (2) the corresponding 
value of the variable from second parent, or (3) a combination arrived from a weighted average of the 
above: 
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                       x(child) = (α). xi (parent1) + (1-α). xi  (parent2)         (3) 
 
Where α is a uniform random number in the range [0, 1]. The probability of selecting third option is set 
equal to the mutation probability while allotting equal probability of selecting the first two steps. Thus if 
mutation probability is 0.6 the probability of selecting third option is 0.6 while the probability of selecting 
option 1 or 2 is 0.2 each. The trail value of the newly created child regions is assigned a trail value lying 
between the values of the original parent regions. The pheromone values are decreased after each iteration 
by: 
                                               τ i (t+1) = ρ. τ i (t)            (4)  
 
The ant colony was run for the problem N=8 and M=4 with the process time as shown in the Table 4.3 for 
150 iterations and we got different sequences which satisfy the criterion. The Gantt chart for one of the 
solution which gives the optimal completion time 142 with the sequence 5 4 1 6 3 7 2 8 is shown in the fig.  

Figure 4.1. Gantt chart for ZW policy for problem shown in Table 5   Table 4.3. Process data. 

  
Pheromone value for each position Job 

No. P1 P2 P3 P4 P5 P6 P7 P8 
J1 0.00566385 0.0337077 0.171359 0.00515377 0.0113062 0.00580029 0.00832053 0.00515377

J2 0.00582081 0.00588679 0.00572423 0.00823283 0.00566385 0.0404619 0.16911 0.00556427

J3 0.00691272 0.00768597 0.0143749 0.0401588 0.354684 0.00734112 0.00588679 0.128636 

J4 0.00515377 0.126699 0.00515377 0.00515377 0.0058497 0.0516028 0.0416981 0.00515377

J5 0.199369 0.00515377 0.00515377 0.00549667 0.00515377 0.00778495 0.00515377 0.0131995 

J6 0.00515377 0.016125 0.0337077 0.169428 0.00618129 0.00515377 0.00515377 0.00556164

J7 0.0128565 0.0460527 0.00553477 0.00768729 0.0410516 0.121881 0.00515377 0.00624755

J8 0.00553477 0.00515377 0.00545694 0.00515377 0.0013579 0.00643934 0.00598799 0.0769481 

Table 4.4. Pheromone Matrix for solution for the 8 x 4 Flow shop Scheduling Problem for the sequence 
shown in the Gantt chart shown in Fig. 4.1 

Products U1 U2 U3 U4 
P1 10 20 5 30 
P2 15 8 12 10 
P3 20 7 9 5 
P4 13 7 17 10 
P5 8 3 16 7 
P6 6 9 22 7 
P7 7 5 15 12 
P8 14 13 6 4 
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Table 4.4 shows the pheromone matrix for the sequence generated by ants for the solution shown 
in the Fig. 4.1. The bold numbers in the Table 4.4 shows the affection of a job towards a position in the 
sequence. More the concentration of pheromone value more the possibility of passing the ants through that 
position. 
 
5. DATA MINING 

Data mining is an automated process of extracting structured knowledge from databases, which is often 
referred to as a particular step in the overall process of discovering useful knowledge from data, called 
knowledge discovery from database (KDD) [11].The main purpose of applying the data mining in this 
paper is to predict for each operation of the multi product Batch processing Flow Shop its affection order 
on its machine according to the various characteristics. We use in this paper the supervised learning process 
called also concept learning from example, consists in characterizing pre-classified objects by a supervisor 
in one or several classes under some attributes. The process of classification amounts in three stages and 
these are creation of a classifier from data set, the classification of the new instances via the classifier and 
evaluation of the performance of this last one. For this we use the characteristics Processing Time (PT), 
Remaining Process Time (RPT), Position of Operation in its Job (POJ), Time Length of a Job (TLJ) and 
Machine Loading (ML). The ant colony was run for the problem N=8 and M=4 with the process time as 
shown in the Table 3.1 for 150 iterations and 16 distinct sequences are found which satisfy the criterion. 
Out of these some are shown in the Table 5.1 
 

No.   Optimal Sequence of jobs Completion Time 

1 5, 4, 1, 6, 3, 7, 2, 8  142 
2 5, 2, 4, 1, 6, 3, 7, 8 142 
3 7, 1, 5, 6, 4, 2, 8, 3 142 
4 7, 5, 6, 4, 2, 8, 1, 3 142 

Table 5.1. Different Sequences from Ant System 

The properly structured attributes are transferred from continue attribute to discreet attribute in order to 
obtain a general model which will be applicable to a vast set of scheduling flow shop problems. For 
discretization the chi2 algorithm [12, 13, 14] was used. The chi2 algorithm is based on the X2 statistic and 
consists of two phases. In the first phase it begins with a high significance level say 0.5 (sigLevel) for all 
numeric attributes for discretization. Each attribute is sorted according to its value. Then X2   value is 
calculated by the equation (10) given below for every pair of adjacent intervals and the merging is done 
with the pair of adjacent interval with lowest X2 value. This merging continues until all pair of adjacent 
intervals has X2   values exceeding the parameter determined by sigLevel. 

                                                     (5)                                   
Where, k = number of classes 

 m = 2 (the intervals being compared) 
             Aij = No. of patterns in the ith interval, jth class 
             Ri = No. of patterns in the ith interval  
             Cj = No. of patterns in the jth class 
             N = Total no. of patterns 
             Eij = expected frequency of Aij = Ri * Cj / N     
       
The Table 5.2 and Table 5.3 shows the discretization results obtained by chi2 algorithm. Further with chi2 
algorithm the four classes of operation position are classified as 

• First: The first position of affection order in the machines. 
• Middle: The second and the third position of affection order in the machine. 
• Last: The forth position of affection order in the machine. 
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Attributes Short Mean Long 
PT [1,8] [9,18] [19,30] 

RPT [0,18] [19,37] [38,56] 
UPT [32,40] [41,52] [53,65] 
ML [30,87] ---- [88,110] 

Table 5.2 Discretization Attributes with Chi2 Algorithm 
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Figure 5.2. Machine loading for 8 x 4 problem. 
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Figure 5.3. Remaining Time classifications. 

This structured data was manipulated by See5 classifier system, which produced a decision tree or a 
decision rule. The induced decision rules are all of the same if-then structure and will be background of a 
new metaheuristic of flow shop scheduling. We give here the obtained rules given by See5 software [38] 
when the rate given in the end of each rule is the rate of good classification. 
 
5.1 RULE INDUCTION. 

The data mining was performed for the problem 8 x 4 which has optimum completion time 142. The Rules 
generated from the see5 data-mining tool are given below. The program was run with 50 boosting trials and 
90% of the training data was used. Further the in each trial cross validating was done with 90 folds. The 
winnow attribute option was used and thresholds probability selected with total 374 training cases. See5 
has taken total 8.5 seconds to generate rules. The rules inducted were shown in Table 5.4 
 
These rules inducted were having error percentage 7.75 as shown in above. This is due to misclassification 
of the 29 attributes in the training cases. For the decision tree, total 10 boosting trails were performed 
without the global pruning. The result of the rule is that if a job having Unit Process Time is Long, Remain 
Process Time the Long, and the Machine Load is short then classifies that job as first. 
 
5.2. APPLICATION TO OTHER CASES   

The applicability of these rules was tested using five 8 x 4 flow shop test cases generated at random. The 
process time for the these cases shown in the Table 5.3 These cases were all scheduled using the Ant 
colony Algorithm. Table 5.5 shows that in 3 out of 5 cases, the learned rules were able to produce 
approximately optimal completion time nearer to the optimal solution produced by Ant Colony and, in one 

Short Mean
Long 

Short 

Long 
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of the two other cases, the learned rules matched Ant Colony Optimization. The error of prediction floats 
from 0% to 7.09%.  

 

Job Operation   Machine Process 
Time 

Remaining 
Process 
Time 

Operation’ Process 
Time’ 

Remaining 
Process 
Time’ 

Machine 
Loading 

1 1 1 10 55 First Mean Long Long 
1 2 2 20 35 Middle Long Mean Short 
1 3 3 5 30 Middle Short Mean Long 
1 4 4 30 0 Last Long Short Short 
2 1 1 15 30 First Mean Mean Long 
2 2 2 8 22 Middle Short Mean Short 
2 3 3 12 10 Middle Mean Short Long 
2 4 4 10 0 Last Mean Short Short 
3 1 1 20 21 First Long Mean Long 
3 2 2 7 14 Middle Short Short Short 
3 3 3 9 5 Middle Mean Short Long 
3 4 4 5 0 Last Short Short Short 
4 1 1 13 34 First Mean Mean Long 
4 2 2 7 27 Middle Short Mean Short 
4 3 3 17 10 Middle Mean Short Long 
4 4 4 10 0 Last Mean Short Short 
5 1 1 8 26 First Short Mean Long 
5 2 2 3 23 Middle Short Mean Short 
5 3 3 16 7 Middle Mean Short Long 
5 4 4 7 0 Last Short Short Short 
6 1 1 6 38 First Short Long Long 
6 2 2 9 29 Middle Mean Mean Short 
6 3 3 22 7 Middle Long Short Long 
6 4 4 7 0 Last Short Short Short 
7 1 1 7 32 First Short Mean Long 
7 2 2 5 27 Middle Short Mean Short 
7 3 3 15 12 Middle Mean Short Long 
7 4 4 12 0 Last Mean Short Short 
8 1 1 19 23 First Long Mean Long 
8 2 2 13 10 Middle Mean Short Short 
8 3 3 6 4 Middle Short Short Long 
8 4 4 4 0 Last Short Short Short 

Table 5.3 Detailed Classification of attributes with chi2 algorithm 
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Table 5.4 Inducted rules 

Ant Colony Rule Based Case 
No. Completion 

Time 
Optimal Sequence Completion 

Time 
Sequence 

1 138 5,6,1,2,4,3,7,8 144 5,4,1,6,3,7,2,8 

2 155 2,3,8,6,5,1,4,7 166 2,3,8,5,1,4,6,7 

3 183 4,2,3,1,8,7,5,6 189 4,2,3,7,5,8,1,6 

4 188 7,4,2,5,1,8,6,3 194 8,7,4,2,5,1,6,3 

5 140 5,4,3,8,6,1,2,7 140 5,4,1,2,7,3,8,6 

Table 5.5 Completion Time of the schedules generated by Ant Colony and discovered rules 

Rule 01: (93/7, lift 3.7) 

 Unit Process Time <=long 

 Remain Process Time<= long 

 Machine Load <= Short 

   job > 3 

  job <= 5 

  ->  class first  [0.916] 

Rule 02: (48, lift 3.8) 

Unit Process Time <=long 

Remain Process Time<= mean 

Machine Load <= Short 

  job <= 1 

  ->  class middle  [0.980] 

Rule 03: (45, lift 4.0) 

Unit Process Time <=short 

Remain Process Time <= Long 

Machine Load > short 

  job > 7 

  ->  class last  [0.979] 

Rule 04: (44, lift 3.9) 

Unit Process Time <=short 

Remain Process Time<= mean 

Machine Load > short 

Rule 05: (47/7, lift 3.4) 

Unit Process Time <=mean 

Remain Process Time<= mean 

Machine Load > short 

          job > 6 

            job <= 7 

             - >class later  [0.837] 

Rule 06: (48/8, lift 3.2) 

Unit Process Time <=long 

Remain Process Time<= mean 

Machine Load > short 

  job > 5 

  job <= 6 

-> class middle  [0.820] 

Rule 07: (45/6, lift 3.5) 

Unit Process Time <= Long 

Remain Process Time <=short 

Machine Load > short 

  job > 1 

  job <= 2 

-> class last [0 851]
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6. CONCLUSIONS 

In this paper, we propose an approximate method to resolve a multi product batch flow shop 
schedule. We propose an ant colony algorithm that is fast and easy to implement to generating a learning 
population. Further we propose another method of knowledge extraction that will generate decision rules 
finding the affection order of operation on all machines. We studied several benchmark problems of E. 
Tailard [15] and we got very encouraging results. The results have shown that data mining can be used to 
learn from flow shop schedules produced by Ant Colony algorithms. Data mining requires an 
understanding of the problem domain, knowledge of mining algorithms, and an insight into which 
attributes might be significant. In this project, when compared to problems with the same structure (8 x 4 
flow shop) and different operation times and sequences, the rules were able to consistently perform the 
heuristic rules. However, the learned rules were unable to match the performance of the Ant Colony 
algorithm on these problems. We obtained an approach solution with a distance of 7.04% percent from the 
optimal. This study envisages the application of DM tool for extraction of knowledge patterns of 
scheduling in a Jobshop or Flowshop. The results of this study indicate that production managers should 
develop a rule that depends upon the characteristics of their own production system by using a data-mining 
tool (Rule Induction or Decision Tree). By analyzing the historical production, data the scheduling 
knowledge can be extracted and then be expressed in IF-THEN rules. This form of representing Knowledge 
provides clear indications as to which factors are most influential in predicting the scheduling and how 
various levels of critical factors affect the scheduling. At the same time, the scheduling knowledge can 
significantly improve. 
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ABSTRACT 

In April 2007, a Japanese expert of Toyota Production System (TPS) visited manufacturing plants of six companies 
in Sweden. One of the largest insufficiencies the TPS expert found within the production on shop floor level was 
their lack of practical skills in Kaizen. He also showed some guidelines for increasing the skills. Kaizen is known as 
incremental and continuous improvement and it has been widely applied in industry. Having deeper understanding 
of the guidelines would be beneficial for manufacturing industry in order to gain more operational competences 
and higher productivity. Therefore, the guidelines for increasing the skills in Kaizen shown by the TPS expert were 
studied by direct observations during the TPS expert's visit at the six companies in April 2007 and later by assisting 
his consulting service at one of the companies. The purpose of this paper is to present the result of the study, 
showing the power of emphasizing Kaizen within manufacturing. Examples of the guidelines shown by the TPS 
expert are also presented. Further, the paper discusses the possible benefits achieved by using the guidelines. 
Finally, we make a brief comparison between executing Kaizen on operational level vs executing Kaikaku, meaning 
infrequent but radical improvement. 

1. INTRODUCTION 

Global competition among manufacturing companies has been intensified and the requirement on their production 
with respect to quality, cost and delivery performance are more severe than ever. To be able to survive the competition 
in a high wage country such as Sweden, companies must develop production to be internationally competitive. In 
order to bring about such a strong development of production, it is critical for companies to have competitive ability of 
improving production. In April 2007, a Japanese expert of Toyota Production System (TPS) visited manufacturing 
plants of six companies in Sweden. One of the largest insufficiencies the TPS expert found within the production on 
shop floor level was their lack of practical skills in Kaizen. He also showed several guidelines for increasing the skills. 
Kaizen became widely known by Imai [1] as incremental and continuous improvement and thereafter it has been 
widely applied in industry. However it seems to be that there are still a number of companies that have not utilized the 
potential that Kaizen offers. Having deeper understanding of those guidelines would be beneficial for manufacturing 
industry in order to gain more operational competences and higher productivity.  

For this reason, guidelines for increasing skills in Kaizen shown by the TPS expert were studied by direct 
observations and learning through the TPS expert's visit at the six companies in April 2007 and later on by assisting 
his ongoing consulting service at one of the companies. The purpose of this paper is to present the result of the study, 
showing the power of emphasizing Kaizen within manufacturing. This paper firstly reviews the concept of Kaizen and 
describes the method of the study. Then, the result of the study is presented showing the identified guidelines, as well 
as examples shown, or actions taken or suggested by the TPS expert working with the Swedish companies. The ways 
of supporting continuous and effective use of the guidelines are also presented. The paper furthermore discusses the 
relation between the guidelines and the concept of Kaizen, and the possible benefits achieved by practicing the 

1070



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 
guidelines. Finally, a brief comparison is made between executing Kaizen on operational level vs executing Kaikaku, 
meaning infrequent but radical improvement. 

2. CONCEPT OF KAIZEN 

 Kaizen means ‘improvement’ in Japanese but in terms of industry Kaizen carries the connotation of more specific 
activities that take place in workplace to enhance the operations. Concept of Kaizen and its features are extensively 
described in literature and one of the most comprehensive descriptions is provided by Imai [1]. According to Brunet 
and New [2], the features of Kaizen described by Imai and other writers can be summarized into three key notions; 
Kaizen is continuous, it is usually incremental in nature, and it is participative. A similar work is done by Berger [3]. 
He identifies three core principles of Kaizen and connects the practical outcomes to each core principle;  

• Process orientation:  

Attention should be directed towards creating sound processes since it is assumed that good results will follow 
automatically. On the other hand, good results lacking the control of the process are not sufficient, since 
results are caused by largely unknown factors. The practical outcomes of this principle are encouraging to use 
the process oriented tools known as ‘seven quality tool’. 

• Small step improvement: 

Kaizen is distinctive in its focus on small improvements of work standards as a result of an ongoing effort. The 
task of improving and the task of maintaining standards are separated. Maintaining standards is a foundation 
on which small ongoing improvements can accumulate to an overall contribution to organizational 
performance. To support this procedure, a problem-solving format called PDCA (Plan, Do, Check, Action) is 
commonly used.  

• People orientation: 

Kaizen should involve everyone in the organization from top management to workers at the shopfloor. Kaizen 
is based on a belief in people’s inherent desire for quality. Therefore, an active management support is needed 
believing that it is going to “pay off” in the long run. This principle leads to small group improvement activity 
called QCC (Quality Control Circle) and individual suggestion system.  

For the purpose of the study, this paper adopts the understanding of Kaizen described by Imai and outlined by Brunet 
and New, and Berger. 

A strong interdependence between Kaizen and TPS are noted by several literatures. Shibata and Kaneda [4] 
indicate that TPS was formulated as a result of Toyota’s continuous effort of improving their production system. Liker 
[5] states that the power behind TPS is a company’s management commitment to promote a culture of continuous 
improvement, and that the culture of continuous improvement is necessary to sustain TPS. Imai [1] presents a number 
of Kaizen examples practiced by Toyota. Therefore, a highly skilled TPS practitioner can be expected as an equally 
skilled Kaizen practitioner. 

3. METHOD OF THE STUDY 

The study was taken place along with the TPS expert visit at six manufacturing companies in April 2007, and 
during his ongoing consulting service at one of the six companies, here called the company A. The TPS expert had 
worked for one of the Toyota’s supplier companies in Japan and there developed more than 25 year experience of 
TPS. He retired from the company in 2005 and continues to instruct TPS at a large number of companies. In total, he 
has instructed TPS at more than 150 companies and 2800 persons globally. The six companies studied are located 
around the Mälardalen region in Sweden, manufacturing products such as of vehicle components, electrical products, 
and industrial equipments.  

At each of the six companies, a workshop was organized where the expert provided advices regarding to the TPS 
philosophy and practices. Each workshop contained two parts; a lecture on TPS at a meeting room, and instructions at 
a shopfloor where the expert indicated improvement points. The attendants of the workshops were mainly middle and 
senior managers related to production. Later, the expert continues to provide his consulting service to the company A, 
supporting the company’s efforts to develop a TPS inspired production system. 
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The study was performed through one of the authors’ observation of the workshops in April 2007 and participation 
of his ongoing consulting service at the company A. The main focus of the study was to identify the guidelines that 
contribute to increasing the skills in Kaizen. The skills were such that the expert found insufficient within the six 
manufacturing companies. 

4. THE GUIDELINES FOR INCREASING THE SKILLS IN KAIZEN 

There are eight guidelines identified by the study. It is found that the eight guidelines contribute to increasing 
problem-solving skills in Kaizen which are skill in finding problems, skill in generating solutions, and skill in taking 
actions. In order to increase the skills, it is also important that each actor of Kaizen uses the guidelines constantly and 
effectively. The study finds three ways of supporting continuous and effective use of the guidelines. The overview of 
the result of the study is shown in figure 1. 

Figure 1: The overview of the result of the study 

In the following subsections, each of the eight guidelines is described.  Practical examples of the guidelines shown, 
or actions taken or suggested by the TPS expert at the six companies are also presented. Finally, the ways of 
supporting continuous and effective use of the guidelines are presented. 

4.1 GUIDELINES FOR INCREASING THE SKILL IN FINDING PROBLEMS 

The TPS expert emphasized the importance of having skill in ‘examining a shopfloor with Gemba eyes’, however 
he felt that the six companies did not have much of it. Gemba means ‘actual place’ in Japanese and in production terms 
it means shopfloor. Gemba eye is a critical insight into Gemba identifying tangible and latent problems. The study 
identifies four guidelines in order to obtain a higher skill in finding problems at Gemba. 

The first guideline is to observe a shopfloor with severe and critical eyes in the perspective of 5S, 7Muda, Quality 
built in process, Visual control, and Standardized work. There are a number of literatures describing the perspectives 
of 5S and 7Muda. This paper describes the rest of the perspectives: 
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• Quality built in process:  

Every human or machine operation has risks of causing errors. It is ideal that all the possibilities of error 
occurrences are prevented. This perspective requires to observe an operation and identify any possibility of 
error occurrence and then consider if a reasonable measure for occurrence prevention is in place.  

For instance, at one of the six companies, there was an operation where six screws were used for an assembly 
of a product. The expert saw an operator picking up screws from a box that contains about 100 screws. The 
expert asked how to secure that exactly six screws are used for the assembly. He saw that this operation 
allowed only five screws to occur being assembled or one screw being dropped into somewhere in the 
product. 

• Visual control: 

There are only two states in operations: normal state or abnormal state. In normal state, all operations are 
carried out according to its standard and schedule. When any of the operations fall out of the standard or the 
schedule, it becomes abnormal state. Operations shall be organized in a way that everyone can immediately 
recognize whether each operation is in normal state or abnormal state.  

At each of the six companies, the expert often asked to the attendants of the workshops “Is this particular 
operation on time, delayed, or ahead? How do you know that?”, although only a few could answer to it. At one 
of the companies, the expert pointed out an inventory and asked if it was in normal state or not. Then one of 
the attendants went back his office, printed out inventory information from the data system, and came back to 
the expert saying that it was in normal state. The expert said “ if it takes so long time to know the normal or 
abnormal state, how do you take an immediate action to abnormalities when it occurs?”. 

• Standardized work: 

The aim of Standardized work is to find an optimal combination of movements of material, human, and 
machine to realize an operation that is efficient, safe, ergonomic, and securing high quality of product. With 
this perspective, one shall observe an operation and consider how well the combination is arranged.  

The expert explained that the level of Standardized work at an operation can be judged by checking if the 
operation is repeated with the same procedure and the same cycle time, if the operators are taking certain 
rhythm in their operations, or if there is little waiting time in the operation. From this perspective, the expert 
did not find any of the six companies having Standardized work in place. Besides the perspective, he advised 
that Standardized work should be made by line leaders together with operators. Otherwise they feel forced to 
follow the standards and loose their motivation for improving the standards.   

The second guideline is to have a mind of never being satisfied with the current operation when observing it with 
the five perspectives described above. Such satisfaction stops the motivation for improvement. Some attendants of the 
workshops thought the expert was a fault finder when he indicated detailed improvement points at the shopfloor. 
Through the study, however, it is understood that he was exemplifying the mind that line leaders and managers should 
have in order to keep feeling the need for improvement. 

The third guideline is that when one finds any abnormality at Gemba he or she shall repeatedly ask why the 
abnormality happened. At one of the plants, for instance, the expert saw a pallet with products of work-in-process. 
That was lying on a walking passage. It made him raised a number of questions such as; “why is it here?”, “is it there 
because they are defect parts or delayed parts?”, “if they are defect parts, is this the correct way to handle the defect 
parts?”, “is it according to the standard? ”, “if the standard is not followed, why is it not followed?”, and so forth. By 
doing so, it is possible to understand the underlying factors that cause the abnormality. 

 The forth guideline is that when one seeks for the cause of abnormality one shall not attribute it to operators but to 
the system which let the abnormality to occur. At one of the plants, for example, the expert saw much stock between 
two adjacent processes while the standard in-process stock was two. He asked why, and one of the attendants 
answered it was because the operators tended to pile up the stock against the standard. The expert responded “never 
blame operators. The system or standard allow them to do it. If the system is made in a way that for example devices 
do not move as long as there are two in-process stocks, then operators are never able to produce more than two”.  It is 
important to look at the system and the standard in this way, because only by updating system or standard it is possible 
to prevent the same error from occurring again. 
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4.2 GUIDELINES FOR INCREASING THE SKILL IN GENERATING SOLUTIONS 

According to the expert’s experience, a company that is proficient in Kaizen often has a shopfloor with small 
improvements realized by simple and creative devices or equipments. However, he rarely saw such kind of solutions 
at the shopfloors of the six companies. The expert emphasized the importance of the skill in generating Kaizen 
solutions which are simple, creative, and easy to be implemented. The study identified two guidelines for this skill.  

One of the two guidelines is to have a mind saying that one shall use wisdom thoroughly before using money when 
generating improvement ideas. The expert claims that many Kaizen can be done without using much money. In the 
previous example securing six screws for an assembly shown at Quality built in process, he suggested that the problem 
could be solved by making a carton box with six slots in each of which a screw is placed. The example of visualizing 
inventory status shown at Visual control can be solved by putting tapes in a way that the tapes indicate the maximum 
and minimum amount of inventory. 

The other guideline is to try to come up with temporary solutions that can be implemented immediately even if the 
optimal solution is unknown or takes time to be implemented. Some examples can be drawn when he assisted to 
introduce Mizusumashi at the assembly shop at the company A. A Mizusumashi is a transporter that is dedicated to 
fetching, carrying, and delivering information and materials that are necessary for the operation. At the time of 
introduction, the optimal layout of the assembly shop was unknown and proper carts for transportation were not 
available either. He implemented Mizusumashi anyway with a temporary layout by drawing lines on the floor with 
tapes, and with temporally carts that were the most suitable at the moment.   

4.3 GUIDELINES FOR INCREASING THE SKILL IN TAKING ACTIONS 

One of the general impressions that the TPS expert felt about Kaizen on the shopfloor level among the six 
companies was that there is a large time lag between recognizing problems and taking actions against them. For 
example, most of the attendants knew about 5S and 7Muda, yet their Gemba did not appear as these concepts should 
offer. The study found two guidelines with respect to taking immediate actions.  

One of the guidelines is to initiate an action immediately if a solution can be done right away. The most of the 
problems related to 5S can be solved immediately. The expert exemplified it by himself picking up trashes from the 
plant floor even during the workshops. The examples of Kaizen solutions shown in the previous subsections can be 
easily done. Therefore they shall be implemented right away.  

The other guideline is to have a mind that one shall initiate an action even if the outcome of the change is not clear 
in details. People tend to think that all the uncertainties must be removed prior to an initiation of a change. However, 
this thinking often delays the initiation. Instead, it is better to start a change anyway because further ideas or better 
ideas tend to become clearer after taking actions. For this reason, during improvement activities at the company A the 
expert encouraged people to initiate Kaizen by saying that small improvements can be easily undone if anything goes 
wrong. 

4.4  THREE WAYS OF SUPPORTING CONTINUOUS AND EFFECTIVE USE OF THE GUIDELINES  

In order to increase the skills presented in the previous subsections, it is important to use the guidelines 
continuously and effectively. The study finds three ways of supporting continuous and effective use of the guidelines. 

As for supporting constant use of the guidelines, two ways are found. Firstly, most of the guidelines concern 
having certain mindsets towards finding problems, generating solutions, and taking actions. The key persons of 
Kaizen at shopfloor is mostly line leaders, therefore they must have the minds first and share the minds with their team 
members by exemplifying the guidelines. It is equally important that middle managers and top managers understand 
these minds and provide necessary support to line leaders and operators. The other way is to build a system that 
prompts people to use the guidelines. One of the typical examples of this is an error recovery system using Andon. 
Andon is an alarm signaled by operators when they find an abnormality. When signaled, the leader of the area has to 
go to the place of the occurrence immediately and solve the abnormality right away together with operators. Having 
such system helps people to have the mentality that abnormality must be handled immediately.  

In order to use the guidelines effectively especially for finding problems and generating solutions, it is important to 
observe Gemba objectively and have many improvement ideas. In reality, Gamba eyes tends to be less severe on the 
internal plant, since one easily gets used to the current condition of the plant. It is not always easy to have many 
improvement ideas only from the internal resources and the previous experiences. Therefore, benchmarking is highly 
recommended. By visiting other plants, one can easily observe the plants objectively with severe Gemba eyes. The 
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improvement points found at those plants can be advised to them and also be reflected to one’s own plant. Good 
Kaizen solutions found at the external plants can be introduced to the own plant. By letting external persons visit the 
own plant, a similar effect can be expected, receiving opinions of the plant from the third person’s point of view and 
receiving some useful advices. 

5. DISCUSSION 

The study identifies the guidelines which increase problem-solving skills in Kaizen. The result of the study raises 
two further questions; how are the guidelines related to the concept of Kaizen reviewed at the second chapter, and 
what benefits are possibly achieved by using guidelines continuously and effectively. Moreover, while the study 
identified the importance of improving Kaizen skills, it also found that many of the companies felt the need for radical 
improvement to obtain or sustain their international competences. This chapter will discuss the two further questions 
and increasing awareness of radical improvement. 

5.1 RELATION BETWEEN THE IDENTIFIED GUIDELINES AND THE KAIZEN CONCEPT 

It can be argued that the guidelines do not conflict with the Kaizen concept described by Imai [1], Brunet and New 
[2], nor Berger [3]. Rather, the guidelines lie under the concept of Kaizen and provide powerful support to the practice 
of Kaizen. Berger’s description of Kaizen can be used to illustrate this. He summarizes that there are three principles 
in Kaizen and claims that the practical outcomes of the principles at shopfloor level are quality seven tools, PDCA, 
QCC, and suggestion system. These outcomes are meant to execute Kaizen systematically. Within the framework of 
these outcomes, the guidelines enhance the quality of problem-solving in Kaizen. The guidelines support to obtain 
higher sensitivity of identifying problems, higher quality of generating solutions that realize maximum effect with 
minimum introduction of cost, and higher speed of Kaizen cycles. 

5.2 POSSIBLE BENEFITS ACHIEVED BY USING THE GUIDELINES CONTINUOUSLY AND EFFECTIVELY 

 Since the guidelines concern having certain mindsets, it is necessary for actors of Kaizen to understand what 
benefits possibly achieved by using the guidelines continuously and effectively. Increasing the skills of 
problem-solving in Kaizen is one of the benefits but we suggest that there are two more benefits achieved by using the 
guidelines. 

One of the benefits is found in personal development. The benefit of Kaizen for personal development is 
acknowledged in literature, see e.g. [6] and [7]. Kaizen provides opportunities of on the job training where line leaders 
and operators learn team work, performance metrics, quality seven tools, production equipments and so forth. We 
argue that the guidelines further give the actors of Kaizen a strong motivation to expand the areas of their knowledge 
and skills. The notion of achieving higher problem-solving skills in Kaizen creates the need of acquiring deeper 
understanding of their production process, production equipments, the products they produce, and other theories and 
practices that may be applied to solve their problems. The notion also creates the need of expanding the area of 
practical skills which allow them to solve problems by themselves. They can not run a Kaizen cycle quickly if they 
always relay on the help from support functions such as maintenance and production engineering.  

The other benefit is that using the guidelines helps to implanting what Ohno [8] calls ‘autonomic nerves’ at a 
shopfloor. Autonomic nerves in the human body quickly react to changes of the conditions of the body without 
waiting for signals from the cerebrum. According to Shibata and Kaneda [4], Ohno thought that production system 
shall contain something similar to the autonomic nerve system which is able to react and solve abnormalities quickly 
without waiting for orders from support divisions. Kanban and Andon provide support to realize this nerve system. 
Moreover, it can be argued that the state of the shopfloor brought by using the guidelines - identifying problems with 
high sensitivity and solving them immediately by line leaders and operators without much help from support staffs, is 
also a state where an autonomic nerve system is functioning. The effect of having such nerve system at the shopfloor 
seems significant. Ohno [8] implies that having the autonomic nerves in an organization is a necessary condition for a 
company to be agile. Shibata and Kaneda [4] claims that support staffs become freer from dealing with daily 
operations and can concentrate more on tactical and strategic issues. With the autonomic nerves, abnormalities are 
quickly handled at the shop floor. Iwaki [9] claims that responsiveness to abnormalities is a decisively important to 
assure high quality products at a production process. 
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5.3 EMERGING NEED OF SUPPORT FOR KAIKAKU 

It is widely accepted that there are two types of improvements; continuous incremental improvement and 
infrequent but radical improvement. The former type is known as Kaizen and, as the paper has shown, the concept is 
well documented and Kaizen has been practiced in many companies although there are differences in performances. 
The latter type is called ‘Kaikaku’ in Japanese. However, on the contrary to Kaizen, there is an inconsistency in 
describing Kaikaku among the literatures [6], [10], [11], [12]. Two of the six companies in the study have actually 
initiated radical improvements but an observation along with the study shows that their approaches seem to differ to a 
large extent. Therefore, we suggest that more research needs to be done in the area of Kaikaku. It would be especially 
important to provide scholars and practitioners with more comprehensive and consistent description of Kaikaku, as 
well as a process that supports effective and efficient execution of Kaikaku. 

6. CONCLUSION 

This paper has shown the guidelines that contribute to increasing the problem-solving skills in Kaizen. The skills 
are such that the TPS expert found insufficient among the six manufacturing companies in Sweden. The guidelines 
especially concern increasing the skills in finding problems, generating solutions, taking actions. Further, the paper 
has discussed two additional benefits achieved by using the guidelines. Using the guidelines stimulate people at 
shopfloor to expand their knowledge and skills. It also helps to implant autonomic nerve system at production. The 
findings and discussions made in this paper provide industry more concrete ways of enjoying the power of Kaizen, the 
power possessed by the companies with operational excellence.  
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ABSTRACT 

Apart from the customer demands themselves, the weightings of the customer demands are one of the main input 
data of a QFD (Quality Function Deployment) and furthermore of the actual construction process of products. 
Up to now most interviews with stakeholders of intralogistic plants have been carried out with questionnaires and 
then absolute weightings have been used. Now it has been analysed if the use of other interview and evaluation 
techniques, e.g. relative weightings and Analytic Hierarchy Process (AHP), can improve the precision of the 
demands and wishes of the stakeholders. 

1. INTRODUCTION 

In order to develop a customer-oriented logistic facility marketing researchers and developers have to work 
together. Requirements including the whole life-cycle detected by marketing research have to be taken into account 
in order to optimize not only the facility itself but its services as well. A useful tool for linking marketing research 
and development is the QFD. However, until now there has been no method for transferring unsystematic 
requirements into QFD-applicable, structured and weighted ones. 

By help of a QFD customer demands are transferred into weighed product and later process characteristics. Up to 
now mostly absolute weightings of customer requirements have been used as input of a QFD. Now it has been 
analysed if the use of relative weightings will improve the precision of customer statements. The relative weightings 
won by the Analytic Hierarchy Process (AHP) by Saaty certainly mirror the customer wishes more exactly. One 
reason may be the more intensive interview technique. Now it has been analysed if the use of relative weightings as 
input of a QFD is basically possible, if they have to be converted and if the precision has been improved in 
comparison to the use of absolute weightings. When using AHP during the planning process of an intralogistic plant 
it has become clear that a maximum of seven requirements can be evaluated at a time by a customer. Thus a suitable 
hierarchy had to be developed in order to transfer the requirements and their weightings correctly into the QFD.  

2. CUSTOMER-ORIENTED INTRALOGISTIC PLANTS 

Both logistic facilities (logistic facilities are internal material-flow systems that serve to bridge goods from the 
receiving point alongside manufacturing equipment towards the dispatching area [1] and different processes 
concerning development and operation of facilities raise demands. These demands are made by different 
stakeholders that can be involved in the life-cycle of a logistic facility on account of the facility itself or the 
processes related to the employment of it. Marketing research offers a number of tools in order to detect these 
demands. 

On the other hand manufacturers of logistic facilities are the ones who put these demands into practise by 
composing notebooks. 

                                                 
1 Dr.-Ing. R. Refflinghaus: E-mail: robert.refflinghaus@lqw.mb.tu-dortmund.de 
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The link that is missing at this point is the fact that the collected demands are not structured or even weighted 
according to their importance for the stakeholders. So it is difficult to use the collected demands for a QFD, because 
the output of a marketing research is just a bulk of requirements without any information about the importance for a 
stakeholder and the level of detail of a demand. Sometimes those demands are even conflicting. 

In fact considerations of customer demands become more and more important. The manufacturer of a 
prospective facility has to accept the fact that a competition concerning prior investments is no longer a way to 
succeed. The customer or stakeholder is not only represented by the purchasing department but also by other 
stakeholders, e.g. logistic experts. 

For economic survival on the global market it is therefore not only necessary to offer technically highly 
developed facilities but also services for the facility during its whole product life cycle. Even today the service 
business is profitable for various manufacturers. The point is that the service often only relates to replacement 
services and early phases of the life cycle of a logistic facility. At the stage of current use and after that customers 
are only infrequently supported by manufacturers although the manufacturers have the potential capacity. 

Besides the identification of stakeholders involved in the buying process of a logistic facility it is also important 
to consider after-sales-services. In this context the following questions have to be answered: How can customer 
demands be acquired? Which demands are “important”? What are the current demands and which of those are 
significant in the future? Which customer is “important”?  

The common value of a customer demand in Germany concerning logistic services for users is high (40%), 
respectively very high (50%) [2]. However acquisitions of customer demands are not organised as satisfactorily as 
demanded by users of logistic facilities. Only 40% of the questioned users admitted that they are satisfied. Various 
reasons can be given for that. One is the small amount of marketing research in this field. Just 10% of the questioned 
users were asked for demands during interviews, work shops or other methods of market research. 

In order to answer the questions mentioned above stakeholders have to be identified. After this identification the 
demands of the different stakeholders have to be collected and analysed. An analysis does not only mean a well-
defined demand but also the importance of a demand for the different stakeholders. The intention should be to 
develop customer-oriented facilities while customers include all stakeholders getting directly or indirectly in contact 
with the facility during its life-cycle time. 

In the field of capital equipment and therefore also logistic facilities there are only a few different stakeholders 
not as in the field of consumer products. Thus methods of marketing research that are used for customer products 
have only limited success in the field of logistic facilities and have to be adapted. 

For the next step – development of product attributes based on requirements – the method of QFD has been used 
for a long time. QFD is an accredited instrument which has two extensions nowadays, Akao and ASI. [3,4]. 
However, for the use of these methods it is very important that requirements of stakeholders and their weightings are 
structured and provided with a consistent level of details as an input parameter for the QFD. Therefore a 
prearrangement of the requirements is needed. 

3. THE ANALYTIC HIERARCHY PROCESS 

A pairwise comparison for customers is a simple and at the same time exactly worded questionnaire. Including 
the required hierarchization the Analytic Hierarchy Process provides decisive advantages regarding the precision of 
requirements’ weightings. The AHP is a method developed at the beginning of the 1970s by Dr. Thomas Saaty to 
support multi-criteria problems in decision-making and can be illustrated by means of a hierarchal structure. The 
AHP is mainly used in the Anglo-American sector in political committees and industrial projects in decision-finding 
processes. Although the methodology can be ideally integrated into a QFD project it is currently seldomly used for 
prioritizing customer requirements, engineering characteristics and product alternatives.  

The AHP can be broken down into two phases. First, all of the relevant determining factors of a defined problem 
must be collected and then given a hierarchal structure. When the named procedural steps in the hierarchal design 
are completed, all of the determining factors at one level are compared with one another pairwise using a ratio scale 
of nine elements which allows differentiated valuation. Both qualitative and quantitative determining factors can be 
employed to describe the problem. In addition, the logics of single and overall decisions may also be determined as 
the AHP is based on mathematics [5]. 
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The determining factors of a problem are split up into specification characteristics (criteria) and possible 
solutions (alternatives). Criteria can be described using further characteristics (sub-criteria) which are hierarchically 
subordinated under criteria. The alternatives are always shown on the last level. According to definition customer 
requirements expressed in the language of the AHP are therefore criteria or sub-criteria. Alternatives are not 
considered in this connection but they can be easily integrated into a QFD project in the requirements hierarchy to 
evaluate product alternatives.  

3.1 Example: 

In an initial step possible product requirements must be defined. Numerous methods are available for doing this, 
e.g. brainstorming. As the AHP demands that requirements must be compared pairwise with one another on one 
level regarding their importance, the following restrictions regarding the type of criteria arise: all criteria on one 
level must be independently and meaningfully comparable with one another [5]. The latter assumes that only “can” 
requirements can be observed. It is advantageous to implement them as the functionality of a product and thus the 
benefit of it from the customer’s point of view is enhanced. In contrast "must" requirements are absolutely essential, 
i.e. of such fundamental significance that should they not be met, an acquisition of the product can be excluded from 
the very beginning. They therefore cannot be meaningfully related to other criteria.  Requirements, whose 
implementation is of no significance for the customer, are not included in the evaluation progress from the outset.  

All of the determined “can” requirements are now structured according to hierarchy in a second step. As an 
example ten requirements will be observed. The higher the number of criteria to be compared directly with one 
another the more difficult it becomes to reach a consistent decision. An investigation carried out by Miller has 
shown that a person can on average only consider seven items of information at the same time [6]. Thus, if possible, 
comparing ten requirements in order to achieve qualitatively premium results should be avoided. If it is assumed that 
the requirements can be meaningfully placed together in three clusters this will result in the following example 
hierarchy: 

Problem

Cluster 1

Cluster 2

Cluster 3

Requirement 1.3

Requirement 2.1

Requirement 2.2

Requirement 2.3

Requirement 2.4

Requirement 2.5

Requirement 3.2

Requirement 3.4

Requirement 1.2

Requirement 1.1

1st level 2nd level 3rd level

Problem

Cluster 1

Cluster 2

Cluster 3

Requirement 1.3

Requirement 2.1

Requirement 2.2

Requirement 2.3

Requirement 2.4

Requirement 2.5

Requirement 3.2

Requirement 3.4

Requirement 1.2

Requirement 1.1

1st level 2nd level 3rd level

 

Figure 1: Hierarchy of customer requirements 

With reference to the cluster in question the clusters are then compared pairwise with one another regarding the 
problem and the requirements. This is shown as an example using the requirements of the first cluster. The priorities 
are entered into a so-called pair comparison matrix. 

The pair comparison scale according to Saaty comprises all of the numbers 1 to 9, plus their associated 
reciprocals. If two criteria are given the same weighting, they are valued as 1. On the other hand if one of the criteria 
absolutely dominates another one it is rated as 9. The other elements on the scale represent interim values.  
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Requirement priorities can be determined from the pair comparison matrix. Saaty was able to mathematically 
prove that because of the special properties of the matrix, the elements of the associated eigenvector agreed with the 
priorities of the evaluated determining factors [5]. Thus, EV = [65.48, 24.99, 9.53]T  applies. The associated 
inconsistency factor helping to make a statement concerning the logics of individual weightings is 5%; i.e. the 
evaluation shows minor inconsistencies which however are less than 10% and can therefore be tolerated; the 
weightings would otherwise need to be re-determined.  

When all of the pairwise comparisons have been conducted according to the described schema individual 
weightings may be consolidated using an algorithm described by Saaty to a final outcome [5]. All requirements are 
attributed a relative value as a result. The sum of requirement priorities (level 3) comes to 100%.  

3.2 Advantages of AHP compared with an absolute evaluation: 

In contrast to an absolute evaluation which is often used for weighting customer requirements, AHP features 
decisive advantages. One significant difference is that AHP not only demands the prioritization but also the 
structuring of the requirements. Thus observing requirements of differing dimensionality at one level is avoided. 
Moreover a hierarchal breakdown of requirements supports the ability of the assessor to judge because their 
cognitive capabilities generally strive to analyse complex problems by splitting them up into partial decisions in 
order to find a sensible solution [7].  

Furthermore the pairwise comparison is a method of evaluation which is easily understood as in each case only 
two requirements need to be compared with one another. However, a consistent evaluation requires in further that 
the assessor takes previous weightings into consideration when making judgement. In the case of absolute 
evaluations these restrictions do not exist. Each requirement can be evaluated individually although then the 
customer tends hardly to rate the value at all and to generally rate all requirements as important. However, as not all 
correlating product characteristics can be optimized with the requirements, the QFD team then lacks important 
information for the product design if absolute evaluation is employed. In contrast AHP demands that the customer 
differentiates between values in order to be able to derive a preferred focus. 

 
Moreover both evaluation methods can be differentiated regarding the measurement level on which they are 

based. The results of absolute evaluation merely provide information concerning the ranking of the requirements. 
The gap between the preferences cannot be meaningfully interpreted – similar to the marking systems used in 
schools. Saaty’s pairwise comparison, on the other hand, is based on a ratio scale and the evaluation results provide 
relative weightings. Consequently not only the ranking of the results can be evaluated but also the respective 
difference in benefits between the individual requirements. For example it is possible to determine that the 
implementation of requirement 1 is considerably more important for a customer than the implementation of 
requirement 2. However, no statements can be made on the absolute importance of both requirements.  

Furthermore, it is possible to state the logics of an evaluation which has been carried out using the AHP. If the 
inconsistency of a completed pairwise comparison is not tolerable, the customer is directly requested to re-consider 
the weightings. This feedback is only permitted by the mathematical structure of the AHP and is unique within the 
methodical requirement prioritization.  

The remarks made here have shown that the AHP is excellently suited to prioritize customer requirements from 
both the customer’s perspective as well as from the perspective of the QFD team. However, as the usual QFD 
strategies e.g. Akao and American Supplier Institute [ASI] are based on absolute weightings, it is necessary to 
discuss how relative weightings can be integrated here.  

4. PROBLEMS IN USING RELATIVE WEIGHTINGS AS INPUT QUANTITY IN QFD 

Converting the absolute value into a relative one causes in some cases serious changes which drastically 
influence the QFD. One of the most conspicuous changes is the dependency of the numerical values of the 
weightings on the number of incoming customer requirements.  

In a conventional QFD the numerical value of a single customer requirement is, on the one hand, dependent on 
the scale used and, on the other hand, on the judgement of the persons conducting the QFD. If relative weightings of 
customer requirements are used the numerical value remains significantly dependent on the judgement of the 
persons carrying out the QFD. In contrast the second input parameter is different. An evaluation scale no longer 
exists for relative weightings; instead, a new input parameter appears.  As the number of customer wishes increases, 
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the single numerical values of the weightings tend to become smaller. The reason for this is that in relative 
weightings 100 % is always distributed over all of the customer requirements. Of course of this 100 % more will fall 
on a single requirement if there are e.g. a total of eight than if there are 30 or more.  

This inter-relationship must always be taken into consideration when using relative weightings. However, there 
is another far-reaching problem in integrating relatively weighted customer requirements into a QFD. When 
calculating the results the weightings of customer wishes and the values for correlation of requirements with product 
characteristics are multiplied with one another. By using these values from a prescribed framework such as a scale 
from 1 to 5 these two input quantities stand in a defined relationship to one another. Using relative weightings can 
lead to totally different results. In most cases input qualities stand in no definite relationship as here those 
evaluations are possible which are excluded from a scale evaluation. Therefore a customer cannot be evaluated as 
just “five” or “ten times as high” but can be rated purely in figures e.g. 40 times higher than another.  

Consequently the input parameter of the weighting of customer requirements always has varying degrees of 
impact on the calculated results of the total evaluation in every QFD and causes an imbalance which is difficult to 
survey. 

Converting the integration of weightings from the AHP into a QFD must take this problem into consideration. 
Equal attention must also be given to the fact that the highest possible increase in quality is incurred for the output 
quantity of a QFD. If this is not ensured the implementation is of no value as increasing the accuracy of the output 
quantity is the motivation behind and the objectives of integration of weightings from the AHP.  

Beginning with these requirements it would appear that it is possible to determine relative values for all 
numerical input quantities made possible by integrating relatively weighted customer requirements Such a process 
has the advantage that there will be no miscalculations of precise weightings with values from rough scales as in 
these cases an increase in the accuracy of the results can only be very unsatisfactorily met. In addition, it would 
appear to be advantageous that all of the values which are to be later calculated together come from a similar 
development process so that the dimension of all input quantities is identical.  

A process such as this however has a distinct disadvantage, namely that it is intensely time-consuming. The 
relative evaluation of all the numerical input quantity e.g. using an AHP takes considerably longer than conventional 
ratings. In particular the time needed to observe many customer requirements and product characteristics through a 
large number of pairwise comparisons increases rapidly. The amount of time can be reduced by reverting to 
processes which are not based on complete pairwise comparisons although it must be noted that this solution is 
hardly feasible for a comprehensive QFD and will therefore be little used in practice.  

Another way of integrating relatively weighted customer requirements is to convert the relative value to an 
absolute one; a process which requires only little time and allows relative values to be transferred to any scale. 
However, it must be observed that there are many different types of scales as has already been pointed out.  

It depends mainly on the preferences of the user into which of the different scales the relative values will be 
eventually transferred.  

In order to convert the relative values intervals with certain threshold values are determined. Then the interval in 
which existing relative values fit in each case is checked. As each interval is allocated to an exact number each 
relative value can now be allocated to an absolute one.  

1081



Better results of interviews with stakeholders lead to customer-oriented intralogistic plants 

Example: 

The following demonstrates how a conversion of this type is carried out. First the relative values shown in Table 
1 are required for the ten customer requirements A to J. These could have been determined by means of an AHP.  

Table 1: Relative values for customer requirements  

Customer requirement Relative value 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

24.48 
20.63 
14.91 
10.08 
8.25 
6.14 
5.81 
4.19 
3.96 
1.55 

 

Using these relative values and knowing into which scale the values are to be converted, the size of the intervals 
can now also be determined. To do this the highest realtive value is divided by the maximum scale value. With a 
scale from 1 to 10 in this case that would mean: 

24 / 10 = 2.4 

This value is the basis for determining all the interval limits. As a scale of 1 to 10 has been selected for this 
example ten intervals are required. These lie between a total of eleven threshold values which are determined by 
multiplying each of the numbers 0 to 10 by 2.4.  

When the interval limits have been determined the respective intervals can be simply read off. Finally for each 
relative value the interval in which it lies and the absolute value it thus has must be determined. Table 2 shows the 
results of such allocation using values from Table 1 for this example. 

Table 2: Allocation of absolute values 

Relative value Corresponding 
interval 

Absolute value 

24.48 22.03-24.48 10 
20.63 19.58-22.03 9 
14.91 14.69-17.14 7 
10.08 9.79-12.24 5 
8.25 7.34-9.79 4 
6.14 4.90-7.34 3 
5.81 4.90-7.34 3 
4.19 2.45-4.90 2 
3.96 2.45-4.90 2 
1.55 0-2.45 1 

 

Of course such a conversion always results in the maximum scale value for the highest relative value. The reason 
for this is that the highest relative value is co-responsible for determining the interval limits. Thereby the upper limit 
value of the maximum scale value is always identical with the highest value of the relative numbers in a process like 
this. These absolute values are used exclusively in further QFD calculations and observations.  
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5. CONCLUSION 

The motivation for using an AHP and the resulting relative weightings is justified by the accuracy of results in a 
QFD. This level of increased accuracy compared with conventional processes results mainly from prioritizing 
requirements using pairwise comparisons. In most cases this is conducted with increased awareness and 
consideration. The quality of decisions taken can also be measured using the inconsistency factor. The quality of the 
QFD is increased in each case and the combined use of a QFD and an AHP can be justified.  

One problem which must be observed when integrating relatively weighted customer requirements is that the 
input quantities for calculating an overall evaluation no longer have the same or at least firmly defined relationship 
with one another. The determination of results is strongly influenced by varying degrees of the input quantity 
depending on the structure of the relative numbers. Consequently in each QFD with relative values the weighting of 
customer requirements has a different impact on the result. 

One solution which adequately considers this problem is to convert relative weightings into absolute weightings. 
Thus the accurate AHP results can be used. At the same time the QFD can be carried out in the conventional form 
without any considerable alienation. Furthermore there is no considerable increase in the amount of time required, a 
fact which positively affects the acceptance of this process. 
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ABSTRACT 

Lack of time due to daily problems in need of attention restrains proper assessments of improvement 
opportunities. There is neither proper support at hand to deal with the dynamic complexity of human activity and 
systems in use. This paper explores if system dynamics simulation can be used to model tooling problems on a 
management problem level at a manufacturer and evaluates its use. System dynamics is a methodology designed 
to aid understanding of dynamically complex problems and increases decision making impact. The results focus 
on the achieved models which prove to have sense behaviour despite lack of thorough data. In conclusion the 
applied method provides with an analysis of complex problem situations applicable for a decision support, 
otherwise performed through good guessing. Main characteristics from reality have been included in model and 
an experimental laboratory to test future policies on achieved. 

1. INTRODUCTION 

Problems are the result of past actions. Problems can be solved or be held back by temporary solutions. For 
manufacturers are there constantly problems in different stages of maturity. To become ahead in competition a 
successful approach to problem solving would be an asset. This survey explores the success of applying a systems 
approach for problem solving. The approach of the study is though on a basic level. The main objective has been to 
develop a system dynamics (SD) model of a cutting tool management (CTM) situation at a manufacturer. It is made 
as a test to evaluate if this kind of modelling is doable and useful in problem solving in a manufacturing context. 
Focus has also been on how a tool data management (TDM) system may implicate CTM performance.  

SD is claimed to be a method that is “seeing the forest while not losing sight of the trees” [1]. As problem 
solving method this seem promising especially in selecting accurate countermeasures to faced problems. The scoop 
of this survey is on developing a CTM SD model and to value its aid and applicability that is claimed in [2]. 
Evaluating the successfulness of applying SD in problem solving has to be more thoroughly done in future research. 
To apply SD has been chosen at an earlier stage [3] and it is considered in theory as a suitable method to gain 
understanding to aid in decision making. It is considered to be used in a methodology called Mode [3] 
(Manufacturing organization development efficiently) based on the need of good decisions for successful change. 
Most commonly is decision making based on intuition and guesswork from experiences and mental models [4], [5]. 
Good decisions are difficult to execute due to limited knowledge of effects from change in time. Persistent problems 
are not only failed to be solved they are also caused by previous solutions [2]. Industry would have large gains from 
an increased ability in change management and problem solving. SD provides a unique representation of complex 
reality and a virtual world to experience dynamic complexity of problems [1].  

The focus of the study is on a problem level which is aggregated and includes classic tooling problems like, tool 
unavailability, tool tracking and control, tool inventory, and high tool variety [6]. The quotation “companies without 
a tooling strategy, structure and system will find themselves missing a significant opportunity to improve their 
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competitive position” [6] is significant for this study. Financial motivations for good CTM are not just high 
increasing inventories through purchasing tools, holders etc. due to lack of control. Tooling might also cause 
machinery brake downs, quality losses, pre worn out tools, when CTM is poor. This is unfortunately often beyond 
operators, shop floor managers and managements ability to see or understand. The separation of cause and effect in 
time dims such inferences. This survey exemplifies one possible use from applying SD in problem solving. 

1.1. METHODOLOGY  

Empirical data to support model development have been collected through informal interviews and a CTM 
literature review. Most obvious bias in modelling has been in form of confirmation bias [2], embodied in the focus 
on how TDM supports CTM. The learning words in [6] have impact model design: that implementing a 
computerized tool management system does not automatically solve tooling problems it will be more successful if 
the underlying causes are identified first. Thus does the model show how the tooling problems previously 
mentioned interrelates and causes the faced problem situation.   

The systems approach is used because the problem of tooling is complex and not just physical regularities that 
enable reduction of physical phenomena. When human activity is included difficulties in separating it from its 
physical surroundings make it hard to define what to include or exclude [7]. The complexity with human activity on 
problems is that it is not the problems that appear to the problem-owners but it is their perception of the problems 
[7]. A tooling problem may therefore be interpreted in various ways. This phenomenon, of different interpretations 
by different people, is called “mental models” in the literature of SD [1], [4], [5], [8], [9], and [10]. The definitions 
are varying but the concept is as described by [7]. Further are mental models the inner simplifications and models 
inside people’s heads to interpret surrounding environment and phenomenon. They can be simple or advanced 
depending on experience, unchangeable until willingness to learn, and they guide peoples actions. Revealing and 
approaching one another’s mental models of problems is thus opening opportunities to solutions. 

SD uses a closed system view, meaning that it interacts within its own system boundary. Purpose is to aid 
understanding of a systems behaviour generated by its own feedback. Using a closed boundary is grounded on that 
most problems are generated by interactions and interrelations within a system. The scoop of the problem decides 
upon the size of boundary. Inside the boundary are the variables the actors in a system have the power to change. 
The purpose with a SD model is not to replicate reality in most accurate way [1]. That would be impossible anyway 
since all models are wrong [2]. Purpose is to develop simple models that mirror the system at hand in accordance to 
people’s mental models. Thus is acceptance of model behaviours over time the main validation criteria, not specific 
parameter values. There are several criteria for validation or to build model confidence through model tests [1], 
[10]. But if a model is not accepted those criterias has no meaning.  

1.2. LITERATURE BACKGROUND 

During the 1980s the CTM problem became highlighted when computerized manufacturing systems emerged 
such as flexible manufacturing systems [11]. The different areas of CTM can be divided in: Tool Information 
Management, Tool Allocation, Tool Replenishment, Tool Flow Control, Tool Monitoring, Tool Identification, Tool 
Presetting, and Tool Management Software [11]. Tool management literature often regard the development of CTM 
systems and describes their use together with suggestions on how to achieve good management of tooling [6], [12], 
[13], [14] and that CTM is an important issue [13], [15], [11]. Both views; that CTM has been in focus in previous 
research [13], [12], and [11] and has not [16] exist. In manufacturing industry there is a more dim focus [13] or no 
focus [6], [15], with the explanation that the traditional view has emphasised the workpiece flow and not tools [11]. 
The developed model is not categorized into any of these topics; the dynamic approach of the assessment has not 
been made in previous CTM literature. Systems thinking is one path to understand the big picture [9] and it consider 
how feedback systems are influenced by their own past behaviours. In the present case it is shown through how 
tooling problems interact within the modelled system during a period of time.  

The value of well performed CTM has a large financial motivation. Respondents answers in [6] says that tooling 
cost is more then 3.5% of production costs. Figures suggested from industry data from automated machining 
environments in the 1980s refer to that cost of tooling (both fixed and variable costs of production) is 25% to 30% 
[17]. A figure estimated in [16] says that tooling costs alone represents more than 25% of the total variable cost. 
Time lost on searching for unavailable tools is about 16% of scheduled time [16] and in another case 25% [14]. 
These figures may indicate the impact of tooling costs and the difficulty in defining them. In the real world it 
becomes worse e.g. what the real causes to a certain machine break down were: tool vibrations, too extensive loads 
on the spindle, tool rotation centre displacement, cutting forces, or etc. 
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2. THE CTM MODEL 

There have been three sources to modelling, the company for the study, CTM and SD literature. Model making 
concern cutting tools only, not holders, chucks, cones etc. and only the milling machine area is regarded. Model 
boundary has been a balancing, a too narrow make model useless and a too wide result in unnecessary complexity.  

A set of sentences about the situation at the object of study is here presented to give a brief overview. 
Competence about tooling is high and people in the system are skilled. Lack exists in uniting knowledge and there is 
low feedback communication. Low care of the existing systems, which architecture neither support searchable tools 
nor is properly updated. No tool strategies exists, tool management is characterised by freedom without rules on 
choice of tools, cutting speeds, replenishment of tools, or inventories. Preparation is not engaged in giving advice 
on choice of tools and tool data, it has been ignored. Tool life times are over used until a tool breaks, risking to 
producing scrap and perhaps a faster machine wear rate. There is a symptom of sub optimization: cutting-, spindle-, 
and table-speeds are experimented on to achieve lowered cycle times without analysing consequences outside 
machining. It is supported by how production costs are calculated which not focus on extra work besides manning a 
machine. Tool variety and inventory has a growing behaviour. New ideas about better tooling results in new tools. 
Old tools are then replaced before they are run out – neither are they wasted. New customer contracts tend to build a 
larger flora of tools. Different attempts have failed to master tool consumption. Knowledge about tool inventory is 
low and exists only for a few operators. A strictly monitored tool cabinet has worked but is an expensive method 
only suitable where large and few series are produced. A MPS-system (material planning system) is running since 
ten years, it gives control for finance, purchase, sales, production and order planning, but not for tooling. At last one 
quotation about the situation: “we order tools even though we know we have them – we just don’t know where”.  

Model boundary has become divided into three different parts: the flow of cutting tools (figure 1), soft 
parameters important for problem behaviour (figure 2), and machining considerations (figure 4). The model is the 
result of formulating the problem situation from words into levels and rates as shown in figures 1, 2, and 4. 
Quantifying the variables brought changes on structure and experimentation on how to actually construct the model.  

Figure 1: Flow of cutting tools 

Flow of cutting tools part, in figure 1, is the most observable part of the three with fewer interpreting features. 
The flow starts with a Purchase need. It is the sum of: Tool need, the difference between numbers of tools should be 
in use and the actual Tools in use. New idea, replace a tool due to better tooling. And New job which add new tools. 
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This sum is subtracted by Available tools for direct use (AT). AT depends in turn on the sum of: Suitable tools in 
Inventory through F, Inventory (table shown in figure 3) times Tool tracking & control (figure 2). Delivery of tools, 
divided on delivery time to picture the tools useful in each delivery. And F, reused tools which represent amount of 
tools put immediate in production from Refurbishment.  

Purchase order and Purchase of tools is Purchase need times a dynamic factor F, trust on system resulting in 
unnecessary purchase. It can be up to 5 times normal need depending on System observance (SO) (figure 2): a value 
of 2 is achieved at 65 % SO. The factor also decides on Extra withdrawal (EW) (hoarding of tools that too often are 
lacking) which deplete from Inventory into Own inventory (OI). OI is personal stores and is decreased by Take in 
use2 and Scrap 3 (tools are not made for tearing in boxes). A factor F, worn out and Time in own Inv set the 
division between the decreasing rates (25% are used and mean time a tool is stored 4 years). 

Inventory increase by: Delivery of tools from Tool on delivery. Refurbished tools delivered from the regrind 
service firm. And Tools to Inv which are Tools not in use back in use depending on Total Inv through probability 
factor F, in use. Inventory is also decreased by Take in use by the size of Withdrawal from Inv, same value as 
available tools but never more than Tool need. A short delay for tool preparation is included in Take in use. It feed 
Tools in use, amount of tools used at the machines, which is drained by Tool consumption into Used tools. From 
there either to Scrapped tools through Scrap 1 or to Storage before refurbishment through Tools to refurbishment 
(diameter < 10mm are scrapped through F, regrind). Tools are in Delivery to refurbishment with a certain Batch 
size. Tools not in use (TNIU) are tools not in production either in machine magazines, on trolleys or out of date 
Inventory. It is filled by Tools become out of date and Out of date tools from Inv set by the delay F, out of date tools 
and New idea. Tests with different delays result in the same sum of Inventory and TNIU but a short delay give more 
TNIU. It is depleted into Scrapped tools with a delay F, scrap and into Inventory as previously mentioned.  

Figure 2: Soft parameters important for problem behaviour  

Soft parameters important for problem behaviour part, in figure 2, bring the need of including soft elements to 
perceive the whole system view. Until now logic considerations of data from an observable real world have impact 
model development, this part has interpreting features. It is a difficult balancing and carries validation problems. 
Figure 2 show how the soft parameters have been mated with the flow of cutting tools. Guidance for thinking has 
been observing the real world and considerations on the logics of relations and equations of the model. 

SO depends on OI, Inventory, table observance (shown in figure 3, the less OI the better SO), and Common 
work procedure built up by Will to standardize. The Will is considered possible to affect by management policies. It 
has been simplified to an increasing rate. Tests have been made to evaluate possibility to include a decreasing rate 
which otherwise is part of reality. Result on behaviour was minor even with a longer time horizon than 260 weeks. 
SO is as previously mentioned affecting F, trust on system which in turn has a strong feedback to SO deciding upon 
the feed of OI. Common knowledge database (CKD) depends on SO to represent how well knowledge is used and 
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its accuracy and CKD curve the amount of knowledge. Development of common knowledge is also simplified to 
only a positive flow. It represents adding of info and learning through feedback between operators and preparation. 
Tool tracking & control is number of tracked tools. It considers: “Mental” knowledge (K) about inventories as in K 
Inventory tools (0.3 of Inventory), K Not in use tools (0.3 of TNIU) and K Tools in use (0.5 of Tools in use). It also 
considers database systems ability to control tools (CKD) dimmed by Tool variety in CKD and variety. Tool variety 
is simplified into Sum of Inv compared to a target level, simply the higher inventory the higher variety.  

Figure 3: Table graph variables 

Figure 4: Machining considerations  

Machining considerations part, in figure 4, deals with hard elements in a soft procedure. Machining is a complex 
reality and applying systems thinking might bring an idea of how it can interrelate with CTM. SO is set to decide on 
this part. Tool wear and Wear on machines decide upon Time a tool last which decide Tool consumption (TC) in 
figure 1. Discrepancy to standardized work invert SO and affect directly wear on tools and machines. The 
discrepancy also decides upon the effects from normal tool use and over use of tool. In normal use tools are used as 
they should and cause least wear on both tools and machines. In over use tool breakage is considered more normal 
and risk sudden tear and Wear on machines, but also increase time a tool last. The behaviour of over use is 
reinforced by the mental attitude of efficiently used tools. A possible side effect, larger tear and wear is not evident 
due to delays of cause and effect. Machine condition is decreased by Wear and compared with Ideal condition in 
Consciousness of condition, with delay of appearance of wear and maintenance action, result in Repair. Since 
empirical information to validate this part is near impossible to collect it can be questioned to include. An 
alternative could be to exclude it and use SO to directly affect TC. Thus is this soft approach included due to the 
benefit from explicitly show how Tool wear and Wear on machines interrelate. Extreme condition tests [10] have 
also shown that the delay in Consciousness of condition can strongly limit Machine condition and thereby TC. 

3. SIMULATION TO AID UNDERSTANDING AND IMPROVEMENT 

A brief presentation is given here to present a possible scenario for CTM dynamics. Simulation during model 
development has been a source to create understanding and enable sense equations. One example of a made 
assumption is for Common work procedure and CKD curve. A 5% annually increase is chosen in their rates Will to 
standardize and Development. On five years time there is a small difference in Inventory compared to no increase. 
But a twenty year simulation show vast difference: without any 5% increase Inventory keeps growing while with it 
growth stops after ten years and decrease. Figure 5 show a selection of parameter behaviours. 

On the left in figure 5 is Purchase order and Purchase need shown, the difference between the behaviours 
indicate an over purchase to ensure supply of tools. Inventory is only represented by growth, a long time period 
simulation show that growth last until 12 years. The other five parameters have either a rather constant or an 
increasing behaviour. AT is kept constant through a larger purchase than would be necessarily. Tracked tools are a 
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fraction of size of inventory. The simulation is limited to 5 years. It is expected to be enough time to experience 
how the dynamics are. It is also desirable to achieve improvements within such a time frame from an industrial 
perspective. It is also a question of confidence, uncertainty in specific parameters is not less uncertain in a long run.  

Figure 5: Selected parameter behaviours  

3.1 REFLECTIONS ON MODEL BEHAVIOUR AND IMPROVEMENT POTENTIALS 

The general structure of the real situation is represented in the model. Development of the model, confidence 
building tests [1] and experimenting of possible policies have been performed to test the model’s accuracy in 
replicating reality. The possibility to examine model and challenge mental concepts through simulation has added 
understanding for the sake of analysis of CTM dynamics. The model is not perfect it is noticed that improvements 
can be performed. But it is also true that when parameter equations were developed and tested overall model 
behaviour showed small differences depending on set estimates. It is not until values are set outside the interval of 
realism that noticeable differences appear. These tests of confidence have also resulted in uncovering possible 
improvement potentials which will be further investigated in future work. The model has shed light on that growth 
of Inventory is a result of several interrelating factors or events. Tools are refurbished but more seldom reused. 
Tools are poorly tracked and not available when needed. Operators do an Extra withdrawal as a symptom of low 
availability. All these events result on a dependence on a higher rate of purchase than actual need. This situation 
occurs because the system lacks a view of feedback thinking, instead is an event oriented mind set governing which 
is most commonly [1], [10]. Most information is delivered in events for examplenews [5], [9] from which we build 
our mental concepts of reality. Feedback thinking as used in this study view on problems and solutions as coexisting 
and interdependent [1]. The classic tooling problems [6] mentioned in introduction are deeply interacted in 
considered model boundary. Significant for overcoming these problems is the use of a tool strategy conditioned by 
that it is followed. How tool strategy affect model behaviour is not explicitly shown in the model since it is 
currently not used. In next section it is included aligning with implementation of TDM. A tool strategy would set 
the policies and framework for functionality of CTM to enable people to cooperate properly with the system [5].  

3.2 POSSIBLE IMPLICATIONS OF TDM  

To implement a CTM database is a massive amount of work. The architecture has to be structured with a 
proactive mind set. This need engagement from staff and endurance due to the delay until achieved function is due 
for the whole system. CTM is complex and even people with experience of tooling may have difficulties in seeing 
the whole picture. The short term behaviour that expect direct results from work load investments is governing most 
actions, known as event-oriented thinking [1], [10]. Attention to own needs and the complexity of systems dim 
ability to realize future yield, this together with previous experiences of failed projects last in consciousness of 
people. The requirement on a tooling strategy for successful results is lacking at the site for the study and is 
therefore assumed developed at the same speed and effect as implementing TDM in the model. Another requirement 
is system care. Poor system care demand longer time until full effect of TDM; this is pictured in the model by the 
outflow Adversity in figure 6.  

The TDM structure is shown in figure 6, the result of its variable behaviours in figure 7. There has to be an 
Effect to start. Its force is set to represent an initial concentration and then a flow which without Adversity would 
result in a complete implementation in eight years. Implementing is the result of Effort times SO, it develops 
Achievement of TDM. Adversity depletes with the invert speed but without an initial pulse.  
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Figure 6: The TDM structure  

Figure 7: Behaviours of TDM variables  

The interrelation between the TDM structure and CTM model is described in text. It is the level Achievement of 
TDM that affects variables in the model. Knowledge about the different inventories is set affected proportional. 
They are limited to not exceed one (full transparency) but the variable CKD and variety will yet limit amount of 
tools in Tool tracking & control. The rates of CKD curve (Development) and Common work procedure (Will to 
standardize) are affected by half the gain from Achievement of TDM and one fourth respectively. This based on that 
there are other factors that too affect and that there is inertia in the affect, common knowledge is assumed more 
related to TDM than Will to standardize. Progress in implementing logically increases awareness of consequences 
from EW of tools on shortage of AT. And perhaps increase awareness of that using an old hidden tool can create 
damage. Therefore are F, trust on system and Time in own Inv affected. A higher value results in less over purchase 
and EW and less time in OI. Figure 8 show the result of the parameter behaviours from figure 5. 

Figure 8: Comparing behaviours to variables in figure 5 

4. CONCLUSION AND FUTURE RESEARCH  

This study shows that SD (system dynamics) has significant potentials as a problem solving method in 
manufacturing industry. Primary objective has been to develop a SD model of CTM (cutting tool management) 
dynamics at a manufacturer. It has also been of interest to simulate how implementing a TDM (tool data 
management) system may implicate that model behaviour. The result has become an aggregated model that can be 
considered including main characteristics and purposefulness. It represents three areas: A flow of cutting tools, how 
tools are used in machining, and a third that is less visual representing a computer based area decisive for control. 
The third area is less observable and also found less prioritised. Applying SD has brought understanding of a fourth 
area, that of feedback systems thinking, that may show how behaviours in the other areas cooperate as a system.  

A study to explore CTM dynamics could be regarded having an obvious outcome: that control through a TDM 
system and tool strategy improves present situation. The main use of applying SD is the extended view of a problem 
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situation not only showing a perhaps obvious outcome. Advantage with an obvious outcome as in this case is that it 
does facilitate agreement on model validity which otherwise can be difficult, especially when including human 
activity. The models prove to have a behaviour that is accepted sense, showing a picture that is not far from how 
reality is experienced by people at the manufacturer.  

The extended view from applying SD on a problem situation is increased understanding of its dynamics. One 
example is the conclusion of that there are no short term solutions besides temporarily quick fixes that does not deal 
with origin of problem. Yet for the sake of improving CTM will this be more thoroughly examined in future work at 
the company. It provides with the opportunity to further explore how to include SD modelling in problem solving. 
Group model building will have larger focus in future research to enable problem solving in problem situations 
without an obvious outcome. Purpose with that is to incorporate validation, to the point problem solving, and 
agreement on proper counter measures in the modelling process. It could be questioned if SD modelling as 
performed in this paper is too uncertain to use in a decision support. This might be true, but it is also true that few 
tools can provide with better analysis for change. 
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ABSTRACT 

Within the scope of fast and automatic replies to the requests of customers a model needs to be developed which 
describes exactly the whole range of products a manufacturer is able to produce. The first step for this is the 
classification of all kinds of resources with the purpose to create a clear structure. The second step is the 
allocation of resources, especially machining tools, to the manufacturing features. The result is a general 
statement about the range of products a company is able to manufacture. It only inexactly describes the products 
which can be produced. To create a detailed record a functional description of the resources is necessary. This 
description includes important technological parameters of the manufacturing process. It can be either the 
workspace of the machine, possible revs per minute or the speed of the forward feed and so on. Furthermore, 
economic parameters, such as running or overhead costs, and ecological parameters will be recorded. All this 
information will be added into the model and transferred into a database. After filling the database with details 
it is possible to specify all resources that are able to produce a special step of the whole production process. 
Therefore segmentation of the customized product into single features is necessary. As a result of detailed 
research work this new method of describing resources will enable companies to lower the response time to 
customer requests. 

1. INTRODUCTION 

Companies which are located in countries like Germany have to compete with an increasing number of 
competitors owing to the proceeding globalisation. These competitors are mostly situated in a less cost-intensive 
environment and thus have a benefit regarding the acquisition of orders. Furthermore, the still perpetual reduction of 
the product lifecycle affects increasing labour costs for the proposal preparation.  

One solution to counter this situation can be the reduction of the period of time between customer request and 
answer of the potential supplier. An approach to this is automated process planning in combination with permanent, 
evolutionary scheduling. For this purpose, it is necessary to know which resources are capable of producing the 
whole or at least single features of the requested product with all the quality aspects the customer has specified.  

The authors develop a solution for automatic and fast replies to the requests of customers. This paper focuses 
specifically on the generation of a description of resources which is based on the functions of these resources. 

 2. PRESENT SITUATION 

In the last decades feature technology became more and more important in the frame of product design, process 
planning and manufacturing. The latest approaches use predefined integrated feature templates. These templates 
have attributes which contain information about design, modelling, process planning and manufacturing [1]. By 
means of the standard for the exchange of product data (STEP) Application Protocol 224 (AP 224) the product 
information can be transmitted to process planning systems [2]. These computer-aided process planning (CAPP) 
systems are able to work with machining features and the attached attributes like tolerances and material properties 
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which may be used during process planning [3]. Furthermore, these systems can map STEP AP 224 XML 
(Extensible Markup Language) data files, without using complex feature recognition processes, and create the 
corresponding machining operations. After that the generation of the process plan is possible [4].  

Existing approaches do not use a functional description of the resources. This description affords on the one hand 
an assessment of different production processes for manufacturing a product on a machine and on the other hand 
automatic generation of operation charts. 

3. THE NEW APPROACH OF A FUNCTIONAL DESCRIPTION OF RESOURCES 

The new approach to automatically replying to customer requests starts with the prepared request to the supplier. 
This request contains on the one hand product-specific data that are needed to find out which resources are able to 
manufacture the product and on the other hand order-specific data that are important for the assessment of the 
different process variants. The supplier uses a model of resources to be able to get a proposal of possible resources 
including all parameters of the manufacturing process. The following step is the generation and assessment of the 
different process variants which are derived from process-specific data. After an automated evaluation of suitable 
process variants, it is possible to create an individual final supply for the customer.  

Figure 1 gives an overview about this approach and shows the flow of information between customer and a 
possible supplier. 

Figure 1: Information flow between customer and supplier 

The development and implementation of this approach is the problem definition for a research project at the 
University of Applied Sciences in Zwickau. The purpose of one of its subprojects is the development of a functional 
description of resources and the creation of a model. It is intended to implement the model by means of a database 
that will be able to store all relevant information about resources. In order to design a useful strategy for this, the 
process starts with a general preliminary consideration.  

3.1. PRELIMINARY CONSIDERATION OF THE MODEL OF RESOURCES 

In view of the problem definition it is important to develop a model which is able to save all important data of the 
resources. To meet the requirements the model is pictured as a black box (cp. Figure 2). Now the first step is the 
definition of the function, the input and the output of the model. 

Figure 2: Model of resources as black box 
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The function of the model is the “Manufacturing of products with the right quality”. Product-specific data 

allocated by the customer constitute the input of the model. These data are the product which is segmented into 
single features, information about quality requirements (e.g. tolerances), the parameters and the dependencies of the 
features. The transmission between CAD system and model is based on the STEP AP 224. The required output is 
the choice of the resources and the customized functions which are able to manufacture the requested product. In 
addition, the parameters of the process (e.g. revs per minute or the speed of the forward feed) and evaluation of the 
processing time are needed. 

 

Regarding these definitions it is possible to specify two general demands the further proceeding is based on:  

• The model must be able to capture all necessary information about relevant resources.  

• The interfaces between input, resource and output have to be constructed in a way that allows for flow of 
information within the model. 

3.2. CLASSIFICATION OF RESOURCES 

To generate a clear structure within the model, a classification of the relevant resources was developed. The 
classification is based on the VDI 2815 [5]. In Figure 3 an extract of the created classification is displayed.  

Figure 3: Extract of the classification of the resources 

3.3. CLASSIFICATION OF FUNCTIONS 

Functions are actions that resources are able to perform. These functions of resources vary among different 
classes (e.g.: a machine is able to produce a product and an employee is able to run a machine). However, not every 
class of resources can realise actions (a material is not able to do something, but it is needed to manufacture a 
product). Because of this, several classifications have to be created for the classes of human resources and 
manufacturing equipment. For instance, the functions of machining tools are the respective manufacturing processes. 
Their classification is based on the corresponding DIN standards [6].  

 

3.4. ALLOCATION OF FEATURES TO FUNCTIONS AND FUNCTIONS TO RESOURCES 

To construct the relations between input and resources, two allocations (cp. Figure 4) of the classification are 
essential. Currently, the allocations are stored in two simple tables that will be transferred into the database later. The 
first allocation relates the requested product (segmented into single features) to the executable functions of the 
resources. The purpose of the second allocation is to define the executable functions of the resources. The result of 
this step is a rough statement about the manufacturing process of specific features. At this point, no restriction 
regarding the parameters has been specified within this approach. To get an exact description of the range of 
products a supplier is able to manufacture, it is necessary to record and adapt the respective parameters in the next 
step. 
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Figure 4: Overview about the relations 

3.5. FUNCTIONAL DESCRIPTION OF RESOURCES 

Within the framework of the functional description, the first step is recording all parameters of the several 
resource classes that are necessary according to the problem definition. These parameters differ among the various 
classes because of the different types and functions of the resources. Hence, multiple recording is inevitable. The 
resource-specific data can be divided into general and special data. The general data are important to identify several 
resources and to range them into the model. For instance, this information can be name, type and number of the 
resource. Furthermore, the special resource data can be subdivided into technological and economic information.  
The technological parameters are important for the detailed description of the functions but they only exist for 
manufacturing equipment. These data include, for instance, details about the workspace of a machine, possible revs 
per minute, forward speed and also information about the work holding fixture, tool carrier and accuracy of the 
machine. Economic information is, for example, running and overhead costs recorded. These data are important for 
the assessment of the manufacturing process. 

It is obvious that this recording is not enough to pave the way between features and resources. For this reason, a 
definition of new parameters is essential. These new parameters of the functions are based on the parameters of the 
features. However, their data is obtained from information about resource parameters. Figure 5 shows an example 
that illustrates how this information is adapted. As a result of this approach, it is possible to get a suggestion of 
resources based on the adjustment of several parameters. 

Figure 5: Principle of the adjustemt of information 

3.6. EXAMPLE OF USE 

The principle of the explained method should be demonstrated on an example of use which is shown in Figure 6. 
This is the requested product of the customer. These single features are the basis of the queries to the database. The 
first step is identification of all functions which are able to manufacture several features. Following this, the second 
step is the search for resources which are capable to run these functions. If adapted resources exist the third step is 
the adjustment of the parameters. Thereby it will be checked  

• if the device is able to clamp the actual form of the product, 

• if the right tool is available, 

• and if the machine is capable to manufacture the several features into the right quality with this chosen 
function and tool. 

Features

Model of resources

ResourcesFunctions
2211

Customer

Product 
conception

Cylinder

Material
Diameter
Length

Turning machineCylindrical turning
Feature ResourceFunction

Parameters
Machinable material
Range of producible 

lengths
Name

Number
Year of manufactureRange of producible 

diameters

General data

Revs per minute
Forward speed

Distance between
centres

Special data

Height of centres

Parameters Parameters

Cylinder

Material
Diameter
Length

Turning machineCylindrical turning
Feature ResourceFunction

Parameters
Machinable material
Range of producible 

lengths
Name

Number
Year of manufactureRange of producible 

diameters

General data

Revs per minute
Forward speed

Distance between
centres

Special data

Height of centres

Parameters Parameters

1095



Feature-based functional description of resources  

 

Figure 6: An example of use 

Information about resources and the corresponding functions which are identified by means of the queries to the 
database will be transmitted to the generation of process variants. The next steps are the assessment of these variants 
according to specific criteria and the generation of the individual final supply. 

4.  CONCLUSION AND PROSPECTS 

The presented approach in this paper is a vital step on the path to automatically responding to customer requests. 
It establishes the basis for the flow of information between customer demand and the supply of possible 
manufacturer. Set up on a preliminary consideration of a model this paper discusses the proceeding of the functional 
description of resources which is based on the allocation between feature to function and function to resource. After 
the definition of new parameters for the functions it is possible to filter only relevant resources out of the total 
quantity. 

This paper is the actual status of a research project. Following the functional description it is planned to develop 
a model of these resources which is able to represent the capabilities of companies. For this it is intended to devise 
the model by means of the unified modelling language (UML) and implement it using a database. This database will 
support the generation and assessment of various manufacturing processes by providing the necessary information.  
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ABSTRACT 

Many high-tech manufacturing and R&D organizations operate in a context of high process and market 
uncertainties. Despite constant attempts to predict future changes, strategic scenario planning has failed to 
capture the business dynamics due to lack of structured tools to measure the consequences of investment 
decisions today.  This paper addresses scenario planning strategy implementation in a large multi-site company 
and presents a conceptual approach to driver-based modelling and simulation to support strategic and tactical 
planning and managerial decision-making.  Key Value Driver based simulation modelling proposed in this 
approach evaluates the influence of key performance indicators on Economic Value Added (EVA) to determine 
how certain strategic/tactical settings would affect the bottom-line results of an organization.  This research has 
shown that indeed key performance indicators can heavily influence bottom-line results and that it is worthwhile 
to monitor their status in order to manage strategy dynamics. The model’s primary strength is the ability to 
reflect the basic characteristics of an organization without becoming too complex. The model has been validated 
with a restricted scope, a prerequisite for companies operating in turbulent and volatile markets. However, time 
horizons and underlying assumptions can be changed easily according to the company specific environment. 

1. INTRODUCTION 

“Strategy without tactics is the slowest route to victory. Tactics without strategy is the noise before defeat”. (Sun 
Tzu, 500 BC.) 

Although originally used in a military context, this quote by Sun Tzu, a Chinese general of 500 BC, pinpoints 
the problem that many organizations are facing: how to make sure the organization’s strategic objectives are 
obtained by defining and implementing the right tactics or plans.  

Large companies are often quite capable of constructing an adequate strategic plan. They do however, struggle 
when trying to implement their strategic plan accordingly. As a consequence, monitoring progress towards reaching 
strategic objectives is an ineffective process. This raises the question how to assess and control the future 
performance of an organization. After all, this should be part of the strategic planning process and fit within the 
overall corporate performance strategy of the company.  

Many executives acknowledge that the process of planning is often more important than the end result. Planning 
is not about creating a singular projection of the future but provides management with a platform to discuss the 
following basic questions. Where are we going? How are we going to get there? What-if things do not turn out as 
planned? How does our planning changes affect the business’s bottom-line result? 

Basically, the added value of any planning activity is to review and analyze the impact of risk on assumptions, 
initiatives and targeted results. Plans must explicitly deal with uncertainty. A range of scenarios can provide 
management with a basis of assessing the feasibility of alternative strategies. Simulation can be considered an 
adequate tool to determine whether certain projections or expectations are achievable and can be used to answer the 
questions that occur during planning or forecasting activities. 
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Moreover, simulation is an appropriate tool to analyze and support business activities on different levels in an 
organization. Simulation can be used on an operational level, on a tactical level or on a strategic level and can be of 
great value. However, it is a fact that many organizations fail to see the benefits of simulation in the context of 
Corporate Performance Management (CPM). In general, simulation is deemed time-consuming, complex, and quite 
expensive to develop. However, in practice, simulation provides an excellent method to study future performance 
without actually having to wait for real figures. Also, simulation enables sensitivity and what-if analysis to further 
assess uncertainty. 

In practice few companies systematically integrate scenario planning and simulation into the planning process. 
There appear to be 3 reasons for this: 

• Simple (behavioral) fear of the unknown. Many managers react to uncertainty with denial and 
unconsciously take deterministic views of the future.  

• Lack of time. Most organizations work up to the last minute simply to complete a single plan and view of 
action. There is no time left to evaluate alternate courses of actions. 

• Lack of adequate training in developing scenario plans and techniques. Using the outcome of analytical 
techniques and models for taking decisions in inherently uncertain situations requires both education and 
experimentation. 

This article presents a generic approach to business driver-based modeling and simulation to support strategic 
and tactical planning and managerial decision-making: the Key Value Driver (KVD) Simulation Model. The KVD 
Simulation Model is a powerful method for managers to gain insight on the factors that truly drive bottom-line 
results. As a consequence, they can prepare not only the important decisions in the planning process, but also rely 
on actual figures while doing so. 

The KVD Simulation Model is the joint result of a research study performed by EyeOn and Tilburg University. 
It has been validated at Organon, part of the pharmaceutical business unit of Akzo Nobel∗. 

Section 2 discusses scenario planning and implementation process and highlights the risks involved for further 
consideration in the simulation model. Section 3 pesents the structure of the conceptual KVD Simulation Model. 
Section 4 contains a case study of Organon. The explicit KVD Simulation Model estimates the bottom-line results 
of Organon based upon its Key Value Drivers (KVDs) and Key Performance Indicators (KPIs) corresponding to 
Organon’s strategic objectives. Using this model, it is possible to perform what-if scenario analyses to measure the 
effect of changes in the KPIs on the Economic Value Added. Conclusions are drawn in Section 6. 

2. STRATEGIC SCENARIO PLANNING & IIMPLMENTATION PROCESS 

Organizations have to create a link between developing strategic objectives and making an adequate tactical 
planning to ensure these strategic objectives are met. In fact this is part of strategy implementation, and can be 
supported by scenario planning. Figure 1 positions scenario planning and analysis in the CPM framework. This 
framework enables a closed-loop process that starts with understanding where the organization is today, what the 
strategic direction is, what targets should be set and how resources have to be allocated to achieve these targets. 

Strategy implementation is a topic that still can be explored extensively. Many companies are capable of 
defining their strategic objectives quite explicitly, but fail to implement them successfully. 

“The ratio of books in print on the subject of strategic planning to those on the subject of strategic 
implementation is 70:1” (McKnight [1]) 

It is not only crucial to translate strategy into a tactical plan adequately, it is also highly important to proactively 
manage corporate performance. By performing scenario analyses at the top level of an organization, strategic dash 
boarding and clear target setting on value drivers and performance indicators are facilitated throughout the entire 
organization. It is not only possible to react on environmental or internal factors that influence bottom-line results, 
but also to anticipate or even prevent negative effects.  

 

                                                           
∗ In March 2007, Akzo Nobel announced that they had accepted an offer for the purchase of its wholly owned subsidiary Organon BioSciences 
from Schering-Plough. The transaction has been approved by the European Commission, and awaits its approval from the US Federal Trade 
Commission. 
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Figure 1: Strategic scenario planning – implementation Process 

Strategy implementation however is difficult to manage because the transformation of strategic objectives into 
tactical settings is not straightforward; the implementation of strategy evokes risks. Risks are inevitable while 
translating the company’s strategy into a tactical plan. Therefore, for a company it is highly important to measure 
and, if possible, to manage the risk the company faces while it is trying to reach its strategic objectives. The concept 
of risk results from the recognition of future uncertainty. It is quite impossible to know every future outcome in 
response to a given action today. The action performed today can have different outcomes and that in fact creates 
risk. 

2.1 IDENTIFY RISK 

Two different kinds of risk can be identified. Risks within the control of a company can be referred to as internal 
risk, whereas risks outside the control of a company can be referred to as external risk (Mosquera [2], Kiser et al. 
[3]). The question to be asked is how to manage these kinds of risks to optimally support business activities? 

Internal risk 
When dealing with internal risks it is relevant to tackle the source causes of these risks. Since these risks occur 

in the company’s control, it is best to prevent and eliminate them by proactive plans, using the right performance 
measures. 

Research (Friedman and Essaye [4]) shows that many CEOs do not develop their risk management policies 
themselves but let “the financial guys” do it. However, it is advisable not to delegate strategy risk management to 
the financial department, but to acknowledge it as a high level priority issue within a company at CEO level, taking 
all layers of supply chain into account.  

The realization that risk management is a crucial factor determining the success of a company is more and more 
present in companies struggling to implement strategy (Kendrick [5]). Integrated risk management has recently 
become a practical way to mitigate risks within a company. Integrated risk management is the identification and 
assessment of the collective risks that affect firm value and the implementation of a firm-wide strategy to manage 
those risks (Meulbroek [6]).  

Although indeed a company is likely to benefit from a firm-wide risk management strategy, research (Noy and 
Ellis [7]) indicates that risk strategy is not always consistent across all organizational activities within a company. It 
is a surprising result that corporate risk strategies vary across activities in the same company.  
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External risk 

Because of increased globalization, outsourcings, widening the markets, external risks are increasingly present 
in every company. As opposed to internal risks, external risks cannot be prevented. However, it certainly is possible 
to mitigate external risks.  

Hillman [8] lists several strategies and approaches to mitigate external risk while improving a company’s 
performance. Most of these solutions address inventory levels as a critical component of a supply chain strategy that 
can help reduce risk. Some other solutions concern hedging strategies, forecasting techniques and the leverage of 
contract-management tools.   

2.2 RISK ANALYSIS 

In general, one of the most important elements of good strategic risk management is the analysis of risks. After 
identifying potential risks, an organization should analyze these risks by understanding their effect on the business. 
Risks can be analyzed in various ways. An important distinction is the type of tools used, which are either 
subjective- or objective-based methods. 

• Subjective methods like SCOR (Supply Chain Operations Reference Model) and utility theory are 
examples of known and widely incorporated tools to analyze risks.  

• Objective methods like simulation, factorial analysis, and Bayesian probability models can also be used to 
analyze risks and have also proven their potentials in practice.  

The major advantage of using simulation as opposed to subjective methods or other objective methods, is the 
fact that simulation is a dynamic method instead of a static one. Simulation not only considers time aspects, but can 
also incorporate and reflect more complex modeling issues like variability, uncertainty, and interdependencies 
between processes. 

2.3 SCENARIO ANALYSIS 

In the context of strategy risk management, simulation can certainly provide an advantage when trying to 
mitigate or even prevent risks while implementing strategy. Especially what-if simulation is suitable and can be 
applied to recognize risks and understand how they affect the organization’s bottom-line result. What-if simulations 
apply scenario analyses to determine what will happen if circumstances change.  

A scenario analysis facilitates improved decision-making because outcomes and implications of decisions can be 
carefully considered. Before a scenario analysis can be performed, first several scenarios have to be defined. 
Scenarios rely on identifying and examining the drivers of strategy and uncertainty – those factors that are essential 
to accomplish strategy.  

When evaluating scenarios, two aspects have to be kept in mind: the probability that a particular scenario will 
occur and the impact of that scenario on the business. Moreover, scenarios should be typically based on goals, and 
key value drivers of the business that are used in the strategic and tactical planning process. Therefore, the approach 
to develop a model for scenario analysis should start with identifying the value drivers based on the strategic 
objectives.  

3. CONCEPTUAL MODEL 

The conceptual KVD Simulation Model serves as a template for any organization and is able to incorporate the 
characteristics of almost every company by adding company specific information. The case study at Organon 
including the development of the KVD Simulation Model specifically for Organon provides an excellent example. 

The KVD Simulation Model applies mathematical relations between the KPIs and the Economic Value Added 
(EVA) Tree to simulate the effect of various tactical planning possibilities on the feasibility of certain strategic 
objectives. The EVA Tree represents the bottom-line result of a company.  

The conceptual model does not yet include any data, but incorporates only the basic mathematical relations of 
the EVA Tree that hold for any organization. For the model to become specific, first the key value drivers and their 
key performance indicators have to be identified. The key performance indicators are in fact the highly company 
specific information that the model requires to create a link between the strategic objectives and the EVA Tree. 
Although the mathematical relations linking key performance indicators to the EVA Tree can be company specific, 
the basic structure and setup of the model is to a large extent conceptual. 
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The KVD Simulation Model is implemented in Excel using Monte Carlo simulation concept (McLeish [9]) and 
consists of a simulation menu, an input module, an output module, and results overview module, a module 
displaying an overview of the main inputs and outputs. Each module contains several Excel sheets.  

3.1 SIMULATION MODULES 

Simulation menu  
The first sheet of the KVD Simulation Model is in fact a simulation menu. This menu enables the user to choose 

a required module. By selecting the name of the desired module, the chosen module appears.  

Input module  
The first sheet of the input module displays a framework to graphically represent the relations between KPIs, 

and between KPIs and the EVA Tree. The following sheets of the input module depict the input parameters for each 
different scenario. These sheets of the input module are divided into three main parts.  

1. The first part depicts the What-if Parameters that will be used for the scenario planning. This section 
displays the values of those parameters that their impacts on the bottom-line results are to be analyzed 
through sensitivity study. Uncertainty range or function is defined for each parameter and its level can be 
adjusted per period (for example see Figure 2 Market size growth). 

2. The second part consists of Static Parameters. Static parameters are not variable in the simulation. 
However, they are necessary to calculate the different elements of the EVA Tree. If the user does not 
include Tax changes in the different business scenarios, Tax is then an example of a static parameter. This 
is an input necessary to calculate the net operating profit after tax (NOPAT) and EVA, but it is fixed and 
therefore not interesting for a sensitivity analysis. 

3. The third part of the input module denotes the mathematical relations to calculate EVA.  
 

What-if Parameters (Example) Static Parameters (Example)

Market Size (mln EUR) 2006 Obsolete Stock 2006 2007 2008 2009 2010 2011

Direct Material Cost 2006 2007 2008 2009 2010 2011

Market Size Growth 2006 2007 2008 2009 2010 2011 Uncert.
Mfg. Organizational Cost 2006 2007 2008 2009 2010 2011

Uncertainty over time

Working Capital 2006 2007 2008 2009 2010 2011
Market Share (mln EUR) 2006 2007 2008 2009 2010 2011 Uncert. Current Liabilities

Receivables
Total Inventory

Uncertainty over time
EVA Tree 2006 2007 2008 2009 2010 2011
Fixed Capital

Non Key Products 2006 2007 2008 2009 2010 2011 Uncert. Taxes
WACC

Cost of Organization 2006 2007 2008 2009 2010 2011 Uncert.

 
Figure 2: An example of input module sheet 

The second sheet of the input module depicts the input parameters of the base case scenario of an organization. 
This sheet is called ‘Base Case’, and is locked, i.e. the user cannot alter the values on this sheet. The base case 
scenario reflects the expectations when everything goes as planned. Because the base case scenario does not 
incorporate uncertainty, all Monte Carlo simulations result in the same output values. Following the “base case”, 
there are some sheets that denote the values of input parameters of other scenarios. These scenarios can be named 
by the user and be added or deleted depending on the number of scenarios that the user intends to study.  

The conceptual model considers already one specific scenario: a dynamic scenario. This scenario is similar to 
the base case scenario, but whereas the base case has an uncertainty level of zero, the dynamic scenario introduces 
non-zero levels to account for future uncertainty. For example, the longer the time horizon, the less likely that 
current estimates for future results are accurate. 
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Output module  

Subsequently, the output module depicts the output values of each scenario. These output sheets display the 
values of the EVA Tree as they are calculated by using the parameter values of input sheets. For example, the sheet 
‘Output Base Case’ shows the EVA Tree as it is calculated by the values of the input parameters in the sheet ‘Base 
Case’.  

Output (Example) EVA Tree 2011

Calculation EVA 2011
Sales

2006 2007 2008 2009 2010 2011
Sales C. Margin
Cost of Goods Sold
Contribution Margin CoGS EBIT

Cost of Organization CoO NOPAT
EBIT

Taxes
Taxes
NOPAT EVA

Fixed Capital WACC
Working Capital
Invested Capital Fixed Cap. Cost

WACC Invested
Capital Cost

Working
EVA

 
Figure 3: An example of output module sheet 

Results overview module  
The last module ‘Results Overview’ provides a brief overview of a few output variables like e.g. Sales, EBIT 

and EVA. This module also offers an overview of the most relevant input parameters of all scenarios. Besides in 
tables, the output variables are also depicted in graphs. 

3.2 FROM THE CONCEPTUAL MODEL TO THE SPECIFIC MODEL  

The generic model does not yet include any data, only the basic mathematical relations of the EVA Tree that 
hold for any organization. For the model to become specific, the KVD study first has to be conducted to understand 
the key value drivers and their key performance indicators. In order to come at KVD, first the overall strategy of the 
organization has to be described in term of strategic objectives. These strategic objectives define the targets that the 
organization must achieve in a specific period of time to accomplish its mission in a systematic way. Also, the set of 
strategic objectives define the expected level of achievement of the organization. 

Secondly, the aspects that determine whether or not strategic objectives will be met and those aspects that 
determine future profitability, are to be identified. These key aspects are the key value drivers. Then, corresponding 
key performance indicators have to be defined in order to be able to measure the progress of the organization. 
Kouwen et al. (Kouwen et al., 2007) provide a structured and effective approach to determine company specific 
KVDs and KPIs. Figure 4 shows the way in which one arrives at the specific model. 

 
Figure 4: KVD – KPI identification process 
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4. CASE STUDY & RESULTS 

4.1 INTRODUCTION TO ORGANON 

Organon, the pharmaceutical business unit of Akzo Nobel, is the largest innovative biopharmaceutical company 
originating in the Netherlands. Since the foundation in 1923, Organon has always been strongly scientifically 
oriented. Organon researches and investigates innovative medical products. It sells products in more than 100 
countries all over the world and is represented by subsidiary companies in more than fifty of them. Moreover, 
Organon strives to register its products all over the world.  

In 2006 Organon realized a turnover of € 2.611 million, which is 69 % of the total turnover generated by the 
pharmaceutical business unit of Akzo Nobel. Momentarily, Organon has more than 14.100 employees, spread over 
more than 60 countries. In the Netherlands, approximately 5.000 employees are active. The Netherlands also 
accommodate a large part of the main office of Organon as well as several of its largest production- and R&D- sites. 

Organon presents itself as being an innovative organization: 

“With around 19% of revenues invested in R&D, we continue to focus heavily on our product pipeline.” (Toon 
Wilderbeek, General Manager Organon, Akzo Nobel Annual Report 2006). 

4.2 SCOPE 

It is very important to determine the scope of the KVD Simulation Model beforehand. This is due to the fact that 
while one executive can decide to list his strategic objectives, KVDs and KPIs for the whole organization, the other 
can consider e.g. only one business unit. Therefore, the scope has to be determined explicitly before the model is 
being built. The representatives of Organon have agreed on the following scope:  

The scope of the KVD Simulation Model includes that decisions or actions that affect the bottom-line results of 
Organon in the next five or six years. 

For Organon, this is an important distinction, because Organon has to face an R&D pipeline that requires an 
average of 12 years for a product to materialize on the market. Therefore, the KVD Simulation Model only 
considers the products in the R&D pipeline that are expected to enter the market within the next five years and the 
products that are already on the market. Besides setting the scope, other assumptions have to be made. For Organon, 
the most important ones concern market perception and market size. The market can be approached from different 
angles. These different views are of the whole of Organon, per therapeutic area, per treatment type, or per key 
product. The KVD Simulation Model presents the market per key product. Organon also discerns different market 
perceptions as not all people are infected in an area and not all infected ones continue in the treatment, thus there is 
percentage patient share. 

4.3 SCENARIO DEFINITION 

Before a simulation and a scenario analysis can be performed, first several scenarios have to be defined. Two 
scenarios have already been incorporated in the conceptual model, a base case scenario and a dynamic scenario. 
Besides the two standard scenarios, one can define other business scenarios. The KVD Simulation Model allows for 
these additional scenarios to be defined and named by the user. 

The participants of Organon have indicated that they would like to analyze several variations of the dynamic 
scenario. Therefore, the third and fourth scenarios reflect the dynamic scenario, but with slightly other assumptions 
to determine how these alterations influence the bottom-line results.  

4.4 RESULTS 

The KVD Simulation Model depicts the results of all scenarios clearly in tables and in graphs. The tables depict 
the outcomes of the three most important output values, Sales, EBIT, and EVA, and those what-if parameters that 
the user would like to see the effects of on the main outputs. Because these inputs and outputs are displayed for all 
scenarios, one can clearly see how certain parameter settings affect the bottom-line results.  

The different graphs show the outcomes of all scenarios per year, the cumulative outcomes of all scenarios per 
year, the differences of all scenarios with respect to the base case scenario per year, and the cumulative differences 
of all scenarios with respect to the base case scenario per year. It is also possible to graphically compare each 
individual scenario to the base case scenario. Figure 5 shows four graphs for the output parameter EVA. The 
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scenarios as defined and presented are examples and do not reflect Organon’s expectation of the future! These 
illustrative figures show that expected performance with respect to base case. 

 
Figure 5: Output graphs EVA 

The KVD Simulation Model derives statistics, and facilitates sensitivity and scenario analyses. For example a 
sensitivity analysis on Sales, EBIT and EVA in 2011 has indicated that for Organon the most essential input 
parameters are the market shares per key product, the sales of products that are not key products, and the royalty 
income Organon receives for its out-licensing of products. Research & Development and Sales & Distribution also 
heavily influence the bottom-line results of Organon. 

5. CONCLUSION 

The development of the KVD Simulation Model is the final step of a consistent top-down method and 
terminology to bridge the gap between an organization’s strategic plan and the appropriate execution of its strategic 
direction. The organization’s performance is improved by aligning the organization in the execution of the strategy.  

The model can assess whether or not strategic objectives are met when adapting tactical settings. It uses the 
influence of key performance indicators on the Economic Value Added to determine how tactical settings affect the 
bottom-line results of a company. 

Since the KVD Simulation Model supports the decision-making process on the strategic and tactical level, 
scenario thinking is a key part of this tool because of the unique ways in which it allows users to explore the 
consequences of unknowns, and because of its ability to measure bottom-line in the face of uncertainty. The model 
is also user friendly and easy to use. 

The validation of the model at Organon indicates that although it is not easy to capture the essence of a company 
in a simplified way, the model is able to represent the basic characteristics of a company without going in too much 
of detail. This is the strength of the KVD Simulation Model. Without major complexity, the model shows the 
outcome consequences when implementing a certain tactical planning and adjusting key performance indicators 
accordingly.  

This research shows that indeed several key performance indicators may have a significant influence on the 
bottom-line results of a company. To measure the direct impact, several scenarios need to be constructed and 
studied in the simulation. A fractional factorial orthogonal array is a method to setup simulation experiments. 
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ABSTRACT 

Task scheduling has been recognized as NP-hard. Quick and near-optimum solutions are therefore highly 
desirable in practice. As such, this paper proposes two versions of genetic algorithm (GA) for solving the task 
scheduling problem. The first algorithm uses a simple mutation operator to maintain population diversity.  In the 
second algorithm, a neighbourhood search mutation feature is applied to promote population diversity and to 
improve solution quality. The two algorithms are evaluated using several benchmark problems. Computational 
results indicate that for relatively small problems both methods perform well. However, as the size and the 
complexity of the problems increase the second GA performs significantly better than the first.  

1. INTRODUCTION 

Since the early 80’s, a growing interest has been developed in meta-heuristics as a tool to tackle combinatorial 
optimization problems. Among the earliest and the most popular algorithms are Tabu Search [1], Simulated 
Annealing [2], and Genetic Algorithms [3]. These algorithms have been applied to a wide range of combinatorial 
optimization problems such as quadratic assignment, vehicle routing, and scheduling.  

Genetic algorithm simulates the evolution process of species reproduction [3]. While other heuristics such as 
simulated annealing and tabu search work with a single solution, genetic algorithm deals with a population of 
solutions. In the conventional GA, each member of the population is considered as a Chromosome representing a 
solution. GA assigns a value to each individual in the population according to a problem-specific objective function. 
Two individuals (chromosomes) will be selected randomly or with a probability in favour of improved fitness to 
produce a new generation. The reproduction is then carried out through two fundamental mechanisms. The first one 
is Crossover which combines parts of the genetic characteristics of two selected parents to produce genetic 
characteristics of a new individual. The second one is Mutation by which a spontaneous modification of genetic 
make-up occurs. The newly created individual is called Child or Offspring. This new individual is different from its 
parents but shares some common characteristics.  

In this study two versions of genetic algorithm are developed. The first one features a simple mutation operator 
and precedence preservation crossover and the second is enhanced by a local search mechanism. Several benchmark 
scheduling problems are selected from the literature to test and compare the two GAs.  

The reminder of this paper is organized as follows. In section 2 an overview of scheduling problems is 
presented. Two genetic algorithms will be described in detail in section 3. Computational results are presented in 
section 4. Conclusions and remarks are discussed in section 5.  
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2. THE TASK SCHEDULING PROBLEM 

This paper is confined to the deterministic scheduling problem that deals with scheduling of a set of tasks on 
servers such that each task has a specific sequence of operations without preemption and each server can handle at 
most one task at a time. The objective is to minimize the makespan, the duration in which all tasks are completed. 
The scheduling problem can be formulated as follows: 

Let 

J = {1,…, n} denote the set of tasks; 

M = {1,…, m} denote the set of servers; 

Oj be the set of operation pairs (k, r) of task j constrained by the precedence relations, i.e., task k has to be 
processed prior to task r; 

pjk denote the processing time of task j on server k; and 

xjk be the start time of task j on server k. 

 

 

 

 

 

In the above model, the first set of constraints describes the precedence relations among operations of each task, 
and the second set is to avoid having two tasks scheduled simultaneously on the same server. 

 According to complexity theory, the task scheduling problem is considered NP-hard. It is also known as one of 
the most computationally intractable problems [4,5]. For instance, a relatively small problem with 10 tasks and 10 
servers known as MT10 remained unsolved until 1986. 

3. PROPOSED GENETIC ALGORITHMS 

3.1. GA I  

The algorithmic steps of genetic algorithm could be described as follows.  

Step 1. Initialization: Generate random population of chromosomes, i.e., feasible solutions.  

Step 2. Evaluation: Examine the fitness of each chromosome in the population.  

Step 3. Reproduction: Create a new population by repeating the following steps until the new population is 
completed.  

a. Selection: choose two parent chromosomes from the population according to their fitness values.  

b. Crossover: crossover the parents to form a new offspring.  

c. Mutation: mutate new offspring.  

Step 4. Replacement: Use the newly generated population for a further run of algorithm.  

Step 5. Test: If the termination condition is satisfied, stop, and return the best solution in current population; 
otherwise go to Step 2.   

The major aspects in the above algorithm such as chromosome representation, crossover, and mutation are 
described in the following. 

3.1.1. Representation 
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Figure 1: Chromosome fitness proportion in roulette 
wheel  
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Several representation approaches have been proposed in literature for scheduling problems. Binary and 
permutation representations are among the earliest and the most frequently used approaches [6].  The main 
drawback of the aforementioned representations is that the resulting new chromosomes (after employing genetic 
operators) do not always represent feasible solutions. As a result a repairing algorithm is needed. In this study, an 
operation-based representation proposed by Bierwirth [7] is utilized. This approach uses an un-partitioned 
permutation of m-repetitions of task numbers to represent a solution as a chromosome. Each task is a set of 
operations that has to be processed on m servers. In this form of representation, each task number occurs m times in 
the permutation. Scanning the permutation from left to right, the kth occurrence of a task number refers the kth 
operation in the technological sequence of this task. In this way, scheduling operations whose technological 
predecessors have not been scheduled is avoided. Consequently, any newly created individual could be decoded 
into a schedule directly without repairing. For instance, the following chromosome represents a solution for a 
problem with four tasks and four servers.  

4 2 4 1 1 3 2 4 1 4 1 3 3 2 2 3 

Each number carries 2 bits of information: a) the number itself represents the job number, and b) the number of 
occurrences of a number in the string indicates the operation number.  For example, the first number, 4, indicates 
the first operation (the first occurrence of this number) of job 4, and the third number, 4, represents the second 
operation (second occurrence of “4”) of job 4. Similarly, the last number of the string, 3, stands for the fourth 
operation (the fourth occurrence of “3”) of job 3, etc. Each element of the above chromosome is called a gene. This 
chromosome represents a schedule of four jobs each with four operations in the following order (J(ij) = operation j 
of job i): 

J(41)-J(21)-J(42)-J(11)-J(12)-J(31)-J(22)-J(43)-J(13)-J(44)-J(14)-J(32)-J(33)-J(23)-J(24)-J(34) 

3.1.2. Initial population 
Initial population plays an important role in quality of the final solution in any genetic algorithm. The main 

purpose of this study is to examine and compare two different GAs and the way of selecting initial populations will 
have an equal impact on both. Therefore the initial populations will be generated randomly. 

3.1.3. Parent selection 
In this study, the roulette wheel selection approach will be used. Unlike the random selection that simply 

chooses two parents from the current population, the roulette wheel technique selects two individuals with a 
probability biased toward the chromosomes with better fitness values [8]. Each member of the population is 

assigned a sector of a roulette wheel that is proportional to its fitness value (Figure 1). Then the wheel is spun to 
select a parent.  

 

The roulette wheel method involves the following four steps: 

Step 1. Calculate the total fitness of all the chromosomes and the proportion of each chromosome. 

Step 2. Generate a random number between 0 and 1. 

Step 3. Select the first chromosome whose proportion plus the total proportion of the preceding 
chromosomes is greater than or equal to that random number. 
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Step 4. Repeat steps 2 and 3 and select another chromosome. 

3.1.4. Crossover 
Crossover operator is one of the unique and the most important components of a genetic algorithm. For 

permutation with m-repetitions of the task numbers [7], precedence preservative crossover (PPX) proves to be very 
efficient. The advantage of this method is that the newly generated individual could be directly decoded as a 
schedule without any modification. Following this method, a template vector h with length m×n (m and n 
respectively denote the number of servers and tasks) is filled with random elements of set {1,2}. This vector is then 
used to define the order in which genes are drawn from parent 1 and parent 2. The selected gene from one parent is 
appended to the offspring chromosome and then the corresponding gene is deleted from the other parent. This 
procedure repeats until both parent chromosomes are emptied and the offspring contains all the involved genes. 

Figure 2 shows an illustrative example with four tasks and four servers. P1 and P2 are respectively parent 1 and 
parent 2 that have been generated randomly. In this example, the first four elements of template vector h are 1. 
Therefore, the first four genes from parent 1 (P1) are appended in offspring chromosome and corresponding genes 
in parent 2 which are respectively sixth, first, eleventh and third genes are deleted. The second set of the random 
numbers in vector h (fifth to twelfth elements) is 2. Consequently, the first seven genes from the remaining genes in 
parent 2 (genes 3 2 2 3 1 1 1) are added to the offspring chromosome and then corresponding genes in parent 1 are 
deleted. The above procedure is repeated until the offspring chromosome contains all the involved genes. 

 

 

3.1.5. Mutation 

To further diversify the population, a small perturbation in positions of genes in an offspring’s chromosome is 
desirable. This will be done by selecting randomly two non-identical genes and exchanging their positions.  

3.1.6. Replacement 
Once a new population is generated, those individuals from old population with lower quality are replaced by 

members of the new population that have higher quality [5]. The advantage of this policy over traditional method is 
that it guarantees that the best chromosome(s) from old population is transferred into the new population. 

3.2. GA II  

P1: 4 2 4 1 1 3 2 4 1 4 1 3 3 2 2 3
P2: 2 3 1 2 2 4 3 1 1 1 4 4 3 4 3 2
h: 1 1 1 1 2 2 2 2 2 2 2 1 1 1 1 1
Offspring:                 

P1: 4 2 4 1 1 3 2 4 1 4 1 3 3 2 2 3
P2: 2 3 1 2 2 4 3 1 1 1 4 4 3 4 3 2

Offspring: 4 2 4 1             

P1:    1 3 2 4 1 4 1 3 3 2 2 3
P2:  3  2 2  3 1 1 1  4 3 4 3 2

Offspring: 4 2 4 1 3 2 2 3 1 1 1      

P1:    4 4 3 2 3
P2:            4 3 4 3 2

Offspring: 4 2 4 1 3 2 2 3 1 1 1 4 4 3 2 3

Figure 2: An illustrative example of the crossover process
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Previous studies show that the performance of a genetic algorithm could be improved if it is combined with the 
other heuristics such as simulated annealing and tabu search.  In such hybrid methods, a local search is utilized to 
improve the quality of newly generated offspring. As a result, the new individual may no longer carry the genetic 
characteristics of its parents. Furthermore, in these algorithms deciding where to terminate the SA or tabu steps is 
usually a difficult task.  

In this study, a genetic algorithm with a new mutation mechanism is proposed to solve the task scheduling 
problem. The unique feature of the proposed mechanism is the use of a simple and effective neighbourhood search 
component that respects the genetic characteristics of the individuals. With this mechanism, Q non-identical genes 
from the offspring chromosome are selected randomly upon the acceptance of a mutation operation. Then, a set of 
neighbouring chromosomes is generated by swapping the position of the selected genes. To generate a neighbouring 
chromosome, the offspring chromosome is scanned from left to right and the position of each gene is consecutively 
exchanged with one of the selected genes on the right hand side of the first gene. The quality of the offspring after 
each swap is tested in terms of the resulting schedule length. In the end, the best swap producing the shortest 
schedule is made. 

 The number of neighbouring chromosomes of an offspring (neighbourhood size) is calculated according to the 
following formula:  

Neighbourhood size = Q (Q-1)/2 

where Q = min (n, m). For instance, in a problem with four tasks and four servers, an offspring chromosome is 
generated as follow: 

 4 2 4 1 1 3 2 4 1 4 1 3 3 2 2 3 

Now assume that the four randomly selected (non-identical) genes from left to right are respectively first, fourth, 
seventh, and twelfth genes.  

For this example 6 possible neighbouring chromosomes are shown in Figure 3.  

 

Offspring 
chromosome 4 2 4 1 1 3 2 4 1 4 1 3 3 2 2 3 

Neighbour_1 1 2 4 4 1 3 2 4 1 4 1 3 3 2 2 3 
Neighbour_2 2 2 4 1 1 3 4 4 1 4 1 3 3 2 2 3 
Neighbour_3 3 2 4 1 1 3 2 4 1 4 1 4 3 2 2 3 
Neighbour_4 4 2 4 2 1 3 1 4 1 4 1 3 3 2 2 3 
Neighbour_5 4 2 4 3 1 3 2 4 1 4 1 1 3 2 2 3 
Neighbour_6 4 2 4 1 1 3 3 4 1 4 1 2 3 2 2 3 

 

Figure 3: Neighbouring chromosomes 

 

4. COMPUTATIONAL RESULTS 
To compare the performance of the above algorithms, they have been coded in Visual Basic and tested using 

several well-known problems selected from the literature. The selected problems are known as LA7 (15×5) (15 
tasks and 5 servers), LA15 (20×5) [9], MT6 (6×6), MT20 (20×5), MT10 (10×10) [10], and ORB4 (10×10) [4]. 
Based on the computing times, it is generally agreed that the first problems have the lowest complexity and the last 
two have the highest.  

For fair comparison, all the tests are carried out using the following parameters. 

Population size: 100 

Probability of crossover: 0.85 

Probability of mutation: 0.15 
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The stopping criterion is based on computing time, i.e., identical search time is specified for both GA methods. 
However, the search times are selected based on the problem size and complexity: 20 sec, 100 sec, 150 sec, 150 sec, 
360 sec, and 360 sec respectively for the seven problems listed in table 1.  

Table 1: Computational results 
 

Method Run MT6 LA7 LA15 MT20 MT10 ORB4 
1 59 906 1259 1384 1082 1136 
2 55 894 1329 1323 1040 1139 
3 58 943 1282 1370 1061 1108 
4 59 916 1246 1420 1065 1100 
5 59 895 1295 1433 1085 1136 

Ave. 58 911 1282 1386 1067 1124 

GA I 

SD 1.73 20.12 32.41 43.57 18.15 18.34 
1 55 890 1218 1326 1023 1122 
2 58 894 1232 1329 993 1083 
3 57 912 1236 1366 993 1105 
4 59 904 1230 1335 982 1064 
5 55 890 1228 1313 1016 1056 

Ave. 57 898 1229 1334 1001 1086 

GA II 

SD 1.79 9.70 6.72 19.72 17.30 27.61 
Optimal  55 890 1207 1165 930 1005 

 

Furthermore, as the two methods are based on genetic algorithm, which has a stochastic nature, the best solution 
may vary from one run to another. This is mostly due to the sequence of random numbers used in the search. For 
this reason, each method is run five times starting from the same initial population. The computational results are 
summarized in table 1. In this table, the best solution obtained for each problem is shown in bold. Problems MT6 
and LA15 were solved optimally and near-optimal solutions were obtained for the other problems by both 
algorithms. The computational results also show superiority of GA II to GA I in both computational efficiency and 
solution quality.  

To examine the significance of the differences of the two sets of GA solutions, ANOVA analysis was carried 
out. The analysis is summarized in table 2.  According to the results, the hypothesis that “two methods have equal 
makespan mean values” was rejected for problem LA15,  

MT20, MT10, and ORB4 indicating that the mean values obtained from the two methods are significantly 
different. Though such conclusion is not supported by ANOVA for the other two test problems, GA II does show 
some improvement over GA I.  

Table 2: Summary of single factor ANOVA (α = 0.05) 
 

Problem MT6 LA7  LA15 MT20  MT10  ORB4  

F-Ratio 1.16 1.64 13.01 5.96 33.81 6.50 
p-Value 0.31 0.24 < 0.01 0.04 < 0.01 0.03 
F-Critical 5.32 5.32 5.32 5.32 5.32 5.32 

 
To obtain further insights into the convergence behavior, both algorithms were tested using test problem MT10. 

This behavior is depicted in Figure 4 to compare the convergence processes. As shown in the figure, GA II 
converges significantly faster than GA I.  

In this experiment, the last improvement (makespan = 1054) achieved by GA I occurred after 256 seconds and 
no improvement is observed hereafter. The same fitness level is achieved within the first 100 seconds by GA II and 
the evolution process continues until the search has reached 356 seconds with much improved fitness (makespan = 
983).  
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5. CONCLUSION 

Two versions of the genetic algorithm have been developed and tested using several well-known classical task 
scheduling problems. In the first method, a simple mutation is used to create a small perturbation in gene locations 
in offspring chromosomes. In the second method, an efficient local search with a dynamic neighbourhood size is 
employed. The purpose of the neighbourhood search component is twofold: to promote population diversity by 
generating perturbation in gene locations and to improve solution quality by selecting the best swap that provides a 
schedule with shorter makespan.  

The computational results clearly indicate both GA methods can efficiently solve task scheduling problems. The 
local search feature significantly improves GA performance in both solution quality and efficiency in solving larger 
and more complex problems.  
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ABSTRACT 

In this study, the use of DoE for training metamodels in simulation-based optimisation of manufacturing systems 
is evaluated. The evaluation is done through a case study of a real manufacturing system. A simulation model of 
the system exist and the aim is to train an Artificial Neural Network as a metamodel of the system with as high 
accuracy as possible. Two training data sets generated using different DoE designs are evaluated and compared 
to a random training data set. The combination of DoE generated data and randomly sampled data is also 
evaluated. 

1. INTRODUCTION 

Real-world manufacturing systems often contain nonlinearities, combinatorial relationships and uncertainties. To 
face the increasing complexity of these systems, various modelling methods have been proposed during the last 
decades. Several of these methods use an analytical approach, for example queuing theory, Petri nets, and finite state 
automata. The main disadvantage of analytical methods is that modifications of the physical system imply lots of 
modelling work, since every time a change occurs, the model needs to be remade [1]. Many manufacturing systems 
are also too complex to be modelled in an analytical manner [2]. To overcome these problems, simulation has been 
proposed as a flexible method for systems modelling. Using a simulation model, the problem under consideration 
can be analysed and optimised in a convenient way (Fig. 1). A wide range of simulation applications for the 
manufacturing domain have been described in the literature, ranging from the overall system level down to low-level 
machine processes. 

 

 

 

 

Figure 1: Systems modelling using simulation. 
 

Although a simulation run provides the user with valuable knowledge about the system, a simple performance 
evaluation is often insufficient and a more exploratory process is often desirable for determine the optimal system 
settings. This need has motivated the technique of simulation-based optimisation (SO). In general terms, SO is the 
process of finding the best values of some parameters for a system, where the performance of the system is evaluated 
based on the output from a simulation model of the system [3]. In a manufacturing system, for example, one might be 
interested in finding the optimal buffer settings with respect to throughput of the system and average cycle time of 
products. Finding the optimal parameter values is an iterative simulation-optimisation process. In this process, an 
optimisation procedure first generates a set of input parameter values and feeds them to a simulation that estimates 
the performance of the system. Based on the evaluation feedback from the simulation, the optimisation procedure 
then generates a new set of input parameter values and the generation-evaluation process continues until a user-
defined stopping criterion is satisfied. 

Simulation modelProblem domain

Modelling

Analysing
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A variety of successful applications of SO have been reported in the manufacturing domain. However, in spite of 

the great success achieved in many applications, SO has also encountered some challenges. Typically, thousands of 
simulation evaluations are required and one single evaluation may take a couple of minutes to hours of computing 
time. This poses a serious hindrance to the practical application of SO in real-world scenarios. Time-consuming 
simulations may be tolerated in the design phase, but is not acceptable in the daily operational optimisation. To 
address the problem of time consuming simulation, computationally efficient metamodels have been suggested (Fig. 
2). Metamodels approximate the relationship between the simulation input and output parameters by computationally 
efficient mathematical models. In the context of SO, a simulation model can be viewed as a function that turns input 
parameter values into output performance measures [4] and the purpose of the metamodel is to represent this 
function. 

 

 

 

 

 

 

Figure 2: Using metamodelling in simulation-based optimisation. 
 

A variety of different metamodelling techniques have been proposed, such as Kriging models, polynomal models, 
and Artificial Neural Networks (ANNs). In real-world applications which often have a high-dimensional design 
space and a limited number of data samples, ANN is the technique preferred [5]. By adopting ANNs in simulation, 
the computational burden of the optimisation process can be greatly reduced [6]. 

ANNs learn to approximate simulation input-output relationships through training. The user presents a number of 
simulated input-output samples to the network, which tries to represent the underlying function of the relationships 
[7]. In the literature, it has been suggested that the samples used to train the ANN should be derived from simulation 
runs based on the technique of Design of Experiments (see for example, [7]-[9]). In short terms, Design of 
Experiments (DoE) offers a way to perform structured simulation experiments through design plans that specifies 
simulation input settings [10]. The overall procedure for training ANNs to estimate simulations based on training 
data generated from DoE is simple [11]:  

a) construct an experimental plan of the different simulation input parameter settings that are to be tested using 
DoE, 

b) simulate the system with the given input parameter values, and 

c) train the ANN using the simulated input-output samples. 

In this study, we evaluate the technique of DoE for generation of training data in simulation metamodelling using 
ANNs. The evaluation is done through a case study of a real manufacturing system. A simulation model of the 
system exist and the aim is to train an ANN as a metamodel of the system with as high accuracy as possible. Two 
training data sets generated using different DoE designs are evaluated and compared to a random training data set. 
The combination of DoE generated data and randomly sampled data is also evaluated. 

2. BACKGROUND 

In this section, the concepts of DoE and ANNs are explained. 

2.1  DESIGN OF EXPERIMENTS 

In DoE, a design is a matrix where every column corresponds to a simulation input parameter and the entry in a 
column corresponds to a setting for this parameter. A simulation input parameter is called a factor and an output 
parameter is called a response. The purpose of a design is to indicate how the factors should be varied to study their 
impact on the response. A factor can be either qualitative or quantitative. For example, in a manufacturing factory a 
qualitative factor might be operator shift system (two shift, three shift, etc.), and a quantitative factor might be the 
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1115



Design of Experiments for training metamodels in simulation-based optimisation of manufacturing systems  

 
number of operators working during a shift. A factor can be set to two or more values, called levels. A row in the 
matrix represents a combination of levels and is called a design point (sometimes also called scenario). Levels are 
usually coded in a standard way to allow designs to be reused. For quantitative data, the most common code is to 
specify low and high levels as -1 and +1. An example of a design matrix is shown in Table 1. 

 
Design point Parameter 1 Parameter 2 

1 -1 +1 

2 -1 -1 

3 +1 -1 

4 +1 +1 

Table 1: Example of a design. 
 

A lot of different designs have been suggested in the literature. In this work, we focus on three designs that have 
been considered particularly useful in simulation [10]. These are 2k factorial design, mk factorial design, and Latin 
hypercube design. 

2.1.1  2K FACTORIAL DESIGN 

The 2k factorial design specifies two levels for each of k factors, normally -1 and +1 (representing the low and 
high setting of a factor, respectively). Fig. 3 shows an example of a 22 factorial design illustrated as sampling the 
corners of a hypercube, defined by the low and high values of the two design parameters (P1 and P2). The same 22 
factorial design is also shown in Table 1. 

P1

P
2

P1 = +1

P2 = +1

P1 = +1

P2 = -1

P1 = -1

P2 = +1

P1 = -1

P2 = -1

 
Figure 3: 22 Factorial Design. 

 
The 2k factorial design is simple to implement and is one of most commonly used factorial design [10]. It makes 

it possible to examine several factors at a time and to analyse interaction effects between design parameters. 
However, although the 2k factorial design is useful it has some limitations. Since only two levels of each factor are 
examined, only the corners of the experimental region is examined and the user is not provided with any information 
about what happens in the centre of the region. To address this problem, the mk factorial design has been proposed, 
defining sample points in a finer grid of the experimental region. 

2.1.2  MK FACTORIAL DESIGN 

The mk factorial design (also called full factorial design) defines m number of levels for each of k design 
parameters. A larger value of m means better space filling properties and more information about the system 
compared to a 2k factorial design [10]. Fig. 4 (inspired by [10]) illustrates the difference between the designs, 
comparing a 22 and a 106 factorial design for an industrial assembly robot with two design parameters: speed and 
precision. In both hypercubes green points represent successful results, red points represent unsuccessful results, and 
yellow points represent results in between these. 

 
Figure 4: Comparison between 22 factorial design (left) and a 62 factorial design (right). 

 
The only information provided by the 22 factorial design is that the robot is performs well when the values of 

both precision and speed are high. With the 62 factorial design considerable more details are provided. For example, 
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one might notice that a high precision of the robot is not necessary for successful results as long as maximum speed 
is maintained.  

Although the mk factorial design provides lots information about the system, it has also received some criticism. 
The design is only useful for a limited number of factors because of the exponential grow in data samples required. 
The need of more efficient experimental designs for many factors has given rise to a design technique called Latin 
Hypercube Sampling, which is described in the next section. 

2.1.3  LATIN HYPERCUBE DESIGN 

The Latin hypercube (LH) design requires considerable less data sampling compared to the full factorial design, 
but still have good space-covering properties. In a LH design, each of the factors is sampled exactly once at each 
level. Fig. 5 (inspired by [10]) shows an example of such random sampling for the industrial assembly robot 
discussed in the previous section. 

 
Figure 5: Latin hypercube design. 

 
In comparison with the 22 factorial design for the same problem (Fig. 4, left), the LH design provides some 

information about factor combinations in the centre of the experimental region. The LH design do not provide as 
much information as the 106 factorial design (Fig. 4, right) and the user can not be sure about the boundaries 
between the sub-regions of unsuccessful, successful, and mixed results. However, the user is still able to identify 
important properties of the system, such as for example that with a low precision and high speed the robot achieves 
ok results. 

Especially when the number of factors increase, the benefits of LH designs become obvious. In LH designs, the 
number of design points grows linearly with the number of factors, rather than exponentially. An experiment with 30 
factors, for example, requires 30 sampling points with an LH design, compared to over 109 sampling points for a 230 
factorial design. Returning to the assembly robot example, suppose that a simulation run of the robot takes 10 
seconds – then the experiment would take 5 minutes with an LH design and over 300 years with 2k factorial design. 

2.2  ARTIFICIAL NEURAL NETWORK 

The use of metamodels to reduce the limitations of time consuming simulations was first proposed by Blanning in 
1975 [12]. Traditionally, regression and response surface methods have been two of the most common metamodeling 
approaches [13]. In recent years, ANN have gained increased popularity, as this technique requires fewer 
assumptions and less precise information about the systems being modelled when compared with traditional 
techniques [5].  

In general terms, an ANN is a non-linear statistical data modelling method used to model complex relationships 
between inputs and outputs [7]. Originally, the inspiration for the technique was from the area of neuroscience and 
the study of neurons as information processing elements in the central nervous system. ANNs have universal 
approximation characteristics and the ability to adapt to changes through training. Instead of only following a set of 
rules, ANNs are able to learn underlying relationships between inputs and outputs from a collection of training 
examples, and to generalize these relationships to previously unseen data. These attributes make ANNs very suitable 
to be used as the substitutes for computationally expensive simulation models. 

The first work providing the foundations for developing ANN metamodels for simulation was done by Pierreval 
[14] and Pierreval and Huntsinger [15] in 1992. Both of these studies yielded results that indicated the potential of 
ANNs as metamodels for discrete-event and continuous simulation, particularly when saving computational cost is 
important. Since then, many applications of ANN-based metamodels in simulation systems have been reported (see, 
for example, [11][16]-[17]). 
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3. A REAL-WORLD APPLICATION OF DESIGN OF EXPERIMENTS FOR METAMODELLING 

This section describes an application of DoE for metamodelling of a real-world manufacturing system. The 
manufacturing system considered is present and the simulation model built of it is described. The concepts of the 
ANN constructed as a metamodel of the simulation is also described.  

3.1  MANUFACTURING SYSTEM 

The case study carried out in this paper is done on a manufacturing system at Volvo Aero. The largest activity at 
Volvo Aero is development and production of advanced components for aircraft engines and gas turbines. 
Nowadays, more than 80 percent of all new commercial aircraft with more than 100 passengers are equipped with 
engine components from Volvo Aero. Volvo Aero is also producing engine components to space rockets. As a 
partner of the European space program, they develop rocket engine turbines and combustion chambers. 

At the Volvo Aero factory in Trollhättan, a new manufacturing cell has recently been introduced for the 
processing of engine components. The highly automated cell comprises multiple operations and is able to process 
several component types at the same time. After a period of initial tests, full production is now to be started in the 
cell. Similar to other manufacturing companies, Volvo Aero continuously strives for competitiveness and cost-
reduction, and it is therefore important that the new cell is operated as efficient as possible. 

3.2  SIMULATION MODEL 

To aid the production planning, a simulation model of the cell has been built using the SIMUL8 software 
package. The simulation model provides a convenient way to perform what-if analyses of different production 
scenarios without the need of experimenting with the real system. Besides what-if analyses, the simulation model can 
also be used for optimisation. In this paper, we describe how the simulation model has been used to optimise the 
scheduling of components to be processed in the cell. For the production to be as efficient as possible, it is 
interesting to find a schedule that is optimal with respect to maximal utilisation of the cell in combination with 
minimal shortage and tardiness of components. Mathematically, the optimisation objective is described by 

( )s shortage t tardiness u
i C

w i w i w utilisation
∈

+ −∑                                    (1) 
   
where C  is the set of all components and w is the user-defined weighted importance of each objective. The goal of 
an optimisation process is to minimise the objective function value. 

For the scenario considered in the paper, five component types are included and a duration corresponding to two 
weeks of production is simulated. The input of the simulation consists of a vector of five real values, corresponding 
to lead time for each component type. The values are bounded by a lower and upper bound, specific for each 
component type. The output produced by the simulation consists of a vector of four values, corresponding to 
utilisation, component shortage and total tardiness of components of components. 

3.3  ARTIFICIAL NEURAL NETWORK 

An ANN is constructed as a metamodel of the SIMUL8 simulation model. The ANN is trained to estimate the 
objective function value described in Equation 1 as a function of planned lead times of components. The ANN has 
feed-forward architecture with one hidden layer comprising three nodes (Fig. 6).  

 
Figure 6: Illustration of Artificial Neural Network. 
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For training the ANN, two different data sets are generated using the technique of DoE. The first data set is 

generated using a full factorial design with three levels, i.e. a 35 factorial design. The second data set is generated 
using a LH design with 243 levels. A set of randomly sampled data is also generated as a baseline reference. All 
three data sets comprise the same number of data samples (243). 

The ANN is trained with the three data sets separately using batch training and the RPROP algorithm [18]. 
Before training takes place, the data is linearly normalized to values between 0.1 and 0.9. To avoid overtraining, ten-
fold crossvalidation is used during the training (for a description of k-folded crossvalidation, see [19]). The ANN is 
trained for a maximum of 1000 iterations for each fold. 

4. RESULTS 

The ANN trained with the three different data sets (full factorial, LH, and random) is evaluated in two aspects: 
how accurately it represents the simulation model, and how useful it is in an optimisation process. 

4.1  ACCURACY 

To evaluate the accuracy of the ANN, its Mean Square Error (MSE) is measured. MSE represents the summed 
square of the difference between the ANN output value and the simulation output value for all samples, according to 
Equation 2  

2

1

1
( )

n

j j
j

m s
n =

−∑  (2) 
 
where n  is the number of samples, 

jm  is the output from the ANN for sample j , and 
js  is the output from the 

simulation for sample j . Obviously, the lower the MSE value, the better the accuracy of the ANN. MSE is 
commonly used as the accuracy measurement of ANNs [20].  

To prevent from random bias in measuring the MSE, the training of the ANN is replicated 1000 times for each 
data set. After training, the MSE is measured on a test set of 1000 randomly generated data samples. The average 
MSE from 1000 replications of training the ANN on the three different data sets is shown in Table 2.  

 
Data set MSE 

Full factorial 0.0132 

LH 0.0307 

Random 0.0097 

Table 2: MSE of ANN for different training sets. 
 

As shown in Table 2, the highest accuracy of the ANN is achieved when training takes place with the randomly 
sampled data set. One might speculate that this, at least to some degree, can be explained by the fact that the test set 
used to estimate the MSE is composed of random data. However, it is quite surprising that the results of training with 
the LH data sets differs that much from training with the random data set, since an LH design involves a high degree 
of randomness. 

In order to get more information about what impact randomness in the training data has on the MSE, two new 
data sets are composed and used to train the ANN. The first data set is a mix of data from the full factorial and the 
random data sets, while the second data set is a mix of data from the LH and the random data sets. These new data 
sets both comprise 243 samples (122 and 121 samples randomly chosen from each of the original data sets, 
respectively). Table 3 shows the resulting MSE when training the ANN with the new data sets (average from 1000 
replications). 

 
 
 
 

Table 3: MSE of ANN trained with mixed training sets. 
 

When comparing the results in Table 2 and Table 3, it is obvious that a better accuracy of the ANN is achieved 
when more randomness is introduced in the training data set. Once again it is surprising that the LH mixed data set 
gives the worst ANN, since this data set can be expected to contain the highest degree of randomness.  

Data set MSE 

Full factorial + Random 0.0097 

LH + Random 0.0121 

1119



Design of Experiments for training metamodels in simulation-based optimisation of manufacturing systems  

 
4.2  OPTIMISATION 

The accuracy of the ANN is also evaluated when applied to the optimisation scenario described in Section 3.2. 
Before the optimisation is started, training of the ANN takes place with the three different data sets (full factorial, 
LH, and random) using the same procedure as described in Section 4.1. The optimisation is done with the 
metamodel-assisted evolutionary algorithm described in [21]. In this algorithm, a metamodel is used to identify 
promising solutions to be evaluated using the time-consuming simulation.  

Fig. 7 presents results from the optimisation process (where the goal of the optimisation is to minimise the fitness 
value). For each of the three data sets, the results presented are the average from three replications of the 
optimisation. As the chart shows, the best results are achieved when the full factorial data set is used to train the 
ANN, and worst results are achieved when using the LH data set. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7: Optimisation results for different data sets. 

6. CONCLUSIONS AND FUTURE WORK 

In this study, the use of DoE for training metamodels in simulation-based optimisation of manufacturing systems 
is evaluated. The evaluation is done through a case study of a real manufacturing system. In this case study, an ANN 
is trained as a metamodel of a simulation model of the real system. Two different DoE designs, full factorial design 
and LH design, are used for generation of training data for the ANN. In addition, a random training data set is also 
used for comparison.  

The accuracy of the ANN is first evaluated based on MSE values when testing the ANN on previously unseen 
random data. Results from the experiments show that highest accuracy of the ANN is achieved when training takes 
place with the randomly sampled data set. Lowest accuracy is achieved with the LH design – the MSE of this design 
is almost three times worse compared to the MSE of the random data set. The accuracy of the ANN is also evaluated 
based on its performance when applied in an optimisation scenario. In this case, the experiments show that best 
results are instead achieved when the ANN is trained with data generated by the full factorial design. Similar to the 
MSE evaluation, worst results are obtained with data generated using the LH design. Why the results from the MSE 
experiments and the optimisation experiments do not agree is not clear. One aspect that might partly explain the 
differences is the number of replications of the optimisation experiments; a larger number of replications can 
possibly present other results. In the literature, there are also differing statements of whether DoE generated data or 
random data is to prefer for training of ANNs. Several authors favour DoE ([8], [22]-[23]), but some authors argue 
that random data is superior [24]. Clearly this question needs to be further investigated. 

Regarding future work, this will also focus on evaluating additional DoE techniques. The full factorial and the 
LH designs are just two out of plenty possible designs, and further investigations is needed to determine which of 
these designs is the most effective for training of metamodels. For valid results, more test cases with various 
properties must also be collected and used in the evaluation. 

LH 

Random 

Full factorial 
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ABSTRACT 

Elementary performance units that cooperate in order-specific configured networks are regarded as a promising 
type of enterprise of the 21st century. Competence cell-based production networks (CCPNs) that are formed by a 
customer-oriented networking of smallest performance units, called Competence Cells (CC), hereby serve as the 
scientific approach. This approach offers perspectives for small and medium-sized enterprises (SME) in order to 
successfully stand the changing economic conditions. In order to make sure that CC are able to cooperate in 
order-related production networks suitable instruments as well as models and methodologies need to be 
developed. Within this context, Teich et al. developed the operator concept called Extended Value Chain 
Management (EVCM) for the coordination of competence cell-based value-adding processes. EVCM is an 
operator concept for production networks based on a high level of automation. For example, Teich et al. suggest 
the selection of CC during the formation of the production network by an intensive application of information 
technologies. The dynamics of these computer-aided processes within the operator concept is to be investigated 
in detail within the scope of the research work carried out at Chemnitz University of Technology. Therefore, it is 
necessary to illustrate the selection process as well as further relevant processes within a suitable formal model. 
On the one hand, the model has to be generally comprehensible and easily understandable and thus provide an 
overview of the processes within the EVCM. On the other hand, the model needs to be detailed and close to 
reality and has to offer possibilities for analysis and simulations on a formal basis. Petri Nets are regarded as a 
well proven methodology for modelling of systems with sequential concurrent and competing processes and 
distinguish themselves by a flexible modelling, a well-defined semantics and a simple graphic illustration. With 
Petri Nets described processes can be analysed, simulated and optimized. High-level Petri Nets are of particular 
importance for the process modelling within the context of CCPNs. The modelling approach is introduced within 
this paper. 

1. INTRODUCTION AND MOTIVATION 

Supply Chain Management (SCM) signifies an intensive discussed management concept for the last ten years. 
The purpose is the optimisation of the supply chain, which extends from the raw material supplier to the end 
customer. An overall concern is the minimisation of inventory and delivery times with a concurrent implementation 
of an availability promise in terms of ATP (Available to Promise) [1]. To realise this target, information asymmetry, 
above the considered supply chain, need to be phased out. For example the Bullwhip effect, which describes a 
building up of planning- and inventory curves, can be prevented [2].  

From this follows the necessity to accomplish the planning of deadlines and quantities together through the total 
value-added chain. In general, the modelling of supply chains and network structures precedes the planning of the 
flow of information and materials [3]. In Competence Cell-based Production Networks (CCPNs), the genesis of 
network structures occurs automated by the operator concept Extended Value Chain Management (EVCM). Further 
investigations regarding reliability and fault liability of the productive network require a more formal model which 
has to be deduced from generated network structures. Within the model, the static and dynamic features of a 
network configuration will be described formally. The modelling occurs with Coloured Petri Nets (CPN). The model 
for the flow of materials in CCPN is presented within this paper.  

                                                           
* Corresponding author: Tel.: +49-371-531-35576; Fax.: +49-371-531-26289; E-mail: thomas.burghardt@wirtschaft.tu-chemnitz.de 
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2. COMPETENCE-CELL-BASED PRODUCTION NETWORKS 

The following section gives an overview of the CCPNs. Focus of our observation will be the small and medium-
sized enterprises (SME), especially, however, such enterprises which are characterized as micro-enterprises. 
Furthermore, 90% of all European Companies are micro-enterprises, defined by engaging less than 10 employees. 
With almost 60% of gross value added of all German companies, SME makes an essential contribution to economic 
success [4]. While the number of big European businesses approximately remains constant, the number of micro-
enterprises increases. According to an enquiry of the European commission, an increase of 6% from 1988-2003 is 
registered [5].  

The CCPNs discussed within this paper have been conceived to micro-enterprises in particular, which soonest 
conform to the Competence Cells (CC). Micro-enterprises are often characterised by a high core competence but, 
however, the financial equipment of those companies is mostly unsatisfying. This situation prevents an exclusive 
and especially successful operating on a highly competitive market. A way out of this dilemma is to join networks or 
to agree to cooperation. Hence, the result is the request on research to provide tools, whose application makes it 
possible to solve the mentioned problems. Competence cell-based production networks have been analysed within a 
research project at Chemnitz University of Technology. They are order specific and therefore meet concerns for 
customer requirements which more and more tend towards an increased individuality and complexity. [6]. 

2.1 TYPOLOGY 

Networks are characterised according to their control form and temporal stability of the inter-organisational 
relationships. Looking at the control form, a more or less hierarchical differs from a heterarchical (as opposed to 
hierarchical) one. The temporal stability distinguishes a more stable network from stronger dynamic networks.  A 
hierarchic constructed network is mostly controlled by a focally enterprise. Within a hierarchic network, the network 
partners own the same authorizations and duties. A network is called stable, if the network partners operate together 
temporal unlimited respectively not only for one order. Within dynamic networks, legally autonomous companies 
mostly co-operate without inflexible dependencies [7]. According to this typology, CCPNs are controlled 
hierarchically and need to be classified dynamically for the temporal stability. Reference [8] illustrates this 
classification in regard to the network type CCPNs. 

2.2 EXTENDED VALUE CHAIN MANAGEMENT (EVCM) 

For the genesis and coordinating of such added value processes, which mostly focus on single and small serial 
manufacturing, the operator concept Extended Value Chain Management (EVCM) was developed [9]. The EVCM is 
a network management concept for the genesis and coordination of CCPNs. It is the target of the EVCM to select 
those CCs for production process which are best suitable for a concrete customer order. A kind of portfolio (contains 
competences and resources) of each CC is saved in a competence pool. In case of the inquiry of a customer, the 
added value process is decomposed into different process steps. Thus, if necessary, the inquired product is virtually 
decomposed into a finite number of small units. For every unit, at least one CC needs to be found in the pool now. 
The considered CC need to dispose of the required competences as well as the necessary resources. The result of 
process planning and after a first selection according to professional criteria is a so-called competence cell-attributed 
process plan. Subsequently, the EVCM sends an inquiry to the potential CC whether they dispose of the necessary 
resources under consideration of their capacity situation. Thereby, the CC uses their own ERP-system as well as 
global services which are provided by the EVCM and contain algorithms for certain tasks of production 
management. In case the availability of the resources is guaranteed, the CC generates an economic offer for the 
service that has to be performed. The offer contains a price, a date of delivery and a quantified parameter concerning 
the reliability of delivery. The selection of the CC that finally will be involved in the added value process, is carried 
out using Ant Colony Optimization (ACO) and further decision models like Analytic Hierarchy Process or Fuzzy 
Decision Making due to the complexity of the search area. If the optimal network configuration has been found and 
all the eventual negotiations are finished, the value adding process can be started. A suitable model for the operated 
network will be explained in detail in this paper. After the final product has been delivered, the performances of the 
participating CCs are evaluated [11]. Thereby, selected planned and realised performance parameters are compared. 
The gained profit is distributed to the participating CC within a corresponding profit distribution model under 
consideration of incentive and sanction mechanisms. Finally, the production network dissolves formally. Interested 
readers are advised to consider [6] and [8] for further information concerning the operator concept. 

As an addition to the genesis of the network that has already taken place, the operator concept EVCM also has to 
support processes that occur during the operation of the network, for example for eliminating disturbances during 
the network operation or to avoid them in advance. This can be realized by integration of a workflow management 
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system (WfMS) and a monitoring process which is based on that system. Because of the distributed manufacturing 
process and thus of usually higher uncertainty, e.g. caused by logistic processes, the approach represents an 
important aspect of the stable operation of CCPNs [12].  

2.3 DISTURBANCE MANAGEMENT 

The methodological integration of a WfMS into an EVCM-concept, for the target of supporting an efficient 
monitoring on the network level, was introduced at FAIM 2006. Thereby, economic parameters such as price, date 
of delivery, quantity, quality and probability of delivery are supervised. The least mentioned parameter is an 
aggregated variable for the quantification of the uncertainty whose expressiveness must be estimated to be very high 
with regard to the stable operation of the CCPN [12].  

An integral factor of success for the cooperation in competence cell-based production networks is represented by 
the possibility to, first of all, identify occurring disturbances and, secondly, to be able to confront them. The former 
is provided by the function of WfMS at CC and network levels. The latter is supported by a hereon aligned 
disturbance management during the operation of the production network [13]. To be able to counteract a disturbance 
also means to be able to evaluate its disturbance effect. Only if negative consequences for the further value-added 
process come from this disturbance, the disturbance management has to take appropriate regulatory procedures into 
consideration. 

In the past, different endeavours have been attempt to already positively influence the reliability of the 
productive network within the automated selection of the network configuration. Within this context, two tasks need 
to be pointed out. On the one hand, the qualitative term of reliability of a CC as well as of a CCPN has been 
introduced and has been made measurable by the quantified key figures for probability of delivery and capability of 
production [13]. On the other hand, the CCPN has not been optimized exclusively to a minimum processing time, 
but with regard to a stable operation, the caches of delivery have been recognized as a potential security factor and 
been included within the objective function.  

With the help of the formal method for the description and analysis of systems, introduced within this paper, the 
researches regarding reliability are to be continued. The fault liability of CCPN is a new topic within the 
consideration. Fundamental answers are to provide for the following question: “How does a network configuration 
need to be conditioned to show a preferably low fault liability?” Within this content, the flexibility of CCPN has to 
be researched. In a flexible network configuration, more alternatives for regulation and therefore, for the elimination 
of the disturbance effect, are offered to the disturbance management than in a fixed or, as the case may be, inflexible 
network.  

A possibility of the disturbance management thereby consists in the use of simulations for the determination of 
effectiveness of decisions, in consideration of potential occurring disturbances and the necessary arrangements for 
prevention regarding the compliance of deadlines [15]. Before a simulation can be processed, an appropriate model 
has to be constructed.  

 

2.4 STATIC AND DYNAMIC FEATURES OF COMPETENCE CELL-BASED PRODUCTION NETWORKS 

Before modelling, the static and dynamic characteristics of the real system need to be known. The static part of 
the model is given by the typology of the competence cell-based production networks. The net structure is 
determined primary through the process plan (PP), which is enhanced in the phase of productive network formation 
with proper functional CC and mutates to a competence cell-attributed process plan. Subsequently, on the basis of 
the competence cell-attributed process plan, the selection of appropriate CC after economic criteria, in consideration 
of customer preferences, occurs. For each processing step, at least one CC is selected. The final typology of the net 
will therefore be determined through the selection of appropriate CC. The net structure can be transferred into a 
directed, acyclic graph. In general, a graph is a set of objects called points or nodes connected by links, said lines or 
edges. The nodes, in context of the CCPNs, conform to the CCs and the edges conform to the supply relationships 
between the CCs. The supply relationship between the end producer and the customer is modelled by a dummy 
node, which represents the customer. The dynamic part of the model is determined by the behaviour of the CC, 
which depends on the predicted resources- and utilised capacity situation of the CC respectively how the CC offered 
their performances within the EVCM-specific offer phase. Reference [8] points out: 

“In case the availability of the resources is guaranteed, the CC generates an economic offer for the service that 
has to be performed. The offer contains a price, a date of delivery and a quantified parameter concerning the 
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reliability of delivery.” On the basis of given offers, the EVCM determines the network configuration. Therefore, 
the following offer data, saved in the EVCM, are available for description of the behavior.  

 Date of delivery on every directed edge 

 Available-to-promise (ATP) quantity on every directed edge  

 Capable-to-promise (CTP) quantity on every directed edge  

 Supply probability on every directed edge  

 Required quantity on every directed edge (theoretically equals the sum of ATP and CTP quantity) 

 Date required on every node (for all incoming products) 

With the help of the net typology and the here listed CC-specific data, the flow of materials in CCPNs can be 
modelled. The theory of CPN brings extremely good conditions to handle procedures like flow of materials in value 
added networks suitably on a graph theoretical basis.  

3. MODELLING THE CCPN 

3.1 PETRI NETS AND COLOURED PETRI NETS 

Coloured Petri Nets (CPN) is a graphical oriented language for design, specification, simulation and verification 
of systems. It is in particular well-suited for systems in which communication, synchronisation and resource sharing 
are important. Typical examples of application areas are communication protocols, distributed systems, automated 
production systems and work flow analysis. The development of CPN results from the request to develop a 
modelling language, which seems to be theoretically funded as well as appropriate for complex industrial 
applications like they are popular today. To reach this target, the team of K. Jensen from the University of Aarhus 
has combined the proved characteristics of Petri networks, regarding their well defined semantic and simple graphic 
forming, with the strength of modern programming languages. The latter contributed to the combination due to their 
ability to define data types and to manipulate their data values [20]. CPN belong to the class of high Petri Nets 
(HPN). In literature, HPN are also characterised as networks with individuals as markers. At the same time, the 
description refers to the special characteristic of those networks. Nets of condition and event (C/E net) as well as 
nets of places and transitions (P/T net) differ from CPN in their kind of marking. While in the first case a state is 
marked or unmarked, in the second case, a place can be provided with a number of undistinguishable markers and 
places in the third case can be allocated with individual objects [11]. This characteristic shall be utilised within the 
modelling of flows of materials insofar, as the individually produced goods in the nodes or respectively the CC can 
be distinguished by means of such markers. Within this paper one will not dwell on the formal definition of CPN. 
Relevant literature suggestions for the theory of Petri Nets can, for instance, be taken from the internet page “Petri 
Nets World” [10]. 

3.2 SIMPLE PARADIGM OF A CCPN 

The modelling of the flow of materials will be presented exemplary on a simple net configuration. As an 
introduction, the associated process plan in Figure 1 will firstly be presented.  

 
 
 
 
 
 
 
 

Figure 1: Simple Process Plan 

A process plan contains all process steps needed for the manufacture of a product, enquired by the customer, 
including all intermediate products on all production stages. The nodes, here shown as circles, describe the 
manufacture (product, assembly or item). The edges, demonstrated as arrows in figure, illustrate the direct 
technological relation between two nodes. Within the example, manufacture A is assembled out of the assemblies B 
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and C. The label on the edge defines the direct requirement coefficient between two processing steps respectively 
between two manufactures [19]. For each process step, at least one Competence Cell is selected by the EVCM. A 
potential selection result is illustrated in Figure 2. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2: The selected Production Network (Example) 

In Figure 2, the manufactures of Figure 1 are no longer described as circles, but as three tiny triangles which are 
arranged on the edges. The label and the quantity of the manufactures which concern the order of the customer are 
arranged below the edges. The rectangles represent the CCs, chosen by the EVCM. Below the CCs, the relevant 
offer data are listed in Figure 2. To keep the clarity of the model this was only exemplary performed in CC 5.  

3.3 MODEL 

The selected production network will be transferred into a CPN. It is helpful to use Hierarchical Coloured Petri 
Nets (HCPN), an extended version of CPN, to get an optimal description. By that, one can construct complex CPN 
out of different smaller nets. This paper presents three of the five modeled HCPN, which are the partial models  
„Topology“, „CC“ and „ATP“. These three partial models are important for the overall behavior and for the 
understanding, so that the two other partial models „CTP“ and „Update Store“ do not have to be present 
conclusively. Any net configuration of the kind ‘competence cell-based production networks’ can be modeled by 
composition and configuration (define initial values) of the partial models. The tool ‘CPN Tool’ was used for the 
modelling [21].  

The model “Topology“ (Fig. 3). is the portal to the whole model. The structure of the production net (Fig. 2) can 
be understood quite well with the help of the model. The arrows mark the material flow direction within the net. The 
selected CCs and their relation between each other (see Fig. 2) were directly transferred into the CPN (Fig. 3). The 
structural similarities can be seen at the rectangular symbols, which stand for CCs in both pictures.  

Figure 3: Topology 

Every substitution transition CC# is connected with a new instance of the partial model CC (Fig. 4). The 
individual behavior of the CC is described in the partial model CC. The behavior will be obtained from the offer 
information, which is stored in the EVCM. Every transition has three input places: O#, S#, Dto#. The token in O# 
(Order) describes the delivery order, which the CC needs to fulfill. S# (Amount) represents the inventory of the CC. 
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Dto# (Supply) models the receipt, respectively the supplies of former producers. An output place describes the 
delivery to the direct successor into the direction of value creation. The color sets „Order“, „Amount“ and „Supply“ 
are defined as records in the declarations. A token of the color colset Amount = record pr:PROD * qu:INT; 
describes a product and its ATP-amount.  

The initial markings are defined as constants to keep the clarity of the model. So, the initial inventory of the CC 
5 is defined with val S5 = 1`{pr=P(4), qu=30}++. Therefore, P(4) conforms with  product D in Figure 1. Therefore, 
the ATP-amount for product D accounts for 20 units. The partial model CC describes the internal behavior of a 
Competence Cell. A new instance of the partial model CC is created for every CC that is displayed in the partial 
model Topology. The first transition is „Update Store“, which adds all deliveries to the inventory. Once this step is 
finished, the substitution transition ATP is activated, which connects and models the behavior of an ATP-check (see 
Fig. 5). Depending on the result of the checking, the process is divided at this point. Should the available amount be 
bigger than the quantity required, a token, which describes the regarding amount, is generated in the place 
„Amount“ and after that, the transition “Deliver” can be activated, which “sends” available delivery quantities to the 
CC, which determines the demand. Subsequently, the product is in the receipt of the direct successor in value 
creation direction. 

Figure 4: CC 

In case the available amount cannot satisfy the demand, the remaining demand is calculated in the transition 
CTP. The production of the remaining demand is described in the partial model. The required intermediate products, 
which are needed for the production, are tested for availability in CTP. Delivery quantities, which were already 
received and which are in the receipt, are naturally regarded. Both subsets (Sub_ATP and Sub_CTP) are added in 
„get aggregate“, to get the highest quantity delivered, which is then sent over the transition “Deliver”.  

The basic ideas behind the CPN language will be described more detailed with the partial model ATP (Fig. 5). 
Initial values are the delivery order („order“) and the inventories (“store”). The transition ATP can be activated as 
soon as a token is provided in “start”, which is the case when the demand for intermediate products is received or 
when the CC does not expect further deliveries. Both input values go into the variables „or“ and „st“ in the form of 
record-data structures. The guard (special Boolean expression) of the transition „[(#pr st)=(#pr (#am or))]“ does only 
remove products from the “store”, which were specified by the token “or”. As already mentioned, an instance is 
generated for every Competence Cell in the net by the partial models CC, ATP, CTP and „Update Store“. Guards 
are used to be able to differentiate the instances in the model. The (#pr st) responses to the index pr of the record st, 
which contains the color of the regarding product (e.g. P (4)), which is compared to the order token (or).  

Four output-variables are defined in the code segment of the transition, which can be used for the arc expressions 
of the output arcs. „ok“ is of the data type Boolean and describes whether the inventory can satisfy the demand. 
„sub_atp“ is the subset, which can be covered by the inventory. „rd“ (remaining demand) contains the remaining 
demand, if the inventory is not sufficient. „rst“ describes the inventory after execution of an order. In the section 
„action“, the output-values are determined in such an order as defined under „output“. 
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Figure 5: ATP 

The inscriptions of the output arcs of ATP describe the tokens, which need to be generated. If the value „TRUE“  
is determined for „ok“, the ATP-amount will correspond with the quantity required and a token (#am or) is 
generated in the place “delivery”. Otherwise, the tokens are established with formerly determined values in 
„Sub_ATP“ and „Rem. Demand“. The new inventory (rst) is put down in „store“. 

 

3.4 SIMULATION WITH CPN-TOOLS 

By means of the simulator of the software CPN Tool, the flow of materials can be simulated step-by-step. The 
initial values for the inventories can be altered directly in the model or by means of the declared variables before the 
simulation. During the step-by-step simulation run, the user of the tool can follow the effects of changed inventories 
on the flow of materials in the competence cell-based production networks. The results respectively the quantities 
delivered can be clearly followed in the partial model. Statements can be made regarding the delivery ability of the 
CCPN with the help of the results. The user of the tool can alter the structure of the net with little effort; he can add 
another CC, he can repeat the simulation process and he can compare the effects on the flow of material with former 
runs.  

 

4. SUMMARY AND FUTURE WORK 

The presented approach for the modelling of CCPN with CPN in this paper serves the target, to be able to stably 
practise such networks in future. The developed CPN provides an opportunity to realise further investigations on the 
model. The central point will be the further investigations regarding reliability and fault liability of CCPN. Petri nets 
are not only a formal method for modelling, but also provide the opportunity to formally assay nets for special 
characteristics. This ability shall be used for the planned investigations. The caches of delivery on the edges, which 
can be calculated from date required minus date of delivery, are not yet considered within the model. According to 
that, it is necessary to develop an approach to be able to utilise caches of delivery in simulation as well as in analysis 
for investigation of reliability and fault liability. There is the request for further improvement of the CPN introduced 
within this paper or, if required, to use another category of Petri Nets. On this account, further investigations on Petri 
Nets class Reference Nets shall be arranged [22]. The clearly arranged exposition of the net structure within the 
partial model “Topology” quickly disappears in larger CCPN, so that the consideration suggests itself to renounce 
the exposition in future. The model, presented within this paper, has been constructed manually with the CPN Tool. 
For a lab application within an IT-based operator concept, the model shall be generated automated from the data 
available in the EVCM database. For it, appropriate software has to be developed. The Petri Net Markup Language 
(PNML) can be used as data exchange format to reach the target [23].  
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ABSTRACT 

Responsive change management requires firm understandings of; the processes that are the focus of improvement, 
and the effects of change decisions in the wider Manufacturing Enterprise (ME) context. Implementing change and 
handling associated effects can prove difficult when such understandings are not inherent. In such instances, 
Enterprise Modelling (EM) approaches and supporting tools provide a structured view and grounding for change 
decisions, enabling the systematic hierarchical decomposition of an MEs processes. Current approaches to EM 
lack user centricity and do not capture decisions during model development, both are attributable to limited tool 
and software support. This paper presents the need to develop a tool, beginning with EM using CIMOSA principles, 
with focus on supporting the inexperienced model user who is tasked with making organisational decisions and 
would thus benefit from guidance in identifying and resolving problem domains. Using existing commercial 
software as a development platform, enhancements to model visualisation and interactivity have been realised, 
later sections also demonstrate the improved automation and configurability during model building. The paper 
then illustrates the developed tools via an industrial case application, with the purpose of establishing practical 
usage and analysis with third party (industrial user side) verification, with feedback informing further development 
potential. 

1. INTRODUCTION 

Manufacturing Enterprises (MEs) are very complex entities: designed, managed and changed by people, by 
deploying people and technological resources in systematic, timely and innovative ways that generate competitive 
behaviours. In order for such change to be implemented successfully, robust understandings of current practice must 
exist, however this is often not the case and problem domains which lack structure and documentation. Enterprise 
Modelling (EM) approaches, such as Computer Integrated Manufacturing Open Systems Architecture (CIMOSA), 
provide a means for documenting and structuring ME processes, facilitating contextual problem definition and 
specification. However, EM provides most support for the modeller as the end user, thus additional complexities arise 
when this is not so i.e. user has limited EM knowledge. This culminates in the models generated being partially 
understood or open to misinterpretation. This is attributable to the current limited software support for EM, with 
diagrams currently created only enabling a visualization of the process flow. Whilst these are effective in depicting the 
processes under analysis, they do require numerous supporting documents to capture process related information. 
Additionally, current tools do not capture the modellers reasoning behind decisions made during model development. 

All of the above issues and potential problems necessitate the improvement of EM and supporting tools. For 
developments to be achieved, deep understandings of; EM principles, model building requirements, and model end 
user deliverables must be investigated, and appropriate software support tools to realize the above requirements in 
model generation and deployment identified. 
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2. ANALYSIS OF CURRENT ENTERPRISE MODELLING APPROACHES AND SUPPORTING TOOLS 

CIMOSA was developed by the AMICE consortium during a series of ESPRIT projects [1]. CIMOSA aims to help 
companies manage change and integrate their facilities and operations. It is considered by Kotsiopoulos [2], Kosanke 
[3], and a number of other authors, to be the most comprehensive of current public domain EM approaches [4], [5], 
and [6]. CIMOSA introduced a process-based approach to integrated EM, ignoring organisational boundaries, as 
opposed to various function or activity-based approaches, described in terms of their; function, information, resource 
and organizational aspects, and designed according to a structured engineering approach that can then be plugged into 
a consistent, modular and evolutionary architecture for operational use [4]. It presents a model-based approach to the 
design, operationalisation and management of an enterprise. This serves three purposes; (1) to enable enterprises to 
understand, model, and analyze their processes and operations, (2) to provide model developers with an accurate 
benchmark from which improvements can be derived, (3) to provide the management team with information to make 
effective decisions when responding to change stimuli. For the constraints of this paper, the authors will not go in to 
great details and illustrations of CIMOSA models, but briefly introduce main modelling procedures followed and the 
model types produced, to provide a basis for further tool development. 

2.1. ESTABLISHING A FOCUS MODELLING DOMAIN, THE CONTEXT DIAGRAM 

After the broad aims and general problems for a case company have been identified, the modeller must define a 
scope within which the existing modelling tools will be deployed. EM in the case of CIMOSA uses decomposition 
principles to handle model complexity, this constrains the modeller to model in abstraction and avoids modelling of 
the infinite complexity inherent to real systems. The modelling priority and emphasis is established through a model 
depicting the global objective, which is reasonably simple in structure and content. The primary focus is central and 
surrounded by the most relevant domains involved in objective realization. This is termed the Context Diagram, and is 
the first graphical model type generated. Additionally, it is necessary to have specified an area of concern when 
drilling down and to demarcate immediately unconcerned domain(s) to provide succinct models, representative of 
entry point and problem concerns.  

2.2 PROBLEM DOMAIN DECOMPOSITION, INTERACTION EVALUATION AND STRUCTURE BUILDING 

The next modelling step deploys a mechanism for decomposition to break down the primary focus domain, 
CIMOSA modelling specifies Interaction diagram to show relationship networks between those involved domains. 
The relations are interpreted in terms of inflow and outflow of: information, human resources, material and finance. 
Thus when a particular domain is subjected to internal change, one can deduce the inter-domain effects on connected 
flows and responses, outline in the diagram. A subsequent type of diagram, termed a Structure Diagram, is used to 
decompose and build structure in respect of each of the domains identified in Context Diagram. The Structure 
Diagram takes each domain as a focus for further examination and decomposition in to a hierarchically structured set 
of processes. Both types of diagrams can have several ones for alternative level of abstraction and hence detailing 
complex. 

2.3 SEQUENTIAL PRECEDENCE OF PROCESS OPERATIONS, THE ULTIMATE RESPONDENTS TO CHANGE AND WHERE 
DECISIONS NEED TO BE MADE 

Procedural steps thus far have served to decompose and structure domain contents. Now a more detailed level is 
reached by creating Activity Diagram, present actual sequences of process and constituent operations are assessed. 
Complete end-to-end process networks, comprising activities with associated information and resource inputs and 
outputs, the activities also listed their dependencies, routings and approximate duration through timeline. 

From a model developer and theoretical perspective, the concepts, methodology and technology used in CIMOSA 
modelling and diagrams, can usefully decompose complex process networks into their component process segments. 
CIMOSA also serves to provide means of documenting and visualizing associated flows of; activities, material, 
information, controls and so forth. Such model diagrams can support ME decision makers (i.e. company management 
teams, process and system developers, and direct associated operators) who require increased information support 
from models. To achieve this, the models need to enable; (1) appropriate presentation format and structure to be 
readily understood by users (i.e. the decision makers) (2) efficient and equivalent information which can be quickly 
obtained from models, (3) quick, responsive and efficient development, if original model data is available, as per the 
end users’ reference requirement, (4) a model format and building procedure that is flexible to various model 
iterations, transfer, and re-use. The current approach to EM enabled decision support is conceptualized in figure 1 and 
is elaborated on further through case application in the coming subsection.  
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Fig.1 current approach model development and use 

2.4 CASE APPLICATION OF CURRENT APPROACH: COMPANY X, AEROSPACE SUPPLIER 

The design and development of new aerospace products entails rigorous test and qualification procedures, and the 
methods deployed for Design for Manufacture (DFM) and Design for Assembly (DFA) must be equally as robust yet 
efficient and timely, to avoid building in costly design decisions affecting a product’s manufacturability. Company X, 
a second tier aerospace supplier, found recurring issues in the assembly and handling of several new products. Thus, 
the project’s primary objective was to critically analyse current DFA/DFM practice with a view to documenting and 
informing improvements. Having defined the general problem context, the authors conducted initial consultations to 
limit scope and gain focus. These sessions highlighted that Company X’s processes for DFA/DFM were not widely 
understood and thus questions were raised over the appropriateness and efficiency of processes deployed.  

The authors involved acted as modellers in the project, using their knowledge of the CIMOSA approach 
previously defined to create current state (AS-IS) models of Company X’s DFA/DFM processes. Having consulted 
the management team to understand problem domain/context, the modellers then worked with company engineers to 
detail and depict process networks/structures. Such models were created using software packages with basic drawing 
functions i.e. not integrated with other analytical software tools. In order to verify models with a degree of certainty 
the input of Company X engineers and managers is necessary, thus they must also have an understanding of the use of 
CIMOSA to enable correct interpretation of models. Once verified, the authors drew upon knowledge of CECA 
members to suggest potential future state(s) (TO-BE), these were modelled in a discrete event simulation packages 
with separate spreadsheets containing quantitative data e.g. activity durations, resourcing, costs etc. The project 
delivered an improved DFA/DFM process exploiting novel technologies for virtual simulation of assembly issues 
early on in the design process (that were not in current use at Company X). Models depicting a route to 
implementation were supplied to Company X to take forward as decision support prior to full implementation. 

2.5 IMPLICATIONS OF CASE APPLICATION IN COMPANY X 

This exemplar case along with previous project work entailing large amounts of modelling effort have given much 
valuable insights in to the achievement of requirements outlined in subsection 2.3, the authors have reviewed and 
analyzed the modelling methodology and technology to find that models are: 

• Manually built, time consuming, and lead to non-standard model formats. There is no mechanism to provide 
supporting information documenting the modellers thought process during model realization 

• Difficult to interrogate and search for specific information across a set of models i.e. are weak in delivering 
information to users and offer little advantage over paper based models 

• Limited in support for translation in to discrete event simulation software both in terms of model structure 
and supporting information 

• Seldom re-used i.e. do not support model building blocks and built-in information 
• Non-supportive of collaborative working environments i.e. parallel modelling creating (different modellers 

working on different model domains and sharing information with limited duplication). 
As non-standard models were developed, there was very little concurrent effort in the development of a supporting 
CIMOSA Enterprise Modelling (EM) tool. The majority of the model building is completed manually, with 
functionally limited (when considering the application area) computer software tools used such as MS PowerPoint®© 
and SmartDraw®©. Consequently; models take a large amount of time to create, provide poor visual presentation as 
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the diagrams vary in format from different modellers, and rely on the modellers’ knowledge and skill of the software 
tool used. Additional challenges are faced when considering more complex domains and processes. The sequence of 
models created will depend on the model builder, there could be dozens of models of all types. Their relations are 
guided by CIMOSA numbering conventions, however, the logical hierarchy and sequence between diagrams are still 
hard to follow by ordinary users who have little professional modelling knowledge or background. 

From a model user aspect, most are familiar with their processes in the real world, however very few have equally 
developed understandings of modelling principles. While modelling complex process networks in an ME, large 
numbers of diagrams are needed to break down complexity and provide detailed information. This has been a common 
occurrence drawn upon from the authors’ experience, users are not able to readily switch from a functional, 
departmentalized view to one that is objective, context, and process oriented. This impacts comprehension of models 
and decomposition principles intrinsic to the diagram hierarchy discussed previously. Currently there is no known 
effort to make models that are more ‘user centric’. 

More importantly, the purpose of EM and, more particularly CIMOSA EM’s, is to provide understandable 
information to model users, who are in most cases, not directly involved in model development. Thus the models’ 
current presentation format induces difficulties for such users to easily follow and understand what lies before them, 
and successfully create the link between the modelled and real systems. 

The above requests from both modellers (decision making supporters) and users (decision makers), and the 
weakness of current CIMOSA modelling tools to satisfy the requirements, has raised the essential need for 
improvement. 

This paper addresses this established need beginning with EM using CIMOSA principles, with focus on 
supporting the inexperienced model user who is tasked with making organizational decisions and would thus benefit 
from guidance in identifying and resolving problem domains. Using an existing commercial software tool as a 
development platform, enhancements to model visualization and interactivity have been realized, later sections also 
demonstrate the improved automation and configurability during model building, as the tool is targeting 
improvements in functionality from the perspectives of both the model user and developer. 

The paper then illustrates the developed tools via two exemplar case studies, with the purposes of establishing 
practical usage and analysis with third party (industrial user side) verification, with feedback informing further 
development potential. 

3.0 PROPOSED NEW TOOL TO IMPROVE ENTERPRISE MODELLING 

The main aims of developing the new EM tool are to enable; users to easily visualize a complex process and it’s 
supporting resource and information systems (to support decision making), and model developers to efficiently 
produce and document models. 

The new tool development is heavily dependant on the authors and their in depth understanding of CIMOSA 
modelling principles, as well as an advanced understanding of Visual Basic® and Microsoft Visio®. The foregoing 
discussion centred on the lack of appropriateness and support currently exhibited by software tools used. The 
proposed new approach to model building, depicted in figure 2, allows for the integration of user and model developer 
areas that were previously inferred (previously represented as dashed lines in figure 1). 

The basic functionality of the MS Visio® software is very similar to previous alternatives used to produce graphical 
representations of the domain under study. However the substantial improvements developed through the proposed 
tool are: 

1. Embedded CIMOSA principles during model development so the user does not have to be well versed in this 
area, simply click to reveal detail 

2. Efficient model building through drag and drop interface with pre-defined constructs and associated 
‘attributes’ 

3. Capture of the modellers decisions and process related measures. These can later be exported to inform 
discrete event simulation packages. 

1133



A new tool development to improve enterprise model building and utilisation 
 

Data Rich Models 
Built by New Tool

Fig.2 proposed new approach 

From a model developer perspective, there is an element of training specifically aimed at producing models that are 
not only representative of the real system under analysis but also incorporate the added user functionality (that the new 
tool enables). Hence a new model building methodology must be adopted for the proposed tool to deliver efficient and 
user centric models. CIMOSA EM principles remain central to the new approach i.e. models are designed based on the 
CIMOSA graphic models framework. The set of diagrams generated are as before i.e. context, interaction, structure, 
and activity diagrams, however these are constructed from a stencil with formal attributes assigned to each of the 
CIMOSA modelling constructs. The new approach requires the following modelling steps: 

1. Populate diagram information 
2. Populate with constructs and attributes as per modelling level and associated CIMOSA principles 
3. Create ‘parent-child’ links as per process decomposition 
4. Export to HTML format for wider/user presentation. 

 

 

Fig.3 CIMOSA stencil supporting new approach, model building & information populating 

The initial page layout incorporates important model control information. This aspect of document control, when used 
in conjunction with the built in ‘track changes’ function in MS Visio® allows for effective and controlled 
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collaborative model development and review. Attributes within the ‘page border’ construct are drawn from the 
modellers PC and automatically entered. As the modeller develops models, constructs are dragged from the stencil and 
dropped on the page (figure 3). 

On performing this action a dialogue box is triggered, this serves to ensure that all relevant information is entered 
(the Custom Properties Dialogue window in figure 3). This alleviates the need for supplementary spreadsheets 
containing such information as it can be stored at source i.e. within the modelling environment and attached to the 
concerned activity or process. This information also serves to inform the model user during review, and to populate 
further dynamic modelling efforts. 

Upon creating a set of models, the next step is to create parent-child links according to CIMOSA decomposition 
principles, from top level Domains (DM) through to Domain Processes (DP), Business Processes (BP), to lower level 
Enterprise Activities (EA). The purpose here is to give the model user the ability to break down complex domains 
contextually but without necessarily having to understand underlying principles. Currently the new tool requires that 
the links be created manually. However, due to some diagrams containing duplicate information, the new tool does 
exhibit automatic linking and synchronization of textual content for constructs that are duplicated. Constraints on 
shape size and editing visual appearance enforce a uniform representation of constructs. 

Blue highlighted areas 
are decomposed further, 

user just ‘clicks’ to reveal 
next level of detail 

Attributes giving further 
detail of selected construct. 

Integrated 
search 

functionality 

Pan and zoom 
large/complex 

models 

Fig.4 HTML Model user interface and functionality 

Once the set of models is completed, they can then be converted in to HTML format to allow for easy sharing and 
use i.e. no proprietary software is required. Hence this serves as an off the shelf solution for model users, as the model 
building knowledge lies with model developer and the stencil with embedded functionality as developed by the 
authors.  

The HTML document produced then serves as the primary interface for the model user. The user’s ability to 
manipulate and interrogate models is non-existent in the current approach. The interactive nature of the new approach 
means that users are more likely to feel encouraged to explore models and their contents, currently this requires sifting 
through diagrams in conjunction with a briefing document outlining the methods deployed by CIMOSA. Referencing 
figure 4, the model user is now able to: zoom and pan, in overview, complex model diagrams to locate a focus; explore 
model structure through automated links between diagrams and process segments, providing much needed model 
routing guidance; navigate directly to diagrams by means of a drop down box; review specified entity attributes, 
populated by the modeller and reflective of the actual system, viewable by clicking; search to mine all model content 
(including construct text and attributes) to return all occurrences of search string. 

For the purposes of subsequent simulation modelling efforts, it is possible to export attributes related to each 
construct (e.g. process times, costs, frequencies) in a format that is then readily importable to simulation modelling 
software. 
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4. CASE APPLICATION OF APPROACH 

The new approach has been subjected to use with a number of recent projects undertaken by the UK Centre of 
Excellence in Customised Assembly (CECA) as part of project work with large, global, aeronautical and automotive 
manufacturers. For the purposes of this paper, models will not be presented but outcomes of the new methodology 
discussed. 

4.1 NEW TOOL APPLICATION: COMPANY X, AEROSPACE SUPPLIER 

To enable consistency, the case study previously outlined was revisited for the purposes of verifying the 
appropriateness of the new tool. The authors worked with engineers and managers at Company X as before, however 
the process of model building and verification was more streamlined. This enabled the authors to reduce contact time 
with managers and engineers to around one man month (a decrease of 50%) with reduced time to bring Company X 
employees up to speed with CIMOSA modelling principles. Additionally, the HTML interface enabled remote 
working thus less time on site was required. more significantly, the embedding of qualitative data in models eradicates 
occurrences of misinterpretation. As a result, Company X were provided with a quantified and enhanced visualization 
of the impacts of implementing the new approach, also how and where virtual engineering tools would be required to 
provide DFA/DFM decision support. The authors benefited from reuse and facilitated iterative development of 
models, the tools ability to provide a change history (via track changes).  

In terms of CIMOSA model generation using the new approach, a number of issues arose with the stencil which 
can be broadly categorized as; graphical or aesthetic, attribute definition (import and extension), data collection 
support, and numbering and linking. These are discussed in the proceeding sections. 

4.2 NEW APPROACH: FURTHER DEVELOPMENT FOR APPLICATION OF ATTRIBUTES LIST 

The illustration in figure 3 shows the use of a custom defined attributes list, during case application it was 
conceived that such an attributes list would become more valuable if a standardised format could be specified and 
reused across case models as well as in future projects. Thus during latter stages of case application, a standard 
modelling entity attributes list was put into development. Table 1 is a partial snapshot of the attribute list matrix. The 
matrix represents all EM entities (the ‘ID’ row) and cross references them with possible attributes (the ‘Attributes’ 
column) throughout the CIMOSA modelling phases. The attributes list is split into two groups, the first ‘Generic’ set, 
is suggested as standard to all entities e.g. every entity should have an ‘ID’, ‘Name’ and brief ‘Description’. This 
primary unformation will have increased validity during simple and essential indexing, searching and tracing. The 
second ‘Specific’ set will differ from entity to entity, with only a sub-set of all attributes being applicable to certain 
entity. For instance, the ‘Owner’ attribute is only necessary and applicable to a ‘Domain Process’, ‘Business Process’ 
and ‘Enterprise Activity’ as only they will have an ‘Owner’ which needs which is captured through this attribute. 
Whilst not represented in table 1, the each attribute contains a corresponding descriptive sentence to guide use. For 
instance of the ’Generic’ attributes, ‘ID’ was described as ‘The unique reference number assigned to an entity in the 
model, this is automatically created by the tool’s alphanumeric, ID numbering logic’, while ‘Name’ is ‘Input a simple 
meaningful phrase to describe the entity’. 

The authors were aware that such an attribute list would aid in efforts to standardize and provide a descriptive 
meaning to all entities within CIMOSA diagrams, maintaining consistency particularly from a modeller’s view. 
However, this is still being developed and will be tested through later cases, a further developed version will be 
introduced in forthcoming papers. 

Table 1 Snapshot of model attributes list definition and specification sheet  
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Description √ √ √ √ √ √ √ √ 
Owner    √ √ √   

Sp
ec

ifi
c 

Responsible    √ √ √   
Overall, the new approach offered significant improvements in terms of development time and ability to convey 

more content rich models. Graphical and aesthetic issues were encountered with constructs not re-sizing correctly, 
additionally the positioning of shapes still required fine tuning thus improvements in this area would provide models 
that look tidier. The attribute list definitions and specification at this stage require more theoretical work and testing, 
they are not as well formed as they need to be. As a consequence these were not exploited as fully as they potentially 
could be. Data collection required to support attributes and also model generation is not currently, or in the new 
approach, elicited thorough an integrated and structured means. The ability to elicit process related information 
through structured questions sets which can then be integrated in to modelling efforts would prove an advantageous 
extension. Numbering and linking of shapes, whilst effective, proved to offer slight advantages over the current 
approach, however the potential to automate this aspect would provide huge savings in time during model generation. 

The HTML user interface was easily comprehended and served as a good tool to enable users to visualize 
processes and their constituent elements. The additional navigation functionality and being able to search provided 
users with features one would associate with electronic documents.  

5. CONCLUSIONS AND FURTHER DEVELOPMENT WORK 

Current approaches to Enterprise Modelling (EM), and supporting tools, require refinement to enable model users 
to fully benefit from model developer efforts. The new approach proposed by the authors of this paper enables 
substantial improvements over tools currently in use. The annotated figures contained within section 3 elaborate on 
the new tool’s functionality, detailing the use of attributes and other developer aids. Diagrams can be exported to a 
platform neutral format (HTML), and with the aid of an XML plug-in, diagrams can be searched and zoomed giving 
increased functionality from a model user’s perspective. There are also additional improvements that promote 
uniformity and standards across models built, for instance; model naming and numbering conventions, model revision 
control. 

The work was instigated as a consequence of combined experiences of the authors on project work using the 
current approach. Failings of this approach generally and notably include; lack of model developer support, lack of 
user support, no model integration, and limited model re-use. The new approach provides responses to all of the above 
and there is also room for additional improvements to better the new approaches ability to address the above by: 
improved integration with simulation models; configure batch data import/export across different modelling approach 
boundary; the standardised attributes list definition and specification sheet, across case study models, which will be 
introduced by a sister paper; extension in to data collection and templates; automatic numbering according to 
CIMOSA numbering conventions. 

Ongoing work at CECA and by the authors in particular aims to extend the approach to cover the aforementioned 
thus culminating in an integrated decision support, information delivery, data management and exchange approach for 
discrete event simulation and similar modelling tools. 
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Abstract 
In continuous process industries, large investments in automated process control systems are made to reduce 
variance, but the variance in key process parameters often remain unchanged. One reason is that the operators 
often lack tools to assess the impact of process changes on the final product properties. Dynamic simulation 
could be used to estimate effects of attempted changes, on models with current process information and 
dynamics. However, the use of dynamic simulation for such purposes is infrequent in process industry. Therefore, 
the purpose of this paper is to outline a simulation model for mineral processing using existing process 
knowledge. An iron ore pelletizing process was studied, and process knowledge was collected through interviews 
and research reports.  The material flow mechanisms of a critical process section were also determined 
experimentally. A simulation model of the process was constructed in SIMULINK, and the effects of various 
variations were tested. The statistical properties of the output distribution of particle residence times were 
compared for various settings.  Finally, various applications field in a mineral process for the simulation model 
is discussed, for example, predicting or explaining effect of corrective actions. 

1. INTRODUCTION 

The raw material for process industries are often in an unrefined form (as opposed to manufacturing industries), 
fetched directly from forests, mines or farms [1]. Continuous processes are commonly found in process industries 
such as the mineral processing industries, the paper and pulp industries, chemical industries and parts of the food 
industries.  Hence, the raw materials for continuous processes (such as minerals processing, paper mills etcetera) are 
usually afflicted with a larger variation of properties. In continuous processes, the products are gradually and with 
minimal interruptions refined through a series of operations [1, 2]. According to Rajaram & Robotis [3], there has 
been technological initiatives, including new process technology and automation to control continuous processes, 
and operational initiatives, including development of an effective interface between the operators and the process 
control system, to reduce output variation in the processes. However, in continuous processes the variance in key 
process parameters has often remained unchanged, though large investments in automated process control systems 
has been made to reduce variance [4]. According to Rajaram & Jaikumar [4], one reason is that there are no tools for 
operators to assess the impact of changes at individual stages on an overall production target.  

Hence, developing tools for studying the impact of changes in the processes is vital for reducing the variation. 
Dynamic simulations could be used to test “what-if:”s, such as response to variation in feed, in continuous processes 
[5]. Therefore, dynamic simulations should be useful for studying the impact of changes.  

According to Daniel T Brunner, pharmaceutical manufacturing, chemical manufacturing, and mining and 
mineral processing industry are areas where simulation has not yet been widely accepted [6]. Furthermore, Liu & 
Spencer [5] argues that there has been limited practical application of dynamic simulation in most of the mineral 
processing industries. Nevertheless, there are examples of simulations in the mineral processing industries, see for 
example [7], [8] and [9]. The examples are typically specific for a process section or a case, and based on data from 
numerous experiments.  

Therefore, the purpose of this paper is to outline a simulation model for mineral processing using existing 
process knowledge. Moreover, the model can be used to analyze the propagation of variation through the process. 
Furthermore, the impacts of incorrect material flow assumptions in various process sections are tested. Finally, the 
accuracy in the process knowledge for a critical process section is investigated by an experiment.  

                                                           
* Corresponding author: Tel. +46 (0)920 491077; E-mail: bjorn.kvarnstrom@ltu.se 
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2. THEORETICAL FRAMEWORK  

There are two types of ideal flow systems commonly used for modeling flow systems; plug-flow and perfectly 
mixed flow  [10-12].  

In a plug-flow system, the flow is assumed to be without radial variations, and no dispersions will occur; thus the 
particles exit and enter in the exact same order. When flows are without mixing, the time particles would reside in 
the system, or the residence time, would be equal to the system space time, τ, and it is defined as: 

0v
V

≡τ  (1) 

where V is the volume of the system and v0 is the volumetric flow rate entering the system. Plug-flow are often 
assumed to arise in tubular reactors [12]. In a perfectly mixed flow system, concentrations are assumed equal. 
Hence, the particles entering a perfectly mixed flow system are immediately completely dispersed. Perfectly mixed 
flow is for instance often assumed in continuous-stirred tank reactors [12]. However, real flow systems are non-
ideal. Short circuiting (bypassing) and stagnant region (dead zones) are for instance often encountered [12] in real 
flow systems.  

The particle residence time distribution function of the system, E(t), can be used to describe the flow behavior of 
any real system. The residence time distribution function can, for example, be determined by an addition of a tracer 
substance, such as an impulse addition into the incoming flow of a system. By measuring the concentration, C(t), in 
the effluent flow, E(t) can be calculated [12, 13]. With impulse additions when the volumetric flow rate is constant, 
E(t) is given by: 
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The first three distribution parameters, mean residence time, tm, variance, σ2  and skewness, s3
, , are commonly 

used instead of E(t) for characterization of a flow systems. These parameters can also be used for comparison of 
models, and are given by Eq. 3-5: 
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t  is equal to the space time, τ, in absences of dispersion and for constant volumetric flow. m

3. PROCESS DESCRIPTION 

The iron ore pelletizing process at a Swedish mining company, LKAB, was chosen as the process to investigate 
and simulate. LKAB is specialized in extracting iron ore and developing highly refined iron ore products. A 
simplified flow sheet of two pelletizing plants, PP1 and PP2 is shown in Figure 1. The input to the pelletizing plants 
is a slurry, that is, a mixture of water and fine particles, in this case iron ore powder. Furthermore, the slurry comes 
from two sources with different composition. The ambition of the company is to produce one type of iron ore 
pellets, and, therefore, the slurries are mixed, see Figure 1. 
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Figure 1: A simplified flowsheet of the two pelletizing plants (PP1 and PP2) at LKAB in Malmberget. 

4. METHOD  

The full research process with activities and the connection to the different element of the purpose are 
summarized in Figure 2, in chronological order. As a first step, all the existing process knowledge was collected 
using internal reports, unstructured individual interviews and a group interview with LKAB engineers. The process 
knowledge was then used to develop a map of process flows and residence times, and to outline an initial flow 
simulation model (hereafter initial model) of the process. The SIMULINK toolbox in MATLAB was used for 
creation and testing of the flow simulation model.   
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Figure 2: The research activities and the connection to the different element in the purpose.  

To analyze the propagation of variations in the process, two settings were tested in the initial model, see Table 1, 
and a sampling interval of one minute was used. Setting 1 illustrates a shorter disturbance in one of the incoming 
slurry flows, in this case slurry 1. Such a disturbance could, for example, be caused by a lesser contamination or a 
variation in the raw material. Setting 2 illustrates a shift in the process, such as those that could occur due to 
machinery breakdown or a process change. During the simulations, the levels in the slurry tanks and the bin 
chamber were set to an intermediate level.  
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Table 1: The two settings simulated  

Setting 
1 Pulse disturbance with amplitude 1 from input 1 during the period 0 to 0.1 h 
2 Step change from 0 to 1 in both inputs at t = 0 h 

 

Much of the process knowledge, obtained during the interviews, was based on approximations and supporting data 
were often lacking. The most important section with respect to residence time is the slurry tank, and a tracer 
experiment was therefore performed to validate and improve the knowledge about the flow and the residence time 
distribution of this tank. Due to the process design, the mixing tanks were also included in the experiment. A 
detailed flow sheet of the process section including the slurry and the mixing tanks is presented in Figure 3. The 
residence time may differ between water and the solid phase, but it is assumed that the slurry does not separate. 
Lithium chloride was chosen as the additive to test the flow mechanisms of the tanks, since lithium chloride is easily 
dissolved in water, only traces of lithium are normally found in the product, and the lithium content is easily 
measured also at trace levels. The lithium chloride was dissolved in water and added as an impulse to the slurry 
mixture entering the slurry tanks and the lithium content of the slurry was measured after the mixing tanks and used 
for calibration of the tank flow model.  

 

Figure 3: Flowsheet for the slurry and mixing tanks.  

Two tracer experiments were performed, one for each slurry tank section, with six weeks in-between. The 
lithium concentration in the fluid part of the samples was analyzed with ICP-MS (inductively coupled plasma - mass 
spectrometry) after filtration. Roughly, a sampling time equaling the calculated space time plus one hour was used 
during the experiments. The tail of the concentration curve was estimated by fitting an exponential decreasing 
function to the experimental data using the least square method. During the experiments, the slurry levels of the 
slurry tanks were at an intermediate level.  

Based on the experiment, the initial model was calibrated. In the calibrated model, the same two settings were 
simulated with the same process flow and levels in different sections. To evaluate the result of the incorrect 
assumption about the process flow, mean residence time, variance and skewness were compared for the simulations 
in the two models. Mean residence time, variance and skewness were calculated using numerical integration.  

5. RESULTS   

Table 2 summarizes the process data, based on the findings in the interviews and the internal reports. The data 
are based on mean levels of slurry in the slurry tanks and on mean levels of iron ore powder in the bin chamber. The 
flow of the plant only differs little during regular production, and the process in Table 2 is assumed to be operating 
at normal flow rates. As the process knowledge for the bin chamber was insufficient, the bin chamber was simulated 
both as a plug-flow and as a perfectly mixed flow in the simulations.  

1141



Using Process Knowledge for Simulations of Material Flow in a Continuous Process 
 

Table 2: Description of the process sections in the two pelletizing plants. (MF= perfectly mixed flow, PF= plug-flow) 

Space time (hour)  Process section Function 
PP1 

Flow mechanism, as estimated 
by process engineers PP2 

Slurry tank Buffer and mixer  7,05 6,85 MF 
Mixing tank Mixing the two slurries 0,02 0,02 MF 
Filters Dewatering the concentrate 0,06 0,03 MF 

Insufficient process knowledge to 
suggest a model flow Bin chamber Buffer and mixer 0 1,5 

Mixer Blending concentrate with a binder 0,01 0,01 MF 
Bin Buffer 0,7 1,2 PF 
Balling equipments Balling formation 0,1 0,1 PF followed by a MF 
Sintering furnace Sintering 0,5 0,5 PF with reflux 

 

The results from the tracer experiments in the slurry and mixing tanks indicate that an exponential model was 
appropriate for describing the decline of the effluent flow concentration of an impulse addition at the inflow, but the 
rapid rise and decline of the lithium concentration indicated that the full volume was not active. Non-active volume 
elements, so called dead zones are common, especially for low speed slurry flow, where solid state buildup may 
occur. An exponential decline is typical for perfectly mixed containers, and the active volume was thus assumed to 
be perfectly mixed. Furthermore, the design of the flow system suggests that the flow model should incorporate two 
perfectly mixed containers serially connected. The experimental calibration led to a mathematical model including a 
perfectly mixed slurry tank with a dead zone and a perfectly mixed mixing tank, see Figure 4. The model was fitted 
to the tracer data using the least squares regression, and the active volume share, α, for the slurry was calculated.  

Slurry tank

Position for 
sampling

Mixing tank
Mixing tank

Inflow from 
the other 
slurry tank

a

Da

VV
VVV

=
+=

1

1

α

11( v∗)− β

v

1v∗β
2v

2V (VII)
(VI)

(V)

(IV)

(III)

(II)

1v
(I)

Position for 
addition

 
C (t):  concentration of the studied substance in the 

outflow from the mixing tank. 
v2

 
Equations 

 ))(*(*)(*
)(

111
1

1 4444 34444 21321
43421 III

V

II

B

I

V vvvtCCv
dt

tdC
V −+−= αα

               (6) 

    )(*)*(*)(**
)(

212211
2

2 444 3444 213214434421
43421 VII

V

VI

B

V

V

IV

V tCvvCvtCv
dt

tdC
V ββ +−+=

   (7) 

I. Change in quantity of the studied substance 
per second in the slurry tank at time t. 

 
Symbol descriptions II. Inflow of the studied substance to the slurry 

tank. 
v:     inflow to the slurry tank. 
V1:   total volume of slurry in slurry tank. III. Outflow of the studied substance from the 

slurry tank. Vα:  active volume in slurry tank. 
VD: dead volume in the slurry tank. IV. Change in quantity of the studied substance 

per second at time t in the mixing tank. α:    active volume share in slurry tank. 
v1:   outflow from slurry tank. V. Inflow of the studied substance at time t 

from the slurry tank with addition to the 
mixing tank. 

β:    share of outflow from slurry tank to sampled mixing tank. 
v2:   inflow to mixing tank from other slurry tank. 
V2:  volume of the mixing tank (assumed active since space 

time is small). 
VI. Inflow of the studied substance from the 

slurry tank without addition to the mixing 
tank. CB(t):  concentration of the studied the substance in the 

background flow. 
B

VII. Outflow of the studied substance from the 
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v1

Figure 4: The matematichal model and definition of the parameters used. In this case the studied substance was lithium. 
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The effluent flow concentration for the simulations of Setting 1in the calibrated model is illustrated in Figure 5a 
and b. The disturbance in slurry mixture 1 results in an almost instantaneous concentration peak in the effluent flow 
of PP1, in both the calibrated model and the initial model. The result was expected since the flow in PP1 mainly 
consists of perfectly mixed tanks. Furthermore, the concentration peak was higher for the calibrated model; this was 
an effect of the dead volume in the slurry tank. The dead volume, in the slurry tank, implies that the disturbance was 
mixed with a smaller volume of undisturbed product. 

The effluent flow for PP2 with the bin chamber modeled as a plug-flow for the calibrated model, see Figure 5b, 
as well as the initial model had the same appearance, but the peak was shifted towards longer times. However, if the 
flow in the bin chamber was simulated as a perfectly mixed flow the peak was more rounded. Moreover, the effect 
of the disturbance in the output was almost two times higher in the calibrated model than in the initial model for 
both PP1 and PP2. Finally, the mean times were shorter in the calibrated model for Setting 1, also the variations has 
decreased. Furthermore, the disturbances in the effluent flow were more centered in the calibrated model. 
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Figure 5: The response in the output to a disturbance in slurry mixture for the calibrated model. The flow in the bin chamber is 
simulated as plug-flow (PF) or as perfectly mixed flow (MF). Figure 5a shows Setting 1 results for PP1 Figure 5b:results 

according to setting 1, PP2.  

The response in effluent flow from the simulations of Setting 2 is illustrated in Figure 6. The product change, 
from product 0 to product 1, results in an almost exponential response in the effluent flow of PP1, with a short delay 
caused by the bins before the balling equipments. Moreover, the calibrated model resulted in a steeper growth than 
the initial model. However, at approximately 25 hours, the response in the effluent flow for the two models in PP1 
converges. The effluent flow for PP2, with the bin chamber modeled as a plug-flow, has the same appearance as the 
effluent flow in PP1, but is shifted forward in time. However, if the flow in the bin chamber was simulated as a 
perfect mixed flow, the exponential response is less steep. A perfectly mixed flow or a plug-flow could be seen as 
two extremes, in absence of dead zones in the bin chamber. Thus, if there are no dead zones the actual flow should 
be somewhere in between these extremes. If there in fact are dead zones in the bin chamber, the output from PP2 
would instead lie between the appearances in the output from the simulations of PP1and PP2. The actual flow in the 
bin chamber could, for example, have an inverted cone flow with dead zones. 

Figure 6: The concentration response of the output as a function of a product change, Setting 2, for PP1 (6a) and PP2 (6b).  
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Finally, assuming that a product containing more than 20 % of a by-product, for example a 50/50 mixture of two 

product types, would be classified as defective in the simulation. With such classification, the output from PP1 in the 
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initial model would be downgraded during 8.5 hours. In the calibrated model, the production time downgraded was 
reduced to 5,2 hours. The same pattern in reduction was observed for the output of PP2. 

6. CONCLUSIONS AND DISCUSSION 

In the simulations of Setting 1, it can be seen that the peak in concentration of a short-time disturbance is 
significantly lower in the effluent flow compared to the peak in concentration of the short time disturbance in the 
inflow. Hence, short-time disturbances could often be ignored in the pelletizing process. The size and amplitude that 
can be ignored depends on the kind of disturbance, as the customers’ sensitivity differs for various disturbances, for 
example changes in iron content or contamination of a tracer substance. However, there are other factors affecting 
whether the disturbance can be ignored or if countermeasures need to be taken, for example the level in the slurry 
tanks. The simulation model could thus be used to select corrective actions in presence of disturbances. Therefore, 
the simulation model is useful as a decision tool to decide how to handle a disturbance in the process. Furthermore, 
the model helps to predict the amplitude of a disturbance in the system as well as when and for how long time the 
disturbance will affect the system at different locations.  

From the simulations of Setting 2 it could be concluded that the full (99%) impact of a process change may be 
lagged up to a day, but also that most of the change will have taken place within ten hours, and that not much will 
change for the first three hours. As the effects of changes in the final product often are lagged and slow, the effects 
of operator’s actions are often not visible during their work shift, which makes it difficult for the operators to learn 
about the cause-and-effect relationship between control operations and process reactions. If a simulation model, 
such as the one presented here, was implemented at the operator level using on-line data logging, it would be 
possible to instantaneously simulate when the process reaction will take place. In this way the operators can study 
the result of control operations afterwards, and thereby learning the effects of different control actions.  

By comparing the responses to the simulation of PP2, where the flow in the bin chamber is simulated as a plug-
flow or a perfectly mixed flow, effects of incorrect assumptions of a flow in a process section are seen. One effect of 
an incorrect assumption could be that a product is classed incorrectly, either as defective instead of correct or the 
other way around. Moreover, an incorrect assumption could result in that the effect of a disturbance is under- or 
overestimated. The passing time of a disturbance could also be misjudged if the assumption of the flow is incorrect. 
For the investigated flow the assumed type of ideal flow, the perfectly mixed flow, was correct, the dead zone was, 
however, not expected. As real flows seldom are ideal, it is important to investigate the flow for process sections 
with extensive residence time.  

One way to increase competitiveness and unit price is to produce customer specific products. Another 
application of a simulation model, such as this one, could be to estimate how product changes should be performed, 
and when the new products will be produced, as well as when the products will be out of specifications. Such a 
model would also let the engineers estimate when the new product will enter different process sections, so sections 
settings could be changed in time. If special products are to be produced, the model could additionally predict if 
product changes would cause low grade or defective products to be produced, and what products that should be 
reworked or rejected. The model can therefore aid cost benefit analyses used to decide whether production of a 
special product is profitable, and how special products should be produced at minimal costs. 

In the pelletizing process, various settings and levels in process sections are controlled and determined by the 
operator. For example, the filling and discharge of the bin chamber as well as the level in the bin chamber may be 
controlled by the operator. The possibility to control certain settings and levels in process sections implies that the 
operators to some extent may alter the process flow to, for example by changing stirring speed. The operation 
control may be used to improve the product characteristics and to minimize defective product by altering the process 
flow. This alteration needs to be based on data from product measurement in the process. However, normal product 
measurements often prevent the application of such operation control, since lab results are infrequent and to slow. 
Process simulations could aid in making this type of operation control practical, as simulations could be used to 
predict properties based on lab result of samples taken earlier in the process.  

Simulation models can also be used for improving traceability of continuous processes. Examples of benefits 
with good traceability are: selective product recalls, product localization, and prevention and reduction of undesired 
events such as changes in material composition and particle size.  

In the simulated mining process, it is the solid phase of the slurry that is of importance, and the model was 
calibrated using lithium content of the liquid phase. The assumption that the phases of the slurry has similar 
residence times is supported by earlier investigations of a milling operation [14]. The error associated with this 
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assumption should be small, even though the residence times are considerably longer in the tank sections than in the 
milling sections, since the particles of the ore is smaller in the slurry tanks and thus should be less prone to separate. 

In summary, the result shows that simulations are useful tools for understanding the effect of disturbances and 
variations in processes such as the pelletizing process of iron ore. The presented simulation model resulted in new 
knowledge of how disturbances affect the pelletizing process. A regularly calibrated on-line installation would 
improve the usefulness of the simulation model further. Moreover, the next step to improve traceability of the iron 
ore products would be to include the whole production process in the simulation model. In this case, the 
concentrator plants, cobbing plants and the mines would be included in the simulation model.  
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ABSTRACT 

With the increasing computing power of modern processors, exact solution methods (solvers) for the optimization 
of scheduling problems become more and more important. Based on the formulation of a scheduling problem as 
a mixed integer program (MIP), it will be analyzed how powerful the present solvers of this problem class are 
and up to which complexity real scheduling problems are manageable. For this we investigate initially some 
common benchmark problems to find out the boundaries for practical application. For the use of manufacturing 
optimization methods in an industrial environment we are mostly forced to consider time constraints. If the 
complexity of the manufacturing problem makes an exact solution impossible in near real time, the solver-
optimization is stopped after a predefined time limit. Then the acquired results will be compared with the results 
of a conventional simulation-based optimization approach under comparable time restrictions. As a next step we 
describe the coupling of the discrete event simulation system simcron MODELLER and a MIP solver. This 
coupling generates automatically a MIP formulation for the present simulation model which can be solved 
externally by a MIP solver. For this task we use the TOMLAB/CPLEX optimization toolbox of MATLAB. After 
the external optimization process follows a backward transformation of the results into the simulation system. All 
features of the simulation system (like Gantt-Charts etc.) could be used to check or to illustrate these results. To 
realize the coupling for a wide range of simulation models, it has to be defined which general constraints the 
model has to satisfy. 

1. INTRODUCTION 

Mixed integer program (MIP) formulations for solving scheduling problems can be traced back to 1959. At that 
time Wagner [1] first formulated a flow shop problem as an integer program. In the following years different types 
of MIP-formulations arised for the classical flow shop and job shop scheduling problems. Thereby the major 
contributions in MIP formulations are attributed to Wagner, Bowman, Manne, Wilson, and Morten and Pentico. But 
due to the fact that the problem is NP-hard [2], computer capacity was very limited and the MIP algorithms were 
inefficient there was no practical use for them. 

As an alternative to these exact approaches several 
heuristics were developed to find nearly optimal solutions to 
scheduling problems. One of these approaches is the method of 
simulation-based optimization (see Figure 1). The problem is 
described by a simulation model which includes a set of control 
variables x and responds with an objective value C after a 
simulation run is completed. The control vector x consists of 
several variables x which influence the behavior of the 
simulation model, e.g. job permutations, buffer or machine 
capacities and release dates. A heuristic optimization algorithm 
for example Threshold Acceptance, Simulated Annealing or 
Genetic Algorithm resets or adjusts the control variable after 
every optimization run depending on the objective function 
                                                           
1 Corresponding author: Tel.: +49-351-463 31696; Fax: +49 351 463-37035 ; E-mail: klemmt@avt.et.tu-dresden.de 
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gradient [3]. The simulation-based optimization approach offers a wide flexibility and includes high model 
accuracy. Also some simulation systems allow an automated simulation model creation on the base of MRP and 
ERP systems in online mode [4]. The disadvantage is that there is no guaranty to find the global optimum or even to 
get a boundary for complex objectives. Also this cyclic approach is very time consuming especially in the case of 
complex simulation models. So it is usual to define a time limit for the optimization process. 

For a few years mathematical programming-based scheduling approaches have been resurfaced. Today’s 
computing power has increased and more efficient MIP software, for example CPLEX [5], is available. Pan [6] 
conducted a research on the mathematical formulations of scheduling problems and concluded that Manne’s model 
[7] was the best. Due to the fact that the classical job shop formulation has nearly no practical relevance (because it 
is too simple for real world modeling) different types of problem specific MIP formulations for scheduling problems 
were developed. Especially in the field of electronics and semiconductor manufacturing several approaches exist. 
Pearn [8] for example developed a MIP formulation for a wafer probe parallel machine scheduling problem with 
setup effects. In [9] an approach is described for minimizing the total processing time and the total setup time of a 
Die Bond assembly operation. Thereby a processing priority of the jobs is observed. Pan [10] formulated a MIP 
formulation for re-entrance flow shops.  

In this paper we will describe a coupling between simulation-based and solver-based optimization methods to 
exploit the advantages of both methods. We will also describe an advanced MIP formulation for job shop problems.  

2. JOB SHOP SCHEDULING 

First the classical job shop scheduling problem Jm||Cmax is investigated. Therefore the MIP formulation of 
Manne is used. Classical Job Shop scheduling means: There are n jobs which have to be scheduled on m machines. 
Every job has its own processing order and has to be processed in m steps on exactly m different machines. Every 
machine can only process one job at the same time. Initially the machines are not loaded. Every job is immediately 
available and has no due date. The goal is to find an execution order for all jobs on all machines which minimizes 
the total makespan. The technological processing sequence of each job defines rilk which is 1 if job i requires 
machine k in Step l and 0 otherwise. The processing time of job i on machine k is given by pik. In the Manne model 
there are now m·n·(n-1)/2  Boolean variables xijk (i<j) defined with: 

 
1, if  job precedes job  (not necessarily immediately) on machine 
0, otherwiseijk

i j k
x

⎧
= ⎨
⎩

 (1.1) 

There are m·n positive real valued unknowns 0iks >  specifying the starting time of job i on machine k, as well as 
the objective Cmax. The Manne model can now be written the following way: 

 
Thereby K is a high number. The constraints set (1.3) restricts the objective function Cmax, (1.4) restricts the starting 
time of job i on the machine in operation l+1 to be no earlier than its finish time in the predecessor operation l. 
Constraints sets (1.5) and (1.6) convert the “either-or” condition:  

 , or elsejk ik ik ik jk jks s p s s p− ≥ − ≥  (1.7) 

into a linear inequality with Boolean unknowns which ensure the requirement that only one job may be processed 
on a machine at any instant of time. Note that with the classical form of linear programming it is not possible to 
specify such an “either-or” condition as shown in (1.7). Hence the Manne model describes the job shop scheduling 
problem with m·n·(n-1)/2 binary unknowns and m·n+1 continuous variables in n2 ·m inequality restrictions. 

Cmax →  min  subject to  (1.2)
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k k

r s p r s+
= =

+ −∑ ∑ ≤  0 1,..., ; 1,..., 1i n l m= = −  (1.4) 

(1 )ijk jk ikK x s s− + − ≥  ikp  1,..., ; 1k m i j n= ≤ < ≤  (1.5) 

ijk ik jkKx s s+ − ≥  jkp  1,..., ; 1k m i j n= ≤ < ≤  (1.6) 
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3. BENCHMARKING 

We compared the efficiency of solver-based and simulation-based optimization methods on some common 
benchmarks. The aim was to estimate until which problem dimension the MIP approach is superior to a 
simulation-based optimization. To approximate practical problems a time limit of 5 minutes calculation time on a 
standard personal computer was set to both methods. All optimization runs were repeated 10 times to decrease 
stochastic influences by the heuristic methods on the listed results. As calculation software the MATLAB toolbox 
TOMLAB with CPLEX Solver and the event discrete simulation system simcron MODELLER was used. The 
simulation-based optimization performs a genetic search algorithm (GA). The influences of the used population 
size, mutation type and crossover parameters should be neglected here, because the given time limit is very tight. 
Table 1 shows the optimization results. If the optimum was found by the solver under the 5 minutes time limit, the 
average calculation time is added in brackets. 

Table 1: Comparison of optimization results 

Benchmark Dimension 
J x M       Binary unknowns1 

Optimum MIP Simulation-based optimization GA 
Non-delayed         Delayed Schedule 

ft06  6x6 90 55 55 (0.24s) 57 58 
la01  10x5 225 666 666 (65s) 666 676 
ft082 8x10 280 824 824 (108s) 859 903 
Abz5 10x10 450 1234 1234 1266 1391 
ft10  10x10 450 930 953 972 1086 
la07  15x5 525 890 890 890 915 
la12  20x5 950 1039 1039 1039 1091 
la21  15x10 1050 1046 1137 1135 1337 
la26  20x10 1900 1218 1379 1317 1619 
yn1  20x20 3800 8863 1041 1001 1217 
Swv20 50x10 12250 28234 3203 2838 3409 
ta71 100x20 99000 54645 - 6 6197 7609 

 

It is recognizable that for smaller problems the MIP approach is superior to the simulation-based optimization. A 
problem size of around 1000 binary unknowns offers similar results with both approaches. On larger problems the 
simulation-based approach is predominant. Moreover, for problems with more than 10000 binary unknowns it was 
difficult for the MIP optimizer even to find a valid solution, for the simulation-based approach every cyclic 
simulation calculates a valid solution. The results of the simulation-based optimization with GA are divided in 
non-delayed results and results with delayed schedules. For the simulation system it is simple to limit the search 
space to non-delayed schedules. This allows a faster convergence of the search algorithm and better average results. 
But it is possible to exclude the optimum from the search space. The MIP solver is not limited in his search space of 
valid schedules, delayed schedules can be found, too. For large problems it seems to be helpful to divide the 
problem and use the MIP solver for smaller sub problems. After that the overall schedule can be calculated by the 
simulation system, for instance with heuristic dispatch rules. A direct coupling of the simulation system and the 
used model with the MIP solver can be a solution to this issue and is described in the next section. 

4. ADVANCED JOB SHOP SCHEDULING 

Unfortunately the classical job shop scheduling formulation of section 2 is not suitable for most practical 
manufacturing problems. Here it is often necessary to deal with a rolling forecast. This means that the 
manufacturing line is initially filled and the jobs have different numbers of processing steps. Machines can be 
initially busy; jobs can be not supplied or be dependent on material or resources. The jobs can also have due dates 
or time constraints. Furthermore there are parallel or alternative machines in some steps available (branches). For 
                                                           
1 Concerning Manne model 3 Currently best known upper bound  5 Lower bound   
2 Modification of ft10, first 8 jobs only 4 Currently best known value 6 No feasible solution found (5 min) 
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this we will now present a more general job shop MIP formulation which allows a modeling of even such practical 
relevant features. This new formulation includes a lot of extension to the classical job shop. There is a huge number 
of input data (e.g. sets of indices). To make the modeling more comfortable a coupling to a discrete event simulation 
system is designed. It allows a direct extraction of a MIP formulation from the simulation model to avoid this 
extracting input data by hand.  

4.1. SIMULATION SYSTEM 

Although the simcron MODELLER is a powerful and practical simulation system, its box of simulation 
elements is very small. Almost all objects are described in Table 2. Some further elements for configuring time 
tables or stochastic behaviour are also available. The simulation model can be extended with additional scripts, so it 
is possible to model complex manufacturing systems, too. The simulator works properly with as well as without 
graphical user interface. In the last case the simulation engine is very fast; this makes the simulator also suitable for 
simulation-based scheduling systems with heuristic optimization algorithms. In usual practical industrial 
applications the simcron MODELLER is used without the graphical user interface. The simulation model gets all 
data via an ODBC-Interface from the database of the corresponding ERP-System and generates the complete 
simulation model automatically. In this case the ERP-System controls exclusively the simulation run as well as the 
following data analysis. In contrast, for a MIP-Solver the simulator is a demonstrative tool for the problem 
generation. The goal is to formulate a given problem as a simulation model and after that to export this model 
automatically into a data structure which can be interpreted by the solver. Of course it is necessary to consider some 
additional constraints to keep the resulting system of equations solvable in an acceptable time period. The column 
three of Table 2 gives an overview about these constraints. 

Table 2: Basic elements of the simulation system 

Element  Explanation Additional constraints for the 
MIP-export 

Machine This element describes in general limited resources which are 
needed for processing jobs, e.g. machine, operator or tool. 
Machines can be empty, busy, ready or down and can be marked 
with several setup states. 

Machine can process only one 
job at the same time. 

Queue  General storage place where jobs can be stored for an indefinite 
period. 

A sufficiently dimensioned 
queue in front of every machine 
avoids blocking effects. 

Job Represents real or virtual moveable consumers of resources in the 
manufacturing system, e.g. work piece, product, production lot or 
order. Usually jobs have an earliest supply and a latest due date as 
well as quantity properties and an optional product attribute. 

 

Technology Specifies the technological workflow (route) of a job by a 
sequence of processing steps. Each single processing step includes 
among others the processing time at a machine.  

Routes with re-entrances are not 
allowed.   

Branch Consists of one or more arms and defines an alternative or parallel 
routing. In the latter case a machine group with m-of-n–decision 
can be free configured. 

Only machines can be assigned 
to the arms of a branch. Branch 
cascading is not allowed. 

Need This element describes dependencies between several processing 
steps of the same or distinguished technologies: a step may first 
start after one or more (need-) steps are finished. Need-objects can 
include Boolean expressions and can be cascaded, too. For 
example they are required for modeling bill of materials. 

Each need-object may include 
only one processing step. 
Boolean expressions and 
cascading are not allowed. 

   Setup Includes an (asymmetric) matrix of setup periods together with 
several setup conditions. A setup activity is necessary if the current 
machine setup state differs from the product attribute of the next 
requisitioning job. Each machine can include zero, one or more 
setup-objects. 
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4.2. ADVANCED JOB SHOP MIP -FORMULATION  

The extraction of the MIP-formulation from the simulation model is realized in 4 steps. Thereby, an ASCII-file 
is generated which is used later as input for the MIP-solver. Depending on the underlying simulation model first 
some input data variables are specified. In step 2 several required index sets are calculated from the input data. The 
index sets are the basis for the MIP-formulation in step 4. They are required for the construction of the solution 
vector x in step 3, too. With the help of the index sets it is possible only to encode information in the solution vector 
x which are really essential. For example there is no precedence variable specified between two jobs on a machine k 
if machine k is not included in both jobs technology. This reduces the problem dimension drastically. The 
construction of the solution vector x and the MIP-formulation thereby is realised basing on a modular design 
principle. Depending on the used module types in the simulation model, equations and unknown variables are full 
generically complied to a MIP. Variables and equations in step 3 and 4 only have to be defined if the shown module 
type exists in the simulation model. (The existence of jobs, technologies, queues and machines is assumed 
generally.) 

 
Step 1: Input data extraction 

 
Step 2: Index set calculation 

{ }1
{1,..., } | 1 1,...,m

ilkli rMS k m i n
=

= ∈ = =∑   … single machines of Ji 

{ }1
{1,..., } | 1 1,...,m

ilkki rAM l m i n
=

= ∈ = =∑  … single machine operations of Ji 

{ }1 1
{1,..., } | 0m m

ilkk l
oJO i n

= =
= ∈ >∑ ∑   … all jobs with a branch in their technology 

{ }1
{1,..., } | 0m

ilkki oAO l m i JO
=

= ∈ > ∈∑   … branch operations of Ji 

{ }{1,..., } | 1 ;il ilk iMO k m o i JO l AO= ∈ = ∈ ∈   … branch machines of Ji in operation l 

{ }| 1,...,
i

i il il AO
MG k MO MS i n

∈
= ∪ =∪   … referenced machines of Ji 

{ }| ( 1) 1,...,i i iLMM l AM l AM i n= ∈ + ∈ =  … single machine intersection of Ji 

{ }| ( 1) 1,...,i i iLMB l AM l AO i n= ∈ + ∈ =   … machine-branch intersection of Ji  

{ }| ( 1) 1,...,i i iLBB l AO l AO i n= ∈ + ∈ =  … branch-branch intersection of Ji 

{ }| ( 1) 1,...,i i iLBM l AO l AM i n= ∈ + ∈ =  … branch-machine intersection of Ji  

{ }{1,..., } |k iUJ i n k MG k UM= ∈ ∈ ∈  … setup jobs on Mk 

( ){ }, ' | , ' , ' ;il il iPM k k k k MO k k i JO l AO= ∈ ≠ ∈ ∈  … all pair wise different machines of Ji  in operation l 

( ){ }{1,..., } | max , : 1 1 1,...,i i i ilk ilkLastM k m l AM AO r o i n= ∈ = = ∨ = =  … last machine(s) of Ji 

                                                           
1set for all i=1,…,n; k,l=1,…,m; every job can have maximum m operations (see constraints in Table 2) 

n  … number of jobs 
m  … number of machines 
i, j … job indices 
k, k’ … machine indices 
l … operation index 
Ji … job number i  
Mk … machine number k 
Resti … rest processing time of Ji 

pik … processing time of Ji on Mk; pik = 0 otherwise 
Ik … rest processing time/down time on Mk 
Bil  … branch parallelism (Ji, operation l); {} otherwise 
Esdi  … earliest supply date of Ji; Esdi = 0 otherwise 
Lddi  … latest due date of Ji; Lddi = inf otherwise 
uijk   … setup time between Ji and Jj on Mk, k UM∈  
Iuik   … initial setup time Ji on Mk, k UM∈  
 

rilk  … with rilk=1 if the lth operation of Ji requires only Mk; rilk = 0 otherwise1 
oilk … with oilk=1 if the lth operation of Ji can be executed on Mk (in branch); oilk = 0 otherwise1 
Need … set of pairs (i,k), with Ji  has a need for Mk; {} otherwise 
N(i,k) … with N(i,k)=( j, k’); Jj must be finished on Mk’  before Ji can start on Mk; {} otherwise 
til … time coupling restriction; maximum waiting time of Ji between operation l and l-1; til = inf otherwise 
UM … all machines with an assigned setup object; {} otherwise
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Step 3: Construction of the solution vector ( )max, , , ,
T

ijk ilk ik ijkx y s z C=x with: 

( )1, if precedes  (not necessarily immediately) on 
;1 ; \

0, otherwise
i j k

ijk i j
J J M

x i j n k MG MG UM
⎧⎪= ≤ < ≤ ∈ ∩⎨
⎪⎩

 

1, if is planned in operation  on 
; ; ;

0, otherwise
i k

ilk i il
J l M

y i JO l AO k MO
⎧

= ∈ ∈ ∈⎨
⎩

  

1, if precedes  directly on 
; ; , ,

0, otherwise
i j k

ijk k
J J M

z k UM i j UJ i j
⎧⎪= ∈ ∈ ≠⎨
⎪⎩

  

( )... starting time of on 0 ; 1,..., ;ik i k ik is J M s i n k MG≥ = ∈   

( )max max... objective function 0C C ≥   

 
Step 4: MIP-Formulation 

max minC →   subject to (4.1) 

, 1 , 1,
1 1

( )
m m

i l ilk ik ik i l k ik
k k

t r s p r s+ +
= =

− ≤ + −∑ ∑  ≤ 0  1,..., ; ii n l LMM= ∈  (4.2) 

( ), 1 ' '
1

( ) 1
m

i l ilk ik ik ik ilk
k

t r s p s K y+
=

− ≤ + − − −∑  ≤ 0  , 1; ; 'i i li JO l LMB k MO +∈ ∈ ∈     (4.3) 

( ), 1 ' ' , 1, '
1

1
m

i l ik ik i l k ik ilk
k

t s p r s K y+ +
=

− ≤ + − − −∑  ≤ 0  ; ; 'i ili JO l LBM k MO∈ ∈ ∈     (4.4) 

, 1 ' , 1, '2i l ik ik ik ilk i l kt s p s K Ky Ky+ +− ≤ + − − − −  ≤ 0  , 1; ; ; 'i il i li JO l LBB k MO k MO +∈ ∈ ∈ ∈     (4.5) 

( ) ( )' '1 1ilk ilk ik ikK y K y s s− + − + −  ≥ 0  ( ); ; , 'i ili JO l AO k k PM∈ ∈ ∈     (4.6) 

1

m

ilk
k

y
=
∑  = ilB  ; ii JO l AO∈ ∈     (4.7) 

ijk ik jkKx s s+ −  ≥ jkp  ( )1 ; \i ji j n k MG MG UM≤ < ≤ ∈ ∩  (4.8) 

(1 )ijk jk ikK x s s− + −  ≥ ikp  ( )1 ; \i ji j n k MG MG UM≤ < ≤ ∈ ∩  (4.9) 

( )
0

k

ijk
j UJ i j

z
∈ ≠

≤ ∑  ≤ 1  ; kk UM i UJ∈ ∈     (4.10) 

( )
0

k

ijk
i UJ i j

z
∈ ≠

≤ ∑  ≤ 1  ; kk UM j UJ∈ ∈     (4.11) 

( )k k

k ijk
i UJ j UJ i j

nU z
∈ ∈ ≠

− ∑ ∑  = 1  k UM∈     (4.12) 

( )k

ijk jk
i UJ i j

Kz s
∈ ≠

+∑  ≥ jkIu  ; kk UM j UJ∈ ∈     (4.13) 

(1 )ijk jk ik ijkK z s s u− + − −  ≥ ikp  ; , ( )kk UM i j UJ i j∈ ∈ ≠     (4.14) 

' 'jk jks p+  ≤ iks  ( ) ( ) ( ), ; , ' ,i k Need j k N i k∈ =    (4.15) 

( )max , ,i i k ikEsd Rest I Iu+  ≤ iks  1,..., ; ii n k MG= ∈  (4.16) 

ik iks p+  ≤ iLdd  1,..., ; i ii n k LastM MS= ∈ ∩  (4.17) 

( )1ik ik ilks p K y+ − −  ≤ iLdd  ( ); max ;i i ili JO l AO k LastM MO∈ = ∈ ∩    (4.18) 

ik iks p+  ≤ maxC  1,..., ; i ii n k LastM MS= ∈ ∩  (4.19) 

( )1ik ik ilks p K y+ − −  ≤ maxC  ( ); max ;i i ili JO l AO k LastM MO∈ = ∈ ∩    (4.20) 
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Figure 2: Simulation model of a SMT-Line 
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Thereby K is a high number and k knU UJ k UM= ∈ . So this advanced job shop formulation can be interpreted 
in the following way: Equation (4.1) forces the minimization of the objective function. (4.2) - (4.5) restrict the 
starting time of Ji on the machine(s) in operation l+1 to be not earlier than its finish time in the predecessor 
operation l. Equation (4.6) forces the same process start time of all parallel machines (if Bil > 1). (4.7) ensures the 
required branch parallelism. Equation (4.8) and (4.9) ensure the requirement that only one job may be processed on 
a non-setup machine at any instant of time. (4.10) and (4.11) force that every job can have maximum one 
predecessor and can be predecessor of maximum one job (on a setup machine). Equation (4.12) defines that there 
are exactly 1knU −  predecessor jobs on a setup machine. (4.13) regards the initial setup time. Equation (4.14) 
ensures the requirement that only one job may be processed on a setup machine at any instant of time. (4.15) 
ensures the need-requirement. Equation (4.16) guaranties the machine availability. (Note: the rest processing time of 
a job is booked as initial machine idle time Ik). (4.17) and (4.18) force the adherence of job due dates (Attention: 
The MIP could be infeasible if there are due dates that can not be met). Equation (4.19) and (4.20) restrict the 
objective function Cmax. Furthermore it is assumed that every job has at least one productive operation.  

5. COUPLING OF SIMULATION-BASED AND SOLVER-BASED OPTIMIZATION METHODS 

As shown in section 3 exact solution approaches (e.g. MIP) are beneficial especially for small and medium 
problem instances. Complex manufacturing problems could be handled effectively by the method of 
simulation-based optimization. With the theoretical background of section 4 a coupling of both methods is possible. 
Therefore an illustrating example from an electronics assembly manufacturing is shown in this section. First a 
simulation model of the complete manufacturing line is extracted from the ERP-System automatically. In a second 
step this complex model is heuristically optimized by the method of simulation-based optimization. Thereby the 
current bottleneck of the assembly process is detected. Now a MIP could be extracted from the simulation model 
section representing this bottleneck. In our example case the bottleneck section is a SMT1 manufacturing line (see 
Figure 2). The whole model is significantly larger and includes several additional steps which are not explained 
here.  

In the bottleneck example model there are 14 jobs in/or entering the subsystem in the next hours. Each job 
predicates a lot PCBs2. Board of type 1 only have electronic devices on the top side (route 1), type 2 has also 
components on the bottom side (route 2). The SMT placement and SMT adhesive is done by two parallel machines. 
For the inspection step one of two available machines can be used. Here a product depending setup is necessary.  
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        Figure 3: Simulation model Gantt-Chart 

There is a time coupling between step printing and 
placement of 30 minutes to avoid drying of 
soldering paste. The aim is to minimize the total 
makespan and keeping all latest due dates (other 
objective functions are also available but not 
discussed here). To illustrate the MIP extraction of 
this model we calculate exemplarily some index sets 
for J10 (route 2) entering the system in 10000s 
(Figure 2 right). With the help of the index sets it is 
possible to describe the whole problem with a MIP 
of only 614 unknowns (binary and continuous) and 
845 constraints. So this problem is solvable via 
TOMLAB CPLEX in near real time. With the help 
of a dispatch rule in the simulation model it is now 
possible to enforce this exact solution during a 
simulation run. All features of the simulation 
system (like Gantt-Charts etc.) could be used to 
check or to illustrate the results (see Figure 3).  

6. SUMMARY 

Until now MIP solvers were only suitable for solving small - mostly not really practically relevant - scheduling 
problems. So the best way of optimization remained: to use simulation-based methods in connection with special 
dispatch rules or heuristic optimization algorithms. The number of Boolean and continuous variables of an MIP 
formulation of a nearly real scheduling problem increases very fast with every model restriction so neither the 
progress in computer technology nor in MIP solvers (e.g. the powerful CPLEX library) could really improve this 
situation. Our approach aims at reducing the number of variables by the definition of special index sets. The 
advantage is that a lot of additional restrictions, such as release dates or setup rules, can be considered now. The 
MIP formulation is automatically generated from a simulation model; this makes the coupling between MIP solver 
and simulation-based heuristic optimization easier. We think this could be a key for solving a lot of real scheduling 
problems, especially if real time conditions are requested. In general for a successful optimization strategy of 
complex manufacturing systems it seems to be necessary to find the specific bottlenecks at first. These subsystems 
could be optimized by an MIP solver whereas heuristic algorithms are still used for the rest of the system. 
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ABSTRACT 

Manufacturing facilities are expected to maintain a high level of production and at the same time, employ strict 
safety standards to ensure the safe evacuation of the people in the event of emergencies (fire is considered in this 
paper).  These two goals are often conflicting.  This paper presents a methodology to evaluate evacuation safety 
versus productivity concurrently for various, widely known manufacturing layouts.  While the safety performance 
indicators such as evacuation times are inferred from the crowd (agent based) simulation, the productivity 
performance indicators (e.g. throughput) are analyzed using the discrete event simulation.  To this end, this 
research focuses on creating innovative techniques for developing accurate crowd simulations, where BDI 
(Belief-Desire-Intention) agent framework is employed to build each person’s individual actions and the 
interactions between them.  The data model and rule based action algorithms for each agent are reverse-
engineered from the human-in-the-loop experiments in the immersive virtual reality environments.  Finally, 
experiments are conducted using the constructed simulations to compare safety and productivity for different 
layouts.  To demonstrate the proposed methodology, an automotive power-train (engine and transmission) 
manufacturing plant was used.  Initial results look quite promising. 

1. INTRODUCTION 

Manufacturing facilities are expected to maintain a high level of production and at the same time, employ strict 
safety standards to ensure the safe evacuation of the people in the event of emergencies.  However, safety and 
productivity are often conflicting.  An important factor that affects both productivity and safety is the facility layout.  
While productivity was a major concern in traditional layout design, evacuation safety and human behaviors have 
not been accounted for [2].  Further, current safety standards in industries such as NFPA (National Fire Protection 
Authority) 101® or the NFPA Life Safety Code® are minimum requirements that do not deal with intricate human 
behaviors nor effects of layouts.  In addition, these standards were developed based only on engineering judgment 
[1], without utilizing detailed models (e.g. simulation) that would help in their analysis.  Such detailed models if 
available could be used to improve productivity and safety of the existing manufacturing facilities as well as 
develop safety standards for new facilities.  The goal of this paper is to present a methodology to evaluate 
evacuation safety versus productivity concurrently for various, widely known manufacturing layouts.  In this paper, 
fire is considered as an emergency scenario. 

Discrete event simulation (DES) is a mature modeling technique and has been widely used to analyze 
productivity in manufacturing facilities, and will be used to evaluate productivity in this research.  On the other 
hand, currently available modeling techniques for human behaviors are ad-hoc and at various levels of abstraction 
that are deemed unsuitable to evaluate safety in the considered evacuation scenarios.  Therefore, in this research, we 
employ and extend three existing techniques to model necessary aspects of the crowd and human behaviors during 
the evacuation.  First, agent based simulation (ABS) is employed, which allows modeling of numerous, autonomous 
entities [3].  However, a major limitation to modeling agents is difficulty in collecting data about human behaviors 

1154



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 
during a risk.  Hence, we propose to collect the human behavior data via human-in-the-loop experiments involving 
simulated risk and environment in Virtual Reality (VR) (second technique employed in this research).  Third, we 
employ BDI (Belief-Desire-Intention) agent framework [5][6], which is a flexible and comprehensive architecture 
for modeling human decision behaviors.  Each agent in the above mentioned agent based simulation is based on the 
BDI framework. 

2. CONSIDERED MANUFACTURING FACILITIES AND THEIR PRODUCTIVITY ANALYSIS 

In this work, an automotive power-train (engine and transmission) manufacturing plant is considered to 
demonstrate the proposed methodology.  The manufacturing plant contains six sub-assemblies (manufacturing 
cells/lines), 1 assembly line, and an automated storage and retrieval system.  The sub-assemblies are configured as 
cells or assemblies depending on the type of layout.  Four feasible layouts for this plant are considered, including 1) 
product layout, 2) process layout, 3) group technology layout, and 4) hybrid layout.  The factory floor considered is 
a rectangular truss structure measuring 265 feet in width and 625 feet in length.  The considered plant contains 70 
people, where 50 of them are production workers and 20 of them are management/engineering personnel.  For all 
the considered layouts, similar part arrival, demands and cycle times are used.  The ‘product layout’ has 6 assembly 
lines on which the 6 components are manufactured.  The ‘process layout’ has 6 areas organized by machine type.  
Machines belonging to a single class are grouped together.  Material handlers (fork-lifts) are used to transport 
material from one area to another.  The ‘cellular manufacturing’ (or group technology) layout offers an innovative 
way of grouping parts and machines.  We design the layout with four cells each producing one or more components 
and having grouped machine types.  The ‘hybrid layout’ is a mixture of all the above layouts and has 2 product 
lines, 1 cell and 1 process type area.  In all cases, the manufactured components are assembled into power-train 
units on an assembly line, and the ASRS then stores the power-trains and re-sequences them for delivery to the 
automobile assembly unit.  In this work, AutoMod® was used for discrete event simulation (DES) modeling, and its 
results are discussed in Section 4.  As research results on DES for productivity analysis are widely available, next 
sections will focus on the safety analysis via crowd simulation. 

3. AGENT BASED CROWD SIMULATION FOR EVACUATION SAFETY ANALYSIS 

The first step in developing agent-based crowd simulation is to collect human decision behavior data from the 
human-in-the-loop experiment.  Then, collected human characteristics are translated into the formal modules 
conforming to the BDI agent framework.  Then, individual agent models together with the environmental data are 
used to construct crowd simulation. 

3.1. VIRTUAL REALITY MODEL FOR HUMAN IN THE LOOP EXPERIMENT 

Collecting human decision behavior data is not only difficult but also experimentation by mimicking risk 
conditions in reality is not ethical and is very expensive.  Hence, we employ the CAVE immersive VR system 
available at the University of Arizona to create a highly detailed, simulated environment for experimentation.  The 
CAVE virtual environment consists of three essential parts.  First, the 3D graphic model of the factory floor was 
built from an inventor (iv) 3D image (then converted to SGI Open GL performer format) of the manufacturing plant 
available in the AutoMod® simulation model.  Second, the navigation module governs the movement and 
interaction of the human in the 3D graphic model.  It uses CAVELib® and Open GL Performer libraries and is 
written in C++.  Third, the fire was recreated using a modified version of an open source code available from [4] 
(http://www.evl.uic.edu/pape).  The logic behind the generation of smoke is to create moving planes of a certain 
color and density that are re-oriented based on the user’s view [4].  In this research, thirteen human subjects were 
recruited for the experiment. 

3.2. BDI-AMBER FRAMEWORK: MODELING HUMAN BEHAVIOR UNDER RISK 

In order to build a high fidelity model of the human thought process, we have employed BDI (Belief-Desire-
Intention) agent framework [5][6].  As the current BDI framework does not include functionalities to model human 
behaviors under a risk, we expand it to include those aspects in this research.  This enhanced framework is termed 
BDI-AMBER (BDI Agent for Modeling Human BEhavior under Risk) (see Figure 1(a)).  Each component 
pertaining to the framework is explained below. 
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Figure 1: (a) BDI-AMBER framework; (b) Bayesian belief network in MSBNx  

The goal seeking module (GSM) is used to set the goals variable in an agent.  A goal is defined as a ‘high level 
want’ of the agent.  It is an overall policy that governs the operation of the other modules.  The goal allocator unit 
within the GSM looks for an external trigger and monitors the current beliefs and also the agent’s attributes to pick 
one goal from an Agent Goal List (AGL).  The AGL is in turn a subset of the Global Goal List (GGL) which is an 
exhaustive list of all possible goals that the agents can update their AGL from. 

An agent has beliefs about itself, the environment and proximal agents.  Proximal agents are those agents which 
are close enough to influence this agent.  The belief module consists of the perceptual processor which models the 
divergence in cognitive assessment of the data read by the agent’s senses and the characteristics of the agent to 
create a perception in the agent.  The perceptual processor model in this work is a Bayesian Belief Network (BBN), 
which can capture the probabilistic dependencies among domain variables (see Figure 1(b)).  The BBN shown in 
Figure 1(b) involve conditional probabilities between 11 agent parameters, where the probabilistic dependencies of 
each node have been obtained from the VR experiment and through estimation (see Section 3.1). 

The emotion module accounts for the factors that indirectly influence how the rest of the BDI-AMBER works.  
The two main blocks in the emotion module are time pressure block and confidence evaluator.  The time pressure 
block keeps track of the time since start of an emergency and the targeted time set by the agent for its escape.  The 
function used to estimate the TimePressure value of the jth agent is shown in Equation 1(a).  The TimePressure 
affects as well as is affected by the ConfidenceIndex and tends to increase as the agent spends more time in the 
inferno (as threat level in the environment increases).  The confidence index is evaluated using Equation 1(b).  The 
ConfidenceIndex has two components: 1) inherent or fixed (CIf) and 2) developed or variable (CIv).  The inherent 
component is a function of the static characteristics of the agent, such as its fire factor (FireFac), exit factor 
(ExitFac), Age, KnowledgeOfAreaIndex (see Equation 1(b)).  The fire factor represents the agent’s inherent fear of 
fire.  The exit factor indicates the preference/affinity that the agent has to an exit.  The variable component is mainly 
dependent on the comparative function that estimates the gap between Beliefs and Intentions.  Other factors that 
affect the variable component are the dynamic characteristics of the agent such as Fatigue, and TimePressure.  The 
level of increase in confidence is dependent on the rate at which the agent moves closer to its Intentions.  By 
intuition we predict that, as TimePressure mounts, the rate at which ConfidenceIndex rises is reduced. 

    (1) 
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The desire module sets the wants of the agent.  These wants or desires are categorized based on the current goal.  
The desire is generated by the cognitive processor which uses a rule based algorithm with beliefs and emotions as 
parameters to come up with a set of achievable desires.  Every rule in the algorithm is activated by a combination of 
levels of the parameters.  A typical example of a desire would be ‘want to escape by following someone’.  Each 
desire can have sub-desires which for example would specify the kind of attributes to pay attention to.  Setting 
desires value is critical as, the intentions are created by picking one of the desires.  The threshold values for the rule 
based algorithm were set by observing human confidence levels and preferences in the VR experiments. 

The decision making module (DMM) consists of intentions (specific desires) generating blocks and blocks that 
generate real-time plans to achieve those intentions.  These real-time plans are then used to arrive at a decision.  The 
deliberator uses current beliefs, communication inputs and emotions to narrow down the desires into intentions.  
The real-time planner (RTP) generates a list of possible actions for the decision executor to pick from.  The RTP is 
modeled using a rule based implementation of decision trees to enumerate feasible actions and calculate weights for 
each possible sequence of decisions.  The RTP in BDI-AMBER supports two planning techniques: single horizon 
planning and multi-horizon planning.  In single horizon planning, the agent assesses only the consequences of the 
immediate decision set.  The number of feasible plans available at each decision point dynamically changes with the 
environment.  Multi horizon planning involves evaluation of the enumeration of all feasible steps up to a certain 
number of future decisions.  These feasible sequences are then analyzed to decide the best immediate decision (the 
first decision in the sequence).  A probability distribution is used to decide whether the agent’s confidence will be 
increased or lowered as a result of each sequence of steps.  In this work, the data for the confidence probabilities 
were extracted from the VR experiments for this particular sequence of decisions (this specific path). 

The final step in the agent’s thought process is the decision execution, actually picking one plan and making that 
decision.  In BDI-AMBER, we split decision executor into two modes.  The instinctive executor uses a discrete 
wighted random distribution (weights based on the the decision history - last 5 decisions) to pick a feasible plan as 
the decision.  For example, if the agent has taken right turns continuously, he instinctively has a high probability to 
continue to do so.  The intuitive executor however uses the weights assigned by the RTP to pick the best plan (as 
perceived) as the agent’s decision.  The intitutive executor used a small distortion value (by adding to each weight a 
random propotion of its value – plus or minus 10 percent) gives the agent a chance to commit a mistake as well.  It 
was seen from the VR experiments that on avergae, 1 out of 10 decisions was against the human’s intentions and is 
considered a mistake. 

3.3. CROWD SIMULATION 

As mentioned earlier, we develop each agent in the crowd simulation using the BDI-AMBER framework.  The 
agent takes decisions based on the perceptions from the environment and executes decisions to achieve its goal in 
the environment.  The agent based simulation in this work has been implemented using three classes in AnyLogic® 
software.  For sake of modeling the considered factory floor (see Section 2), each cell is assumed to be 25 ft2, but 
the size of the cell can be adjusted based on the desired granularity.  Each cell has a capacity of 1 person, but this 
capacity is a variable.  Also, we do not use a completely rigid capacity structure, i.e. we allow overtaking.  This kind 
of motion restriction is realistic in the evacuation scenarios.  The cells in the map are of four types: 1) open spaces, 
2) restricted or built up spaces, 3) intersections, and 4) exits.  These cell properties are stored as the first layer of two 
dimensional matrices called MapGrid (see Figure 2(a)).  The second layer in Figure 2(a) comprises the current 
population in each cell and is called PplGrid.  The third layer concerns the spread of the fire in the system and 
stores the current intensity of fire in each cell.  This matrix layer is called FireGrid.  The last layer holds the exit 
proximity information, a characteristic that determines how many exits can be seen from a particular cell and the 
proximity of the cell to each of those exits.  This matrix is called ExitProxGrid. 

Figure 2(b) depicts a statechart used to describe the agent behaviors.  The fire is as essential part in our crowd 
simulation as it influences the environment and hence has an effect on the crowd behavior.  We use a radial 
spreading flash fire which is a common fire occurrence phenomenon in industries.  The fire can spread only to its 
surrounding cells and has a certain probability of spread to each cell.  The probability of fire spread to neighboring 
cells and intensity can also be controlled as the scenario demands.  After every timeout (2 seconds by default), the 
code to generate the fire spread is executed.  If a fire exists in a particular cell, there is a 0.05% probability that it 
spreads to each cell around it.  The fire can also be made to die out.  To indicate the presence of a fire, the FireGrid 
values read between 0 and 1 for each cell.  Fires spread from origins with intensity greater than 0.5.  Fire intensities 
less than 0.4 denote trickle fire, between 0.4 and 0.8 denote medium intensity, and above 0.8 indicate a blazing fire. 

The constructed crowd simulation model has been tested (verified) to ensure proper functioning of each module 
and for overall operation.  The model was then validated against real human behaviors (three subjects) from the VR 
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experiments.   Average evacuation times were found to be comparable.  The mean of the two data sets (containing 
10 trials) differed by 1.2 seconds (see Table 1).  Confidence index evolution was found to be as expected.  
ConfidenceIndex was found to increase as Intentions and Beliefs converged.  PanicIndex had a nearly steady 
reducing trend as the agent neared the exit.  The agent makes 10 decisions during its evacuation which is 
comparable against the average of 11 decisions obtained from humans in the VR experiments.  The average decision 
frequency is 5.4 seconds which is slightly lower than the average of 6 seconds obtained from the VR experiments. 

  

Figure 2: (a) Environment matrix; (b) AnyLogic modified UML statechart 

Table 1: Validation of evacuation times in crowd simulation against those in virtual reality experiment (in seconds) 

 

4. EXPERIMENTS AND RESULTS 

4.1. VIRTUAL REALITY HUMAN-IN-THE-LOOP EXPERIMENT 

Through initial experiments, we have assumed and narrowed down three factors that mainly affect the subject’s 
reactions in the VR model – ‘exit configuration’, ‘fire intensity’, and ‘starting position’.  Then, ten subjects 
participated in the main experiment (data from the other three subjects was used for validation), and ten major 
responses were extracted from the experimental results.  Each of these responses provides us with human behavior 
information during evacuation.  Besides these results, other general inferences regarding human behaviors were 
made and used to create the agent model.  For example, most subjects in the VR experiment tended to look around 
for a plan before starting motion.  Some subjects however, tended to move in a random direction to start with.  
Subjects tended to pay more heed to exits.  This contributed towards exit affinity.  Most subjects did not exhibit 
much retraction.  However, most retraction occurred as a deliberate effort when the subject tried to perceive the 
environment from a different position.  Subjects lost confidence and started panicking when they realize they may 
be going around in circles.  Subjects reduced speeds and concentrated harder as they spent more time in the system.  
When the subject seemed to have lost hope, he/she began taking instinctive random decisions at an intersection. 

4.2. CROWD SIMULATION FOR EVACUATION ESTIMATION 

The goal of this experiment (Phase I experiment) is to use the crowd simulation to compare candidate 
manufacturing system configurations in terms of safety.  We consider three factors for a given factory floor - The 
‘manufacturing layout’, ‘exit configuration’, and ‘population composition’.  Four types of manufacturing layouts 
(see Section 2) are considered.   We fix five levels of agent ‘population composition’ and 70 different ‘exit 
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configurations’ (each configuration has 4 exits from a possible 8 exits – 4 at corners and 4 at wall centers).   

From the results in Figures 3(a) and 3(b), it is observed that the ‘process layout’ has the least ‘average 
evacuation time’ (RSET).  Hence, from a purely safety point of view, it is the most favorable layout.  However, it is 
interesting to note that agents on average take comparatively more decisions to evacuate from the ‘process layout’.  
On the contrary, an agent in the product layout has long evacuation times, but takes fewer decisions.  This is 
attributed to the long enclosed passage ways for the product layout that make up large assembly lines that increase 
travel distances.  Also, the same reason explains the reduced ‘number of decisions’ (consequence of fewer 
intersections).  ‘Group Technology’ and ‘Hybrid Layouts’ are of a more spread out setup compared to ‘Product 
Layouts’ and hence have lower evacuation times.  It is noted that the crowd simulation can be used for any given 
layout and exit configuration and will find important applications in evaluating many hybrid layouts. 

  

Figure 3: (a) Throughput for candidate layouts; (b) Evacuation times for candidate layouts; (c) Evacuation time by varying 
population levels (congestion analysis) 

We infer that more open layouts with criss-crossing exit approaches are expected to be more beneficial from a 
safety perspective.  This proves that the belief that lesser number of decisions tends to aid easier evacuation is not 
necessarily true.  Also, grouped exits (two) in one area of the floor (e.g. right-center and top-right) seem to allow 
better evacuation as weaker agents are able to follow the stronger agents in a crowd.  However, too many exits in 
one part of the floor causes an increase evacuation times due to excessive crowding.  It is believed that such 
inferences can be applied to any given manufacturing floor to improve evacuation methods. 

In the Phase I experiment, several crowd simulations were developed.  This section describes detailed agent 
behaviours in one of those crowd simulations.  For each crowd simulation, four models (agent types) of the BDI 
agent were defined, including 1) ‘workers’, 2) ‘leaders’, 3) ‘aged’, and 4) ‘visitors’.  Workers are middle-aged, have 
good leadership abilities, excellent knowledge of area and medium-low panic level.  The aged, on the other hand, 
are old, get panicked easily, are slow in reactions and don’t exhibit leadership qualities.  By intuition, we predict 
that the workers should have least evacuation times and the visitors would have high evacuation times.  The agents 
were found to react to the given situation as humans exhibiting intuition and intelligence.  As expected, ‘worker’ 
agents had the lowest evacuation times on average (see Table 2); ‘visitors’ and ‘aged’ had higher evacuation times.  
The results shown in Table 2 are averaged over all considered layouts and exit configurations.  In terms of emotion 
evolution, ‘the worker’ was the more confident agent and took fewer decisions and correct paths to reach the exits 
compared with the ‘visitors’.  It was observed that the two agent types behaved differently and adopted different 
paths (even though they start from the same position) owing to their different intentions. 

Table 2: Evacuation times obtained by agent type 

 
 

The goal of this experiment (Phase II experiment) is to test the effect of various parameters that are not 
considered as part of the Phase I experiments.  Four sub experiments are detailed in this section.  We are interested 
in 1) analyzing effect of congestion, 2) using a realistic population composition (population composed mainly of 
able bodied worker and leader agents) in each layout, 3) analyzing effect of WIP levels in each layout, and 4) 
studying the effect of the layouts in terms of workforce required. 
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Table 3: Phase II experimental results 

 
 

For analyzing the effect of congestion (population), we consider the product layout with a 1-2-3-5 exit 
configuration.  Figure 3(c) depicts evacuation times for varying population levels.  It was observed that the 
evacuation times varied non-linearly with linear variation of population.  Such an analysis is useful in determining 
the optimum population levels for a given manufacturing floor. 

Factory populations on most days are composed of fit workers and associates personnel.  However, in-order to 
demonstrate working of different agent types, we have had used varying distributions of four agent types in our 
experiments till now.  In this experiment, a realistic population composition is used in each layout (50 worker 
agents, 15 leader agents and 5 aged agents) for all exit configurations.   Table 3 depicts the evacuation times for 
different layouts. 

Our next sub experiment concerns the effect of each layout’s WIP level on the evacuation parameters.  We used 
‘high’ WIP levels for process layouts, ‘low’ WIP for group technology and product layouts, and ‘medium’ WIP for 
hybrid layouts.  WIP was modeled by blocking out an appropriate number of cells in each layout.  In the 
experiment, 70 agents were used, and exit configuration was set at 1-2-3-5.   It was observed that high WIP levels in 
the process layout impair evacuation (see Table 3).  However as a result of low WIP levels in the product and group 
technology layouts, the evacuation time do not differ much compared to the previously obtained results (see Figure 
3(b)).  Evacuation times from the hybrid layouts seem to deteriorate by a small factor owing to the medium WIP.  
As part of the future work, discrete event simulation can be used to update the WIP data in the AnyLogic® just 
before the emergency actually occurs. 

We realize that each layout type used as a part of this work demands a different number of workforce for its 
operation.  In this experiment, we use population values pertinent to each layout type (not same population for all 
layouts).  The values used are 70 people for product layouts, 60 for process layouts, 50 for group technology 
layouts, and 65 for hybrid layouts.  For group technology, process, and hybrid layouts, the evacuation times 
obtained are slightly lower than those obtained from the product layout.  It is believed that for a factory layout of 
this size, the differences in population required for each layout is deemed insignificant.  However, for larger and 
more populous layouts, using a smaller workforce as a result of better layouts is expected to increase safety ratings 
considerably. 

4.3. COMPARISON BETWEEN SAFETY AND PRODUCTIVITY 

Based on the results obtained from DES and crowd simulation experiments (phase I), we compare the safety and 
productivity levels for each manufacturing layout considered (see Figure 4).  Among the considered layouts, the 
most favorable layout in terms of both productivity and safety is the ‘process layout’.  Though it yields only the 
third highest ‘throughput’, it is very close to the throughput obtained from the ‘group technology layout’.  Also it 
involves low ‘average evacuation times’ compared to any of the other layouts.  The ‘product layout’ yields the 
highest productivity but fails considerably in terms of safety (see Figure 4(b)).  Note that rank 4 denotes the best 
(most favorable) rank. 

The above discussed results are specific to the considered manufacturing layouts.  However, the methodologies 
and model structures presented in this research can be applied to achieve the objective of balancing productivity and 
safety in any given manufacturing system.  It was shown for the considered layouts that there is no specific 
relationship between productivity and safety.  This disproves the general common sense theory that productivity and 
safety might be inversely related to each other.  Hence the need for detailed methods (proposed in this work) to 
evaluate productivity versus safety (as it does not conform to simple relationship) is paramount. 
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Figure 4: (a) Evacuation time vs. throughput; (b) Ranking of each layout for evacuation time and throughput 

5. SUMMARY 

An innovative, multi-paradigm simulation modeling approach was proposed to analyze two critical parameters 
(safety and productivity) in manufacturing layout design.  A high-fidelity agent based simulation model was 
developed to analyze evacuation parameters and strategies from each of four considered layouts.  Intelligence was 
built into each of the agents using the BDI agent framework to model human thought process.  Data for constructing 
each module was extracted from the human-in-the-loop VR experiments.  Discrete event simulation (DES) methods 
were used to estimate productivity of the manufacturing system. 

In the agent based simulation, agents behaved as expected, making autonomous decisions through perception, 
analysis, planning and execution.  Weaker agents, who followed leaders, had a greater chance of escape, than those 
weak agents who tried to find the exit themselves.  By comparing the crowd and DES experimental results, we infer 
that safety and productivity do not follow an inverse relationship as common sense suggests.  This increases the 
impact of the proposed methods in this research, as detailed analysis is required to determine the balance between 
productivity and safety for each manufacturing layout.  Among the four considered layouts, we observe that for the 
given production parameters, ‘process layouts’ provide the best balance between productivity and safety. 

Configurations where exits were grouped in twos provided significantly lower evacuation times.  This was 
attributed to load balancing.  Open layouts with short paths and many intersections were conducive to evacuation.  
This shows that, even though agents take more decisions, the chance of escape increases when they travel only short 
distances prior to each decision.  With each decision, their perception of the environment improves and hence 
evacuation times (and distances) tend to drop with correct decisions.  Finally, it was also found that congestion had 
a non-linear effect on the evacuation times. 
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ABSTRACT 

Automated storage/retrieval system (AS/RS) is a traditional material handling technology that has been in 
existence for more than fifty years. Autonomous vehicle storage/retrieval system (AVS/RS) technology is a 
relatively new material handling technology as a viable alternative to AS/RS. A web interface for conceptualizing 
AVS/RS and AS/RS designs is presented in this paper. This on-line tool provides a convenient and friendly 
interface between warehouse designers and the analytical model tool. Four case studies of algorithms embedded 
in the web interface are presented in this paper. 

1. INTRODUCTION 

The AS/RS is a traditional material handling technology that has been in existence for more than fifty years. 
There are many successful applications of AS/RS in the warehouse design. The main material handling device in 
AS/RS is the crane. Cranes can travel both on horizontal and vertical directions. Pallets are stored or retrieved by 
cranes between different aisles Figure 1 shows a typical AS/RS. 

The AVS/RS is a new material handling technology for unit load storage and retrieval developed and 
implemented in Europe by Savoye Technologies. The main components of the AVS/RS are: autonomous vehicles, 
lifts and a system of rails that facilitate movement of the vehicles. In AVS/RS, autonomous vehicles move with rails 
in the rack area and interface with lifts for movement of pallets between multiple tiers. Autonomous vehicles 
transport pallets between lifts and shipping/receiving area at the ground level. A typical AVS/RS is shown in Figure 
2. 

AVS/RS is an alternative to AS/RS. A comparison between AVS/RS and AS/RS is presented to indicate 
advantages of the AVS/RS. 

Crane-based AS/RS is the technology of choice for S/R processes in numerous applications. Although AS/RS 
technology has been well developed and it can achieve high throughput and fast response times in many material 
handling applications, it is a very rigid design and cannot easily adapt to rapid changes encountered in warehouse 
operations. As a result, alternative technologies, such as AVS/RS, have been developed and implemented. The 
AVS/RS has many advantages when compared with an AS/RS. 
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Figure 1: A typical AS/RS 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: A typical AVS/RS 

 

The different load movement patterns make AVS/RS more flexible than AS/RS. In AS/RS, aisle captive cranes 
are the main S/R devices to move unit loads simultaneously in the horizontal and vertical dimensions. Unlike 
storage cranes in AS/RS, AVS/RS vehicles can access any designated storage place. 

The second advantage of AVS/RS is modularization. Because cranes complete all S/R operations in AS/RS, it is 
hard to modify the system configuration. On the other hand, AVS/RS is highly modular. Different functional areas 
can be re-designed easily and have minimal impact on other areas. 

Another advantage of AVS/RS relates to the dispatching transactions rules. In AS/RS, retrieval transactions 
form individual queues in different storage aisles. In comparison, all buffered S/R requests are in a single queue in 
an AVS/RS. 

      A conceptualization tool has been developed to analyze the system performance of AS/RS and AVS/RS [1]. 
However, if the analytical models reside on a local computer, and use specific software, it is difficult for warehouse 
designers who do not have the background or access to the analytical models or the software to use them. The web 
interface presented in this paper provides a user-friendly interface between the analytical models and warehouse 
designers. Users need not to know details of the algorithm used to solve the analytical models. The main function of 
the on-line interface is to help warehouse designers to quickly evaluate alternate designs of AS/RS and AVS/RS. 

The remainder of this paper is organized as follows. Section 2 is the literature review on analytical models of 
AS/RS. Four study cases of different algorithms for AVS/RS and AS/RS embedded in the website are discussed in 
section 3. Conclusions from our study are drawn in section 4. 
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2. LITERATURE REVIEW 

There are very few papers on AVS/RS because it is a relatively new material handling technology. Reference [1] 
developed a conceptualizing tool for AVS/RS and [2] discussed dwell points issues of AVS/RS in detail by using a 
decision-tree analysis. 

On the other hand, AS/RS has been in use for the past fifty years and numerous models have been developed. 
Various simulation models of AS/RS exist in the literature. These studies compare different storage policies for a 
given system configuration. Additionally, various analytical models to estimate the system performance and cost of 
an AS/RS have been proposed. Once an AS/RS has been installed, the performance of the entire system depends on 
control method applied to the system. The control methods include storage method, order sequencing, and dwell 
points of S/R machines. Research in the area of dwell points and expected travel-time methods for S/R machines are 
reviewed in this paper. 

The first area relates to dwell points. Some simple rule-of-thumb policies have been studied by [3]. These 
strategies are easy to understand and implement, but they are static and cannot respond to changes in the S/R 
transactions in an AS/RS from one period to the next. Reference [4] developed a dynamic optimal location strategy 
based on mathematical programming including two separate submodels to minimize the service response time. 
Several dwell point specification strategies for S/R machines in an AS/RS have been studied by [5] based on linear 
program developed by [4]. Reference [6] developed an analytical model for the determination of the optimal dwell 
point location for an S/R machine. This model provides a closed form solution for the dwell point location problem 
under a variety of system configuration. 

Another study area is the expected travel-time of S/R machines in AS/RS. Three storage assignment rules have 
been compared based on expected travel-time of S/R machines by [7]. This paper points out that there is a 
significant reduction in crane travel time by using dedicated storage policy such as full turnover-based assignment 
rather than randomized storage policy. Reference [3] developed travel-time models for single or dual commands 
cycles. They compared the expected travel-time of an AS/RS crane for these two cycles. Travel times under 
different storage assignments have been investigated by [8]. Reference [9] presented an exact, geometry-based 
analytical model to compute the expected cycle travel-time for an S/R machine with single-, dual-command, or 
both. 

Proper selection of dynamic control policies allows us to maximize the system throughput. Reference [10] 
presented an application of stochastic Petri nets (SPNs) to describe the behavior of AS/RS and evaluated the 
performance of different control policies of such systems. Reference [11] developed a colored Petri net (CPN) to 
investigate the performance of AS/RS from a control perspective.  A performance analysis for multiple aisle AS/RS 
by using SPNs was presented by [12]. In this paper, timed Petri nets (TPNs) extended from CPNs with time 
concepts ware applied to model the AS/RS and evaluate system performance.  

3. CASE STUDIES 

There are four algorithms embedded in our website. Four case studies of these algorithms are presented in this 
section. 

1) AS/RS_m algorithm: 

This algorithm calculates the expected system cycle time, system throughput, crane utilization and total system 
cost for an AS/RS when the total storage space requirement is given. 

Table 1 shows the list of input and output parameters of AS/RS_m algorithm and a study case of this algorithm. 
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Table 1: AS/RS_m algorithm 

Parameter Meaning Value 
Input   
Rs Arrival rate of storage request 0.5 
Rr Arrival rate of retrieval request 0.5 
T Total number of tiers in the warehouse 15 
A Total number of aisles in the warehouse 10 
n Total storage space requirement 30000 
LBC Lower bound on the total number of rack columns 10 
UBC Upper bound on the total number of rack columns 200 
uH The height of each storage space 6 
uL The width of each storage space 5 
Vv Vehicle horizontal speed 600 
Vl Vehicle/lift vertical speed 200 
Cost_Crane Cost per crane in thousands of dollars 350 
Cost_Cell Cost per rack cell in thousands of dollars 0.1 
Output    
C Total number of columns of the rack 100 
U Crane utilization 0.729636 
ECT Expected system cycle time 0.558557 
Cost The total estimated cost of the system 6570.0 

 

Figure 3 shows the input and output pages of AS/RS_m algorithm. 

 

Figure 3: Input and output pages of AS/RS_m algorithm 

2) AS/RS_mc algorithm 

This algorithm also calculates the expected system cycle time, system throughput, crane utilization and total 
system cost for an AS/RS. The only difference between this algorithm and AS/RS_m algorithm is that the number 
of column is required instead of the total storage space requirement. 

Figure 4 shows the input and output pages of AS/RS_mc algorithm. 
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Figure 4: Input and output pages of AS/RS_mc algorithm 

3) AVS/RS_m algorithm 

This algorithm calculates the expected system cycle time, system throughput, lift utilization, vehicle utilization 
and total system cost for an AVS/RS. 

Table 2 shows the list of input and output parameters of AVS/RS_m algorithm and a study case of this 
algorithm. 

Table 2: AVS/RS_m algorithm 

Parameter Meaning Value 
Input   
Rs Arrival rate of storage request 0.5 
Rr Arrival rate of retrieval request 0.5 
T Total number of tiers in the warehouse 15 
A Total number of aisles in the warehouse 10 
V Total number of vehicles 3 
n Total storage space requirement 30000 
LBC Lower bound on the total number of rack columns 10 
UBC Upper bound on the total number of rack columns 200 
uH The height of each storage space 6 
uD The depth of each storage space 1.5 
uW The width of each storage space 5 
uA The width of each aisle 2 
Vv Vehicle horizontal speed 600 
Vl Vehicle/lift vertical speed 200 
Cost_V Cost per vehicle in thousands of dollars 250 
Cost_L Cost per lift in thousands of dollars 50 
Cost_Cell Cost per rack cell in thousands of dollars 0.5 
Output    
C Total number of columns of the rack 100 
UL Lift utilization 0.319805 
WQL Average waiting time for an available lift 0.105995 
UV Vehicle utilization 0.640506 
ECT Expected system cycle time 1.92152 
CostAll The total estimated cost of the system 2290.0 

 

Figure 5 shows the input and output pages of AVS/RS_m algorithm. 
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Figure 5: Input and output pages of AVS/RS_m algorithm 

4) AVS/RS_mc algorithm 

This algorithm also calculates the expected system cycle time, system throughput, lift utilization, vehicle 
utilization and total system cost for an AVS/RS. The only difference between this algorithm and AVS/RS_m 
algorithm is that the number of columns is required instead of the total storage space requirement.  

Figure 6 shows the input and output pages of AVS/RS_mc algorithm. 

 

Figure 6: Input and output pages of AVS/RS_mc algorithm 

5. SUMMARY 

Crane-based AS/RS is a traditional material handling technology that has many successful applications in 
warehouse designs. AVS/RS is a relative new autonomous warehouse S/R technology and a potential alternative of 
the traditional AS/RS technology. The on-line tool presented in this paper is to provide a friendly interface for 
warehouse designers to quickly evaluate alternative designs by using AS/RS and AVS/RS. Four case studies of 
different algorithms embedded in the website are also discussed in this paper. 
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ABSTRACT 

Assembly in the make-to-order manufacturing of large variable products is usually organized as a cell in which a 
team of workers operates. Several products are assembled in parallel and in sequence, so that the number of 
workers assembling a product may vary. The release times and due dates of products are determined by a higher-
level production plan. It is important to meet the due dates and use the workforce efficiently. The objective of the 
study described here is to optimize the allocation of workers to the products, so that the timing constraints are 
met, while the labor costs are minimized. Although the number of workers assembling a product can be varied, 
changing it involves start-up costs while the workers familiarize themselves with a new job, and a suboptimal 
number of workers reduces the productivity of work. These work efficiency characteristics are implemented in the 
optimization model presented. The developed model is a mixed integer linear program. The characteristics of the 
model are discussed and illustrative solutions and experimental results are provided. 

1. INTRODUCTION 

Assembly in the make-to-order manufacturing of large variable products is usually organized as a cell in which a 
team of workers operates. Several products are assembled in parallel and in sequence, so that the number of workers 
assembling a product may vary. Large products can usually be assembled more efficiently by two workers than one, 
because it can be difficult for one person alone to lift and orient the components. On the other hand, adding more 
workers tends to reduce work efficiency, because the space around the product and potential for parallel working 
are limited. Although the number of workers working on a product can be varied, changing it involves start-up 
costs, because the workers have to familiarize themselves with the new job. The release times and due dates of 
products are determined by a higher-level production plan. It is important to meet the due dates and to use the 
workforce efficiently.  

The objective of the described study is to optimize the allocation of workers to the products, so that the timing 
constraints are met, while the labor costs are minimized. In Chapter 2 of the paper, previous related literature is 
reviewed and the work efficiency characteristics of cell assembly are discussed. A mixed integer linear program is 
developed in Chapter 3. This model is primarily used to minimize tardiness in the production schedule generated. A 
secondary objective is to minimize the total working hours used. An illustrative problem, its solution, and other 
results are presented in Chapter 4. The use of the model in practice is discussed and final conclusions are drawn in 
Chapter 5. 

2. ASSEMBLY IN CELLS 

It is assumed that the assembly work in question is manual. The dependence of the productivity of manual work 
on the level of manning is discussed in economics textbooks on a general level; see [1]. Empirical studies and 
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statistical analysis have mostly been carried out in the construction industry; see, for example, [2]. These results are 
approximate and not necessarily directly applicable to mechanical assembly.  

Project and job shop scheduling, interval scheduling, and workforce scheduling models have similar features 
with the problem formulation of the present study; see [3], but according to the author’s findings, variable labor 
productivity is not taken into account in the existing scheduling literature. The author of this paper has previously 
studied the transformation of aggregate production plans to schedules for work groups, machines, and machine 
groups [4]. 

2.1. SET-UPS 

When changing over to a new job, the worker has to put away the previous tooling, clean up the workplace, 
study the drawings and other documentation for the new job, fetch tools, and so on. All this takes time. A less 
tangible cost is caused by the worker’s reluctance to change between jobs, especially for a short time. In the present 
study, this set-up time may depend on the job and the worker, and these values are parameters of the model. The set-
up time is added to the work content of the product each time a new job is started or an old one is restarted by a 
worker. 

2.2. WORKER CONGESTION LOSS 

Labor productivity in the manual assembly of large products depends on the number of persons assembling the 
product. For very small products one worker is often the only feasible alternative. It may be almost impossible for a 
single person to assemble large products, especially if large components need to be lifted, oriented, and fastened at 
the same time. More than two persons usually do not increase the productivity in a direct relationship to the number 
of additional persons. The space around the product may be limited, the coordination of the workers becomes 
increasingly difficult, and there may not be meaningful parallel operations for several workers to perform. This type 
of loss of productivity is called worker congestion loss in the following paragraphs.  

Worker congestion loss is modeled as follows. For each fixed time period the number of persons assembling a 
product is counted. The worker congestion loss coefficient is looked up in a product-specific table. The working 
hour requirement of the product is increased by the amount obtained by multiplying the working hours at each time 
period by the loss coefficient. This amount increases the working hours, and the increase will be increased again 
and so on, if the number of parallel workers so determines. We end up with a geometric series that converges to 
Eiw/(1-Eiw), where Eiw is the aforementioned worker congestion loss coefficient for w workers assembling the 
product i. Table 1 shows these values and congestion loss function parameter values, which will be explained later, 
for two product types that will be used in the example and experiments that will be described later. The relative 
magnitudes of the congestion losses are realistic, according to the author’s experience, and they are in line with the 
description above. Any other unit of time could naturally be used instead of hours. 

Table 1. The efficiency loss of work at different manning levels and work congestion loss function parameters for the jobs in the 
examples presented. 

Number of workers Loss param. set
w k E 1w E 1w /(1-E 1w ) C 1k F 1k E 2w E 2w /(1-E 2w ) C 2k F 2k

0 0 0 0 0
1 0.28 0.39 0.28 0.39
2 0 0 0 0
3 0.02 0.02 0.1 0.11
4 0.1 0.11 0.25 0.33
5 0.2 0.25 0.4 0.67

-2.0

0.28 0

0.3 -0.6

1.0 -3.0

1

2

3

0.28

0.06

0.6

Large product (i  = 1) Small product (i  = 2)

0

-0.12

 

The larger the work content of the assembly operation, the more the effect of the set-up time on the overall 
efficiency of the assembly operation decreases. For example, if the net work content is 10 hours and the set-up time 
is 1 hour per worker, the total work content for 5 persons working on the large product in Table 1 is (5 + 10) × 1.25 
= 18.75 hours. This is 1.875 times the net work content, and it is the relative loss value shown in Figure 1 for other 
numbers of workers and other net work contents as well. The figure demonstrates how a relatively greater total of 
working hours are required when a suboptimal number of workers is used and the net work content of the product is 
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small. The optimal number of workers on a job at any time is also affected by the total capacity of the work center 
and the timing constraints.  
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Figure 1. The productivity of work in terms of relative loss on jobs assembled by different numbers of workers. 

Figure 2 demonstrates how the net work content and the number of workers used affect the through-put time of 
the job. For example, with 5 workers the total number of working hours required, 18.75, is divided by 5, which 
gives 3.75. Therefore the work cannot be completed in a through-put time of less than 4 hours at any cost. 
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Figure 2. The net through-put time of jobs assembled by different numbers of workers. 

From Figures 1 and 2 it can be seen how the through-put time can be reduced by adding more workers, but at a 
higher cost. As a result of the set-up time, this cost is relatively higher when the net work content of the job is small. 
The results shown in these figures assume that the number of workers on a job is constant. In practical, and optimal, 
worker allocations the number of workers usually varies over time. 
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3. MODEL 

In this chapter, a mixed integer linear program for solving the worker allocation problem is described. The 
symbols used are listed and explained in the end of the paper. 

3.1. OBJECTIVES  

In make-to-order manufacturing the competitive pressure from the market for short delivery times for products is 
usually severe. This leads to late earliest starting times and early due dates for jobs to be processed in work cells like 
the assembly cell in focus here. These timing constraints should not be violated. On the other hand, production costs 
are important, too. The assemblers can probably work in some other work center in the factory if assembly work is 
not available. However, the number of trained assemblers is more or less fixed in the short run. Therefore priority 
should be given to meeting the timing constraints, and labor cost – or the minimization of total working hours – can 
be given second priority. 

Obviously work cannot be started before a job is available. If meeting the due dates is not possible, one has to 
decide whether it is more important to minimize total or maximum tardiness. Both objectives are possible and they 
are presented as alternatives in the following. These tardiness objectives are given a high weight compared to the 
total working hour minimization in the subsequent examples and experiments. 

3.2. MODEL FORMULATION 

The optimization model is a discrete time model in which the time periods are denoted with the index t. The 
objective function that minimizes the total tardiness li of products i with weight G1, and total work content, is: 

∑∑ ∑+∑
I

i

J

j

HZ

t
ijt

I

i
i xlG1Min . (1) 

Here xijt is a binary variable that assumes the value 1 if job i is assembled during time period t by worker j. The 
alternative objective function that minimizes the maximum tardiness l and the total work content is: 

∑∑ ∑+
I

i

J

j

HZ

t
ijtxlG2Min . (2) 

CONSTRAINTS 

The total work input on each product has to be at least as large as the sum of the net work content WCi, the total 
set-up times, and the congestion loss. The congestion loss is modeled as a piecewise linear function. The Cik are the 
slopes of the piece k and the Fik are the biases. wikt is the number of workers assembling product i with cost 
parameters determined by k at time t. yikt are binary variables that assume the value 1 if cost parameters k are valid; 
see Constraints (11) and (12). 
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A worker can assemble at most one product at a time: 

,,allfor,1 tjx
I

i
ijt ≤∑  (4) 

{ } .,,allfor,1,0 tjixijt ∈  (5) 

The number of workers wikt assembling each product is set: 
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k
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.,,allfor,0 tkiwikt ≥  (7) 
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The set-up variable sijt is set to 1 if a job is (re)started in time period t: 

,,,allfor,1, tjixxs tijijtijt −−≥  (8) 

,,,allfor,0 tjisijt ≥  (9) 

.,allfor,00 jixij =  (10) 

The congestion cost function parameters are chosen by setting yikt using the upper Bik and lower Bi,k-1 boundaries 
of wikt for validation: 

,,,allfor, tkiyBw iktikikt ≤  (11) 

,,alland,...,2for,1, tiKkyBw iktkiikt =≥ −  (12) 

,,allfor,1 tiy
K

k
ikt =∑  (13) 

{ } .,,allfor,1,0 tkiyikt ∈  (14) 

Binary variable zit is set to 1 if job i is assembled by any worker at time t: 

,,allfor, tixMz
J

j
ijtit ∑≥  (15) 

{ } ,,allfor,1,0 tizit ∈  (16) 

Variables fi indicating the completion of job i and the tardiness li are set: 

,allfor, ilDDf iii +≤   (17) 

,allfor,0 ili ≥  (18) 

,allfor,0 if i ≥  (19) 

.,allfor,0 titzf iti ≥−  (20) 

The earliest starting time ESTi must not be violated: 

,allfor,1 iaHZEST ii −+≤  (21) 

( ) ,,allfor,01 titHZza iti ≥−+−  (22) 

.allfor,0 iai ≥  (23) 

If Objective (2) is chosen, the following constraints must be used instead of Constraints (17) and (18): 

,allfor, ilDDf ii +≤  (24) 

.0≥l  (25) 

4. APPLICATION OF THE MODEL 

4.1. EXAMPLE 

Figure 3 shows an allocation of seven workers to six jobs. All set-up times are one time unit (Sij = 1) and the 
workers are equally efficient (Pij = 1). The total tardiness-minimizing variant, Equation (1), of the model is used and 
the weight G1 for tardiness is 10. The worker congestion losses and the corresponding parameter values Cik and Fik 
are given in Table 1. With k = 3 six manning levels are possible. Jobs 1, 2, and 3 are “Small products” and jobs 4, 5, 
and 6 are “Large products”. The net work contents, earliest starting times, and due dates of the jobs are given in the 
figure.  
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None of the jobs in the problem can be completed by the cost-minimizing manning level of two workers within 
their time limits. In the solution shown, jobs 1 and 2 are assembled by two workers, and both finish one time unit 
tardy. More than two workers are used on the other jobs, which finish on time. The tightness of the scheduling 
problem can be defined as the total net working hours divided by the total time periods between the due dates and 
earliest starting times of the jobs. This is (10 + 12 + 14 + 15 + 17 + 19)/( 5 + 6 + 7 + 8 + 9 + 10) = 1.93 in Figure 3. 
Obviously, the optimal solution would be trivial for a very loose schedule. The tighter the schedule is, the more 
workers are needed for each job, and the less efficient the work is. Thus the capacity quickly becomes the 
constraining factor.  

Time
Worker 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 Job 2. Net work content = 12 Job 6. Net work content = 19
2 Job 4. Earliest start = 3, Due date = 8 Earliest start = 7, Due date = 16
3 Net work content = 15
4 Earliest start = 1, Due date = 8 Job 1. Net work content = 10
5 Job 3. Earliest start = 9, DD = 13
6 Net work content = 14 Job 5. Net work content = 17
7 Earliest start = 1, Due date = 7 Earliest start = 8, Due date = 16  

Figure 3. An example schedule for six jobs and a work center with seven workers. 

4.2. EXPERIMENTS 

In order to get a better insight into the character of the problem, a series of problem instances were solved. The 
factors varied were the tightness of the schedules and the capacity of the work center. Otherwise, the parameter 
values of the problems were the same as in the example described in Section 4.1. The earliest starting times and due 
dates of the jobs were generated randomly so that they were roughly uniform over the timing horizon. This was 
supposed to resemble the result of an MRP scheduling operation. Each problem was solved with four different 
capacities, i.e. numbers of workers. The optimization model was coded in the OPL language (Optimization 
Programming Language) [5] and solved using the CPLEX 11.0 solver running on a personal computer equipped 
with a 1.86-GHz Intel Pentium M processor and 500 MB of memory. The solutions obtained after about two hours 
of calculation time were used. These were within about 5-7 % of the lower bound determined by the solver. After 
examination, it was concluded that the solutions were probably optimal. The problem instance shown in Figure 3 
contains 2077 variables, out of which 1098 are binary, when the timing horizon is 16 units. 

Figure 4 shows the results as functions of capacity and tightness. As expected, the results get worse when 
tightness increases and capacity decreases. At some point the schedules become infeasible, and some jobs are 
completed tardily.  
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Figure 4. Results of experiments with variable schedule tightnesses and work center capacities. 
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5. DISCUSSION AND CONCLUSIONS 

The model presented is rather complicated, and in a static situation the number of variables and solution time 
easily increases to an impractical level. However, real production scheduling is not static but dynamic. In such an 
environment the timing of new jobs can be optimized as they become available. The jobs scheduled earlier can be 
fixed if changes are not allowed. In this way the number of jobs to be scheduled at a time is limited. Thus the size of 
the optimization problem to be solved is practical. This approach to scheduling is called online optimization [6]. The 
problem presented is an interesting and useful application for online optimization that should be further examined. 
Preliminary testing shows that the optimal timing of one or two jobs takes only a few minutes at most.  

The model presented allows the productivities, which reflect the skills and experience of the individual workers, 
to be set arbitrarily for different jobs. The set-up times too can be individually set for jobs and workers. Worker 
absenteeism can be modeled by assigning the absent workers to a dummy job, which is not taken into account in the 
working hour requirement of Equation (3). Thus it can be concluded that the model is flexible and that the effects of 
the most important factors are included in it.  

The problem dealt with in the paper is common in the make-to-order mechanical industry. On the basis of the 
experimentation made, it can also be concluded that the problem is relevant and difficult to solve optimally without 
the help of a computer and a suitable model and software. The savings in tighter feasible schedules, tardiness 
penalties, and labor costs are always important, and the methods described in the paper provide some useful means 
for achieving them. 
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NOTATION 

Symbols for parameters are written in upper case and variables in lower case. 

ai = auxiliary variable that is used to force the start time of a job to be larger or equal to the ESTi 

Bik = upper boundary for wikt 

Cik = parameter of worker congestion loss function 

DDi = due date of product i 

ESTi = earliest starting time of work on product i 

fi = variable that is not larger than completion time period of product i 

Fik = parameter of worker congestion loss function 

G1 = weight of total tardiness in the objective function 

G2 = weight of maximum tardiness in the objective function 

i = index of products (i = 1,…, I) 

j = index of workers (j = 1,…, J) 

l = maximum tardiness of any product 
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li = tardiness of product i 

k = index of parameter set of the worker congestion loss function (k = 1,…, K) 

M = large number 

Pij = productivity of worker j on job i 

Sij = set-up time for job i and worker j 

sijt = variable indicating (re)start of work on job i by worker j in time period t 

t = index of time periods (t = 0,…, HZ) 

WCi = net work content of job i, without set-up or worker congestion loss 

wikt = number of workers assembling product i in time period t with cost parameters k   





=
tji

tji
xijt periodtimeinworkerbyassemblednotisproduct,0

periodtimeinworkerbyassembledisproduct,1
 

yikt = binary variable indicating the validity of parameter set k for job i in time period t 





=
.periodtimeinassemblednotisproduct,0

periodtimeinworkeranybyassembledisproduct,1
ti

ti
zit  
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ABSTRACT 

This research is designed to analyse the materials and shape of the current compactor tooth with the intention of developing a 
method of reducing the weight and altering the material of the tooth through design, in order to reduce manufacturing costs, 
material costs and lead time to manufacture.  The materials analysis was carried out using a Micro-Fluorescent spectrometer 
and an electron microscope. The modelling of the new design concepts was then carried out by means of computer aided design 
software. The work was undertaken as part of an industrial project; in conjunction with the local SMEs within the North-east of 
England.   
 
A landfill compactor tooth (or cleat as they are also known) provide traction for landfill compactor vehicles and are used to 
crush and compact waste material on landfill sites all over the world. The ability of the tooth to successfully perform this 
operation lies in the design and material selection. As material costs increase so too does the demand for compactor teeth as 
well as increased market pressure to continually reduce costs within the landfill industry. Therefore the basis of this project was 
to attempt to design a tooth, which will perform equally as efficiently as the original tooth design but to reduce the 
manufacturing and servicing costs, of which in turn can be passed on to the consumer.  

1. INTRODUCTION 

Sanitary landfills are implemented around the world and are one of a number of common methods of treating 
waste materials. A machine such as a bulldozer or landfill compactor spreads and compacts the material. [1] In this 
process, waste is pushed into layers, compacted and adequately covered. Then during succeeding days, incoming 
waste is dumped at the toe of the proceeding days waste and pushed up the face, compacted, and covered at the end 
of each working day [1].  

The compaction equipment used on sanitary landfill operations represent a substantial capital investment and 
must operate over thousands of hours, ideally with very little downtime beyond that which is necessary for 
refueling. The equipment is generally of the four-wheel tractor type with a dozer blade on the front. Compaction 
wheels with cleats are mounted so that the tractor may grind and crush the solid waste material thereby reduce the 
material in volume for compaction into the landfill [2].  

The wheels are equipped with Compactor teeth, which are components attached within the wheels of a landfill 
compactor vehicle to provide good traction and manoeuvrability. Furthermore, the compactor teeth are designed to 
crush, grind and compact the refuse materials in the landfills [3]. The successful operation of these vehicles in the 
landfills lies predominantly with the design of the compactor teeth. This project will analyse a particular compactor 
tooth in order to gain an appreciation for materials and design, which will then allow for new designs to be created 
and adapted.  

The design involves many engineering subjects such as material science, computer modelling and concept 
design creation. This is visible throughout as the identification of the materials composition in percentage of the 
original tooth was obtained by using the Micro-fluorescent spectrometer and an Electron microscope and later, the 
hardness properties of the compactor tooth were obtained through the Brinell hardness test apparatus. After having a 
clear idea of the dimensions, material composition and physical properties, the modelling of the compactor tooth 
was carried out in a CAD engineering package. Four designs proposals were modelled in the CAD package and a 
ranking and weighting method clarified the advantages and disadvantages in each design proposal in order to select 
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the most appropriate design. The new design will decrease time spent fixing the compactor teeth and reduce the 
material and weight of the tooth therefore lowering the overall materials costs whilst also increasing the ease at 
which an operator can manoeuvre and attach or replace the teeth.  

2. MATERIALS ANALYSIS 

Initially materials analysis was carried out on the tooth to discover the materials currently being used for landfill 
compactors and it was also examined to find out how it was assembled/ manufactured. First of all the compactor 
tooth was sectioned and small pieces of the base and top cap were mounted in hot resin. These were then adequately 
polished and examined using a Micro-fluorescent spectrometer and an Electron microscope.  

2.1 MICRO-FLORESCENT SPECTROMETER ANALYSIS  

Fluorescence is the absorption of higher energy radiation with regards to an element that emits lower energy 
radiation. In other word, X-ray fluorescence is the emissions of X-ray photons from a material that have been exited 
with high energy such as X-rays or gamma rays. The energy of the emitted photons is unique and can be quantified 
and identified. For this reason, the natural phenomenon of fluorescence is used in chemical analysis, material 
analysis, forensic sciences and archaeology [5-9]. 

Every element possess electronic orbitals with characteristic energy and as a result, when any material is 
exposed to high radiation, such as an electron beam or X-rays, this energy can be enough to drive out electrons from 
the inner orbitals of the atom.  This energy destabilizes the electronic structure of the atom where electrons of higher 
orbitals fall into a lower orbital to fill the hole left by the ejected electron. This electron transition from a higher core 
to a lower core releases energy in the form of photons or X-rays that is equal to the energy difference of the two 
orbitals involved.  The numbers of X-ref detected determines the amount of material that the sample possesses. [4]  

The composition of materials in this practice was obtained by analyzing two different samples in five random 
positions in order to obtain reliable data of the percentage of an element within each particular part.  The small red 
circle in the sample (see next figure) is the area that is going to be exited with X-ref to obtain the fluorescent X-rays 
that will determine the elements and percentages of these elements in that particular area. 

 

Figure 1: Selected X-Ref targets on the samples.  

The voltage applied to get the data Aμ .  As the sample is exited with X-
ref, the Si (Li) detector captures the fluorescent X-ray and the detector signal easure the photons’ energy, which is 
a pulse represented as a wave-height. 

 m
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2.1.1 MICRO-FLORESCENT SPECTROMETER RESULTS  

Table 1: Quantitive results obtained by the mico-fluorescent spectrometer for the top cap samples 1 and 2 

Sample 
No. 

Spectrum Si S Ca Cr Fe Ni Mn 

Sample 1 1 1.17 0.07 0.21 25.64 72.81 0.09  

Sample 1  2 0.97  0.89 27.23 70.76 0.16  
Sample 1  3 1.12  0.76 25.32 71.15 0.08 1.56 
Sample 1 4 1.14  0.75 25.47 71.35 0.05 1.28 
Sample 1 5 1.03  0.84 25.33 70.99 0.15 1.66 
Average  % 1.086 0.07 0.69 25.798 71.412 0.106 1.5 
Sample 2 1 1.06  0.32 25.87 71.1 0.1 1.44 
Sample 2 2 1.06   25.17 72.65  1.18 

Sample 2 3 1.16  0.46 25.46 72.86 0.05  
Sample 2 4 1.06  0.32 25.87 71.21 0.10 1.44 
Sample 2  5 1.16  0.37 25.47 71.74 0.08 1.17 
Average  % 1.1  0.37 25.77 71.93 0.08 1.31 

 

2.2 ELECTRON-MICROSCOPE ANALYSIS  

The electron microscope uses the fluorescent principle to identify different elements within the samples.  The 
difference between the Micro-fluorescent spectrometer and the Electron microscope varies in the X-ray energy they 
use to excite the atoms in the sample.  The Micro-fluorescent spectrometer produces photons with a capillary X-ray 
optic tube. Meanwhile, the Electron microscope produces photoelectrons by an X-ray beam. [10] 

In this experiment the same two samples were used that enabled us to collect data from the last quantitative 
analysis. The samples were scanned five times each in random areas. The area selected gives a realistic 
approximation on the percentage distribution of the elements in the material.  This area selection result can be 
compared with the result obtained in the micro-fluorescent spectrometer because both measures were taken in 
random areas and in the same two samples.  

 

 

 

 
 

 

 

 

 

 

Figure 2: Selected scanned area on one particular sample. 
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2.2.1 ELECTRON-MICROSCOPE RESULTS  

Table 2: Quantitive results obtained by the Electron Microscope for the top cap samples 1 and 2 

Sample 
No. 

Spectrum Si Cr Fe Mn Al Ni O 

Sample 1 1 0.90 26.22 65.32 0.85 0.12  1.37 

Sample 1 3 0.91 26.04 65.74 0.68 0.16  1.20 

Sample 1 5 0.88 25.92 65.09 0.99  0.36 1.46 

Sample 1 6 0.95 24.66 67.16 0.95   1.39 

Sample 1 12 0.81 25.31 67.13 0.87   1.16 

Average % 0.89 25.63 66.09 0.87 0.14 0.36 1.32 

Sample 2 1 1.10 23.24 68.84 0.61  0.16 1.36 

Sample 2 2 0.89 26.63 64.79 0.78  0.25 1.65 

Sample 2 1 0.88 27.83 63.53 0.88  0.19 1.50 
Sample 2 2 0.98 24.45 68.15 0.73  0.30 1.33 
Sample 2 1 0.96 26.73 64.94 0.59  0.23 1.40 
Average % 0.96 25.77 66.05 0.72  0.23 1.45 

2.3 RESULTS COMPARISON 

The results that were found were then compared to the material specification that the SME, who produced the 
compactor tooth, used as shown in table 3 below.  

Table 3: Quantitive results obtained by the Electron Microscope for the top cap samples 1 and 2 

Examination 
Method 

Sample 
Average 

Brinell 
HT 

Si Cr Fe Mn Al Ni P S Mo 

Micro-fluorescent 
Spectrometer 

Sample 1 
and 2  

575 1.09 25.78 71.67 1.41  0.093  0.07  

Electron 
Microscope 

Sample 1 
and 2 

575 0.93 25.7 66.07 0.80 0.14 0.30    

O.E.S Independent  Different 
Tooth  

532 
 

0.33 27.27 68.3 0.79 0.00
37 

0.17 0.025  0.03 

O.E.S Independent  Different 
Tooth 

608 
 

0.98 26.47 68.4 1.01 0.00
23 

0.14 0.022  0.03 

Expected Results  N/A 400-550 0.6 26 68.4 0.80 0 1.0 0.05 0.05 0.5 

 

The results that we received via the electron microscope and micro fluorescent spectrometer varied. The Si, Fe 
and Ni results were slightly different, considering that the same samples were used in both experimental procedures. 
However, it is important to note that the spectrum points select a very small region of the sample so to get a good 
result many spectrum results had to be taken. The carbon results were inaccurate, as the Electron microscope and 
Micro Fluorescent spectrometer do not give accurate carbon readings. In addition, there were independent material 
analysis tests carried out on different compactor tooth samples but these samples contained the same materials. 
These material analyses gave us a good understanding of the tooth material for the SME and a good basis to carry 
out the design stage of the project.  
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3. CAD MODELLING  

The compactor tooth is composed of two parts.  The first part is the mounting base of the compactor tooth, made 
of mild steel, and the second is the top cap - a sample of which was used in the previous analysis. This would then 
be applied to the CAD model to give an accurate weight result. The compactor tooth was modelled in IdeasNX 
computer aided design engineering software. The figure below shows the comparison of the modelled compactor 
tooth compared with an actual compactor tooth. The dimensions for the CAD model were taken from the real 
compactor tooth using a coordinate measuring machine as there were no engineering drawings for the top cap.  

 

 

 

 

 

 

 

 

 

 

Figure 3: Shows the actual compactor tooth compared with the CAD model of the compactor tooth. 

 

 

 

 

 

 

 

 
Exploded View Chrome Iron Top Cap Mild Steel Base 

Figure 4: Shows the mild steel base and the chrome iron top cap. 

4. CONCEPT DESIGNS  

There are three aspects to be taken into consideration during the redesign of the compactor tooth: 

The weight of the tooth: If the new design reduces the weight of the tooth, the possibilities of injuries due to 
lifting decrease and it may also increase the engine life of the landfill compactor vehicle and its components.   

Easy to manufacture: If all the components of the new design are easy to manufacture, the time taken to build 
the whole compactor tooth decreases and the cost will inevitably decrease. Also if it is easier to manufacture then 
there will be less error and less wastage during the process. 

Easy to assemble on the compactor wheel: There are some designs that require special adaptation to the wheels 
of a vehicle and some that need to be manufactured onto the wheels prior to usage on the landfill.  For this reason 
the simplicity of assembly is important to reduce new manufacturing processes in the wheels and reduce the time 
[11-14] to fix or dismantle the tooth to a wheel.  This will obviously appeal to customers, as they do not have to buy 
special tools to fix the tooth to the wheel of the landfill vehicle.  
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4.1 CONCEPTS 

Hollow Top Cap  

Hollow Base 

Plate and bolts 
attach top cap to 

the base   

 

 

 

 

 

 

 

 

             Figure 5: Concept Design 1                       Figure 6: Concept Design 2 

 

 

 

 

 

 

 

          

 

        Figure 7: Concept Design 3                      Figure 8: Concept Design 4 

4.2  CONCEPT DESIGNS COMPARISON   

 

Table 4: Concept Design 1               Table 5: Concept Design 2 

 

 
The original materials that were analyzed were kept the same for the concept teeth designs. The top cap of all the 

concept designs would be made from chrome iron and the base made from mild steel for weld purposes. In all but 
concept design three, the base of the tooth would be attached to the wheel of the landfill compactor vehicle using a 
welding process. Concept design three required a wheel modification but no welding process would be required to 
attach the tooth to the wheel.  

Advantages  Disadvantages  

Easy to fix to Wheel and 
replace.  

The tooth is hollowed inside. 

Lighter in weight reduced 
material in top cap 

The bolts will wear and the 
top cap may be lost.  

Reduced manufacturing 
costs/ Mounting base only 
produced once  

Holes require to be drilled 
which will increase costs and 
time to manufacture the part  

Fixed by threaded pins   
Operation time to fix tooth 
to wheel reduced.  

 

Advantages  Disadvantages  

Easy to fix to Wheel and 
replace.  

The  plate holds the top cap 
to the base and could prove 
weak  

Lighter in weight reduced 
material in the base. 

The bolts will wear and the 
top cap may be lost.  

Reduced manufacturing 
costs/ Mounting base only 
produced once  

Holes require to be drilled 
which will increase costs and 
time to manufacture the part  

Fixed by plate and bolts   
Operation time to fix tooth 
to wheel reduced  

Less Chrome Iron Material 
used and more mild steel 
used which will reduce 
material costs  

Hollow Top Cap  
Top Cap 
made of 

Chrome Iron 
and Base 
made of 

Mild Steel 
Like original 

Top cap bolted to 
base 

Small Solid Top Cap  

Wheel would be modified to 
accompany tooth  

Tooth made 
in three 

sections to 
reduce 

handling 
weight 

Hollow Top Cap  

Steel pin and 
washer welded   

Hollow Base 

1182



   Design and Analysis of a Landfill Compactor Tooth
 

 

Table 6: Concept Design 3              Table 7: Concept Design 4 

 

Advantages  Disadvantages  

Made in separate parts so 
its easier to maneuver  

There are a large number of 
components to be 
manufactured. 

Lighter in weight when in 
separate components  

The weight of the tooth will 
not be reduced as there is no 
hollow components  

Bolts wont wear off when 
in operation as they are not 
exposed to debris  

Holes require to be drilled 
which will increase costs and 
time to manufacture the part  
 Bolts together no need for 

skilled welding process    

Advantages  Disadvantages  

Easy to fix to Wheel and 
replace.  

Lighter in weight reduced 
material in base.  

Difficult to cast centre holes to 
ensure that they line up when 
the pin is attached.   

Reduced manufacturing 
costs/ Mounting base 
only produced once. 

 

Welding process so no 
added machining costs   

 

Operation time to fix 
tooth to wheel reduced 

 

4.3 CONCEPT DESIGNS RANKING AND WEIGHTING  

Ranking and weighting was carried out to help select the most appropriate design. The main variables acting on 
the tooth were taken into consideration and then scored out of 10 depending upon importance, 10 being most 
important and 1 being least important.  

Table 8: Ranking and Weighting Table of Concept Designs 

Concept Designs Fixture 
Ease (7) 

Manufacture 
Ease (9) 

Weight 
(6) 

Chrome 
Iron 

Reduced 
(7) 

Mild 
Steel 

Reduced 
(6) 

Operating 
Performance 

(10) 

Cost 
Of 

Man 
(10) 

Total/ 
Total x 
Weight 

 
 
 

Concept Design 1 7x(7) 5x(9) 8x(6) 8x(7) 9x(6) 6x(10) 5x(10) 48/ 362 
Concept Design 2 7x(7) 6x(9) 7x(6) 8x(7) 8x(6) 6x(10) 5x(10) 47/ 355 
Concept Design 3 2x(7) 4x(9) 2x(6) 5x(7) 1x(6) 9x(10) 5x(10) 28/ 243 
Concept Design 4 8x(7) 6x(9) 7x(6) 8x(7) 8x(6) 9x(10) 6x(10) 52/ 406 

5. FINAL DESIGN  

After looking at the ranking and weighting table there were three concept designs that initially had similar 
concept designs - 1, 2 and 3 with scores of 48, 47 and 52 respectfully. However when the main variables were taken 
into consideration, the best design was concept design 4. This was because, with regards to operation, design 4 was 
considered to have the best operating performance. Concept designs 1 and 2 are regarded to have less promising 
operating performance because they have external bolts and nuts which would wear quicker than the chrome iron 
top cap, as they would be made of mild steel and would detach from the base before the chrome iron top cap had 
come to the end of its life. 

Concept design 4 was also preferred because the existing methods of attaching traditional compactor teeth to a 
wheel could be used. The tooth base is welded to the wheel and the top cap is attached to the base using a welding 
process, therefore there is no need to use any other tools such as spanners, (as would be necessary for the other 
designs) which could prove difficult to use in the situation of a landfill site for example.  
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5.1 FINAL DESIGN ADVANTAGES 

The final design has many advantages over the original design. First of all the tooth is significantly lighter, 
which will primarily benefit the operators who attach the teeth to the wheel of the landfill compactor. It uses less 
chrome iron which is the more expensive of the two materials used. It does use more mild steel in the base but 
hollowing the base too has also reduced this.  

The cost of manufacturing the tooth will be lowered as there is less material and the process time will be reduced 
because each tooth should now only require the top cap to be replaced rather than the whole tooth. Previously, the 
whole tooth including the base would be replaced and thus replacing only the top cap reduces the weight an 
operator has to handle and saves time in service - as it will be quicker to replace the top cap each time rather than 
the whole tooth. 

6. CONCLUSION  

The research carried out gave many positive outcomes; however further research will be required before this 
design can make it into production. It would also be beneficial if the tooth could be examined using finite analysis 
and compared to the original design. Despite the consequences of this, the benefits of the new design are as follows: 
It is easier and less expensive for customers to replace the top cap rather than the whole tooth. Hollowing the tooth 
has significantly reduced the more expensive chrome iron material. The less expensive mild steel is being used, 
where possible, to reduce the cost of materials for the teeth. The new design reduces the time taken to replace worn 
teeth in service. In addition, the reduction in the weight of the tooth benefits the operator who must replace the worn 
teeth.   
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ABSTRACT 

Many real-world manufacturing problems are too complex to be modelled analytically and in these scenarios 
simulation-based optimisation is a powerful tool to determine optimal system settings. While traditional 
optimisation methods have been unable to cope with the complexities of many real-world problems approached 
by simulation, evolutionary algorithms have proven to be highly useful. This paper describes how simulation and 
evolutionary algorithms have been combined and successfully used to optimise a manufacturing system at Volvo 
Aero in Sweden. 

1. INTRODUCTION  

Real-world manufacturing problems often contain nonlinearities, combinatorial relationships and uncertainties 
that are too complex to be modelled analytically. In these scenarios, simulation-based optimisation (SO) is a 
powerful tool to determine optimal system settings [1]. SO is the process of finding the best values of some 
parameters for a system, where the performance of the system is evaluated based on the output from a simulation 
model of the system. In a manufacturing system, for example, one might be interested in finding the optimal buffer 
settings with respect to throughput of the system and average cycle time of products. Finding the optimal parameter 
values is an iterative simulation-optimisation process. An optimisation procedure generates a set of parameter values 
and feeds them to a simulation that estimates the performance of the system. Based on the evaluation feedback from 
the simulation, the optimisation procedure generates a new set of parameter values and the generation-evaluation 
process continues until a user-defined stopping criterion is satisfied. 

While traditional optimisation methods have been unable to cope with the complexities of many real-world 
problems approached by simulation, evolutionary algorithms (EAs) have proven to be highly useful in SO of 
complex problems. EAs are generally recognised by a genetic representation of solutions, a population-based 
solution approach, an iterative evolutionary process, and a guided random search. In evolving a population of 
solutions, EAs apply biologically inspired operations for selection, crossover and mutation. The solutions in the 
initial population are usually generated randomly, covering the entire search space. During each generation, some 
solutions are selected to breed offspring for the next generation of the population. Either a complete population is 
breed at once (generational approach), or one individual at a time is breed and inserted into the population (steady-
state approach). The process of evolving generations continues until a user-defined termination criterion has been 
fulfilled. This criterion may, for example, be that (a) a solution that satisfies a certain fitness level has been found, 
(b) the process has repeated for a certain number of times, or (c) that the best solutions in the last n generations has 
not changed (convergence has been reached). 

Although EAs have achieved great success in many applications, these algorithms have also encountered some 
technical hurdles. Among these, efficiency is a major challenge. Real-world optimization problems often involve an 
immense number of possible solutions, and an EA needs a large number of simulation evaluations before an 
acceptable solution can be found [3]-[4]. Even with improvements in computer processing speed, one single 
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simulation evaluation may take a couple of minutes to hours or days of computing time [4]-[5]. This poses a serious 
hindrance to the practical application of EAs in real-world scenarios, and to tackle this problem the incorporation of 
computationally efficient surrogates (also called metamodels) has been suggested, so called surrogate-assisted 
optimisation. A surrogate is an approximation of the simulation; if the simulation is represented as ( )y f x= , then a 
surrogate is represented as ˆˆ ( )y f x= , such that ˆ ( ) ( ) ( )f x f x e x= + , where ( )e x  is the approximation error. For 
constructing surrogates, a variety of different techniques have been proposed, among the most popular in 
evolutionary optimisation being Artificial Neural Networks (ANNs). In general terms, an ANN is a non-linear 
statistical data modelling method used to model complex relationships between inputs and outputs [6]. Originally, 
the inspiration for the technique was from the area of neuroscience and the study of neurons as information 
processing elements in the central nervous system. ANNs have universal approximation characteristics and the 
ability to adapt to changes through training. Instead of only following a set of rules, ANNs are able to learn 
underlying relationships between inputs and outputs from a collection of training examples, and to generalize these 
relationships to previously unseen data. These attributes make ANNs very suitable to be used as surrogates for 
computationally expensive simulation models. However, due to lack of data and high complexity of many problems, 
surrogates often suffer from false optima [7]. A surrogate can therefore not completely replace the simulation, but the 
simulation and the surrogate must be used in conjunction during the optimisation. 

This paper describes a case study of applying an EA in combination with an ANN in SO of a manufacturing 
system at Volvo Aero, Sweden.  Volvo Aero manufactures engine components to civilian and military airplanes, and 
also to space rockets. Similar to other manufacturing companies, Volvo Aero continuously strives for 
competitiveness and cost-reduction, and it is therefore important that the system under consideration is operated as 
efficient as possible. For an optimal production, the best configuration of components to be processed in the cell with 
respect to maximal utilisation and minimal tardiness are to be found. The difficulty with this problem is that it 
requires the simultaneous optimisation of two conflicting objectives. No single optimal solution with respect to both 
objectives exists, as improving performance on one objective deteriorates performance of the other objective. One 
way to handle this problem is to derive a set of alternative trade-offs, so called Pareto-optimal solutions. For deriving 
Pareto-optimal solutions, the concept of dominance is used [2]. A solution x’ is said to dominate another solution x’’ 
if x’ is no worse than x’’ in all objectives, and x’ is strictly better than x’’ in at least one objective. The solutions that 
are not dominated by any other solutions, i.e. are non-dominated, form the Pareto set. Since EAs maintain a 
population of solutions, it is possible to capture multiple Pareto-optimal solutions in one single optimisation run and 
this characteristic makes EAs very suitable for handling of multi-objective problems [2]. 

The rest of the paper is organized as follows. The next section presents the Volvo Aero case study, including a 
description of the manufacturing cell under consideration and the simulation model of it. Section 3 describes the 
multi-objective Pareto-optimisation of the cell, followed by a presentation of the results in Section 4. A summary of 
the paper and future work are presented in Section 5.  

2. CASE STUDY  

Volvo Aero develops and manufactures high-technology components for aircraft- and gas turbine engines. 
Today, more than 80 percent of all new commercial aircrafts with more than 100 passengers are equipped with 
engine components from Volvo Aero. Components manufactured at Volvo Aero can be found in military fighter 
aircrafts too, such as the F/A-18 E/F Super Hornet. As a partner of the European space program, Volvo Aero is also 
the primary supplier of nozzles and fuel pump turbines for the Vulcain rocket engine.  

Volvo Aero’s facilities are located both in Scandinavia and in the US, and in this study the focus is on a factory 
located at the headquarters of the Volvo Aero Corporation in Sweden. In this factory, a new automated 
manufacturing cell has recently been introduced that processes a wide range of different engine components. The cell 
comprises five multi-task machines and five burring stations. The operations to be performed in a machine or at a 
station vary with different components. Instructions and tools are automatically set-up in a machine for an arriving 
component, which means that several different components can easily be processed in the cell at the same time. In 
case two or several components arrive simultaneously to a machine or station, a priority function is used to determine 
which component that has precedence. In this function, a Critical Ratio (CR) value of each component is calculated 
to determine how much it is on schedule. The CR value is derived by dividing the time to due date (i.e. scheduled 
completion) by the time expected to finish the component, according to Equation 1 
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                          (1) 

 

 

where due is the due date of the component (i.e. deadline), now is the current time, and TRPT is the theoretical 
total remaining processing time (the active operation time including set-up times and movements between 
machines/stations, and excluding possible delays in the cell). A component with a CR value of 1.0 is "on schedule”, 
while it is behind if the value is less than 1.0 and ahead if the value is larger than 1.0. In case of a race condition, the 
component with the lowest CR value has precedence. 

The inflow of the cell is controlled by using fixed inter-arrival times of components. The inter-arrival time does 
not only specify when a component should enter in the system, but it also determines the component’s due date since 
an overall production strategy is to process no more than one component of a specific type in the cell at a time. This 
means that if, for example, the inter-arrival time of component X  is set to two hours, a new component of type X  is 
introduced in the cell every two hour with a due date corresponding to two hours from the point in time it was 
introduced. For an efficient production, the inter-arrival times should be specified in a way that maximizes the 
utilization of the cell and simultaneously minimizes overdue components (i.e. tardiness). For a high utilization, short 
inter-arrival times are needed in order to obtain a high load of the cell and thereby avoid machine starvation. 
However, avoiding overdue components requires generous due dates; that is long inter-arrival times. This means that 
the two objectives of maximal utilization and minimal tardiness are conflicting with each other, which makes finding 
a good configuration of inter-arrival times a difficult task. To aid the cell operators in this task, a discrete-event 
simulation model of the cell was developed in parallel with its physical build-up. The simulation model is created in 
the SIMUL8 11.0 software package* and a front-end interface is developed in Excel, which facilitates the user in 
entering input parameters to the model without the need to learn the simulation language. Initial validity tests 
indicate that the simulation model is a good representation of reality and that it captures the stochastic variations of 
the cell due to unpredictable machine breakdowns. 

Although the simulation model provides a convenient tool for evaluating alternative settings and performing 
“what-if” analysis of different production scenarios, it supports neither generation nor optimisation of inter-arrival 
times. Manually optimising inter-arrival times is practically impossible and complementing the simulation model 
with an optimisation procedure is therefore highly motivated. In the next section, an EA adopted for this purpose is 
described. The scenario considered in the optimisation represents two weeks of medium-intensive production and 
includes 62 individual components of eleven different types. 

3. EVOLUTIONARY OPTIMIZATION  

To optimise the manufacturing cell, an EA called “Multi-Objective Parallel Surrogate-Assisted EA” (MOPSA-
EA) is being used [8]. MOPSA-EA is based on a steady-state design to support a high degree of parallelism. A 
steady-state design enables a higher degree of parallelism, since new solutions are continuously created and the 
number of parallel evaluations is not limited by the population size. Besides parallel efficiency, steady-state 
algorithms have also been considered being more efficient on complex optimizations problems and are able to find 
good solutions in less time compared to generational algorithms [9]. In the algorithm, an ANN surrogate is used to 
screen candidate solutions and identify the most promising one. Instead of generating only a single offspring, which 
is normally done in steady-state algorithms, a pool of multiple offspring is created. Each of the offspring is evaluated 
by the ANN, and the best one is simulated and inserted into the population. The ANN adopted has a feed-forward 
architecture with one hidden layer. It has been shown (e.g. [10]) that one hidden layer is sufficient for nearly all 
problems. The number of hidden nodes of the ANN is dynamically adapted to the number of samples available. For a 
good performance of an ANN, it is recommended that the number of weights of the network is proportional to the 
size of the training data set [6]. Since the number of samples continuously increase during the optimization, a static 
number of hidden nodes is not appropriate. Therefore, the optimization starts with an ANN of one single node, and 
additional hidden nodes are successively being added. When the number of samples available exceeds five times the 
number of weights in the network, a new hidden node is added (according to the weight-sample ratio suggested in 
                                                           
* www.simul8.com 
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[6]). The ANN is trained using back-propagation with a learning rate of 0.5. For each 10th simulation, the ANN is re-
trained with the most recent samples (at most 50). The idea of regularly re-training the ANN with the most recent 
samples is to have a local surrogate defined over the current search region. Local ANNs have been preferred over 
global ANNs in optimizations [11], mainly because they reduce the time-consumption of the training process [12].  

The implementation of MOPSA-EA is outlined in fig. 1 and a detailed description of the algorithm can be found 
in [8]. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig: 1. Multi-Objective Parallel Surrogate-Assisted Evolutionary Algorithm (MOPSA-EA). 
 

The following parameter settings of the algorithm are being used in the optimisation: 

• Population size: 20 

• Number of offspring candidates: 40 

• Mutation rate: 0.1 

• Crossover operator: Single-point 

• Crossover probability: 0.8 
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4. RESULTS 

In fig. 2, results from the multi-objective evolutionary optimisation are presented (for the integrity of the 
company, the axes of the diagram is not numbered). The optimisation is performed for 400 simulations, which is the 
maximum number of simulations that can be performed within the optimisation time-budget defined by the company. 
In the figure, the set of best alternative trade-off solutions found by the algorithm, the so called Pareto-front, are 
shown with black points. As can be seen in the figure, there is an obvious conflict between utilisation and tardiness; 
an improvement in one of the objectives corresponds to a deterioration of the other objective. For comparison, a 
solution created manually by domain experts is also shown in the figure (grey rectangle). As can be noticed, several 
solutions found by the EA dominate this solution.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Optimisation results. 

 

An interesting aspect of the optimisation results is how far the obtained front is from the “optimal” front. 
Although the true optimal Pareto-front is unknown for the problem at hand, it is at least possible to get an idea of 
how much further the front can move by performing a large number of additional simulations. The optimisation was 
therefore run for 2500 simulations, of which the last 100 simulations resulted only in small changes of the front, 
which indicates that the optimisation has converged after this number of simulations. In fig. 3 the Pareto-front found 
after 2500 simulation evaluations is shown (grey points). As can be seen in the figure, the front obtained from the 
optimisation of 400 simulations (black points) is quite far from this front, which indicates that further improvements 
of the optimisation results are possible if the optimisation budget is made more generous. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Optimisation results after 400 simulations (black points) and 2500 simulations (grey points). 
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Another aspect of the optimisation process that is interesting to study is how much the use of the ANN actually 

improves the results. To evaluate the impact of the ANN, a test was made of applying the EA without using the 
ANN. The obtained front from this optimisation is shown in fig. 4 in comparison with the results when using the 
ANN. Although the algorithm is still able to find a quite good front without using the ANN, the results when using it 
is somewhat better. An explanation of the relatively small gain of using the ANN might be that the problem is 
complex, hence making it hard to obtain an ANN of high precision. Although the precision of the ANN might not be 
very high, it can probably aid the EA in filtering out really poor solutions and thereby preventing efforts to be wasted 
on inferior solutions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Optimisation results with ANN (black points) and without ANN (white points). 

 

To analyse the accuracy of the ANN over time, its Mean Square Error (MSE) is measured every time the ANN is 
re-trained (i.e. every 10th simulation). MSE is the summed square of the difference between the ANN output value 
and the simulation output value for all samples, according to the following formula  

 (2) 
 
 

where n  is the number of samples, 
jm  is the output from the ANN for sample j , and 

js  is the output from the 
simulation for sample j . The lower the MSE value, the better the accuracy of the ANN. The MSE of the ANN is 
shown in fig. 5. As can be noticed in the figure, the MSE value is high in the beginning of the optimisation and 
quickly decreases when the training set is filled with more solutions. When the training set is full after about 50 
simulations, the MSE value starts to become stable and it then stays relatively constant during the optimisation. The 
stable MSE value might be explained by two factors: (a) the size of the training data set is constant, and (b) the 
training data is normalised, which means that although the actual error of the ANN decrease as the optimisation 
converge towards a narrow area of the search space (assuming that it is easier for an ANN with a limited number of 
training samples to learn a smaller part of the fitness landscape), the MSE stays unchanged. 
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Figure 5. Mean Squared Error of ANN over time. 

6. SUMMARY AND FUTURE WORK  

This paper describes a case study of applying an evolutionary algorithm in simulation-based of a manufacturing 
system at Volvo Aero, Sweden. A new manufacturing cell has recently been introduced in the Volvo Aero factory 
and for the production of the cell to be as efficient as possible, the optimal processing of components with respect to 
maximal utilisation and minimal tardiness of components are to be found. As in most real-world problems, these two 
objectives are conflicting and improving performance on one of them deteriorates performance of the other. To 
handle the conflicting objectives, an evolutionary algorithm based on the concept of multi-objective Pareto-
optimisation is being used to optimise the manufacturing cell. For reduced time consumption, the evolutionary 
algorithm incorporates a computationally efficient artificial neural network to screen candidate solutions. Results 
from the optimisation show that the evolutionary algorithm in combination with the artificial neural network is 
successful in optimising the manufacturing cell, which indicates that the use of Pareto-optimisation and surrogates 
may be efficient in SO of complex manufacturing problems. 

The next step of this work will be to improve the optimisation to consider simulation randomness. To capture the 
stochastic behaviour of most real-world complex systems, simulations contain randomness. Instead of modelling 
only a deterministic path of how the system evolves in the process of time, a stochastic simulation deals with several 
possible paths based on random variables in the model. To tackle the problem of randomness of output samples is 
crucial because the normal path of the algorithm would be severely disturbed if estimates of the objective function 
come from only one simulation replication. The common technique to handle randomness is to send the algorithm 
with the average values of output samples obtained from a large number of replications. Although this technique is 
easy to implement, the large number of replications needed to obtain statistically confident estimates from simulation 
of a complex system that requires long computation time can easily render the approach to be totally impractical. 
There are methods that guarantee to choose the “best” among a set of solutions with a certain statistically 
significance level, which require fewer replications in comparison to the others (e.g. Kim-Nelson ranking and 
selection method [13]). However, combining statistically-meaningful procedures that require relatively light 
computational burden with EAs is still an important topic for further research [12]. 
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ABSTRACT 

The shoulder joint also known as the glenohumeral joint is the most manoeuvrable and one of the most well used 
joints of the human body. From time to time problems with the glenohumeral joint its surrounding muscles, 
tendons and ligaments can occur due to age or by over stressing the joint. This work examines the design of a 
new innovative glenohumeral test rig. The test rig had to be able to move the humerus in all of the ranges of 
motion, which it can move when combined with the relevant bones, muscles, ligaments and tendons in the 
shoulder complex. A variable force also had to be applied to the glenoid in all ranges of motion. 

Research had to be undertaken in the ranges of motion of the shoulder complex and the forces acting on the 
glenoid. Concept designs were then created which would replicate the ranges of motion separately and then the 
designs were evolved and combined to develop a test rig that would move in any range of motion of the shoulder. 
Research was also carried out to find the most appropriate manufacturing processes and materials so that the 
test rig could be manufactured in the material laboratories.  

1. INTRODUCTION 

The Glenohumeral joint is the most manoeuvrable and one of the most well used joints in the body. It can 
become damaged due to sporting activities or through general wear and tear of everyday life that can cause serious 
problems for the person with the injury or problem. Surgeons, engineers and researches are continually coming up 
with methods to improve the quality of life of patients with shoulder injuries and are continually developing 
methods of replacing, repairing and reducing the injuries that may occur to the shoulder joint [1-12]. This project 
was carried out so that research and development into shoulder injury prevention, replacement and repair can take 
place via the design of a new and innovative glenohumeral test rig. The test rig will allow researchers to carry out 
tests on prosthetic humerus bones and allow them to add prosthetic muscles and apply forces to glenohumeral joint 
and make advances in the technology and knowledge in this field [13, 14]. 

Figure 1 shows the major bones and muscles that make up the shoulder complex. The humerus is the main bone 
of the shoulder of which the shoulder test rig is designed around. As people age the humerus can become worn and 
prone to Osteoarthritis. This causes the cartilage which is used to distribute stress and loads on the shoulder to 
deteriorate. In severe cases the humeral head must be replaced with a prosthetic device [15]. This test rig is designed 
to simulate the forces acting on the glenoid in any range of motion so that new prosthetic devices can be designed 
and tested.  
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Figure 1:  Some of the major bones and muscles that make up the shoulder complex [13-16]. 

2. THE SHOULDER COMPLEX RANGES OF MOTION  

There are six main motions that the shoulder can perform these are known as adduction; abduction, extension, 
flexion, internal (medial) rotation and external (lateral) rotation. Each of these movements is restricted by ligaments 
and moved by the muscles of the shoulder complex. The shoulder has the greatest range of motion of any joint in 
the human body [17-19]. 

 
 
 
 
 
 
 
  
 
 
 
 

 
 
 
 
 

Figure.2: Shows the range of motion that the shoulder complex possesses [17]. 
 

Adduction in the frontal plane starting from the reference position (i.e. absolute adduction is mechanically 
impossible because of the presence of the trunk. Starting from the reference point position, adduction is only 
possible when combined with, extension; this allows a trace of adduction and flexion: which allows adduction to 
reach 30 to 45 degrees [17,18]. Transverse adduction is the medial movement toward the midline of the body in a 
horizontal plane; moving the upper arm toward and across the chest with the back of the arm facing down.  

True abduction of the GH joint (referred to as true Glenohumeral motion) is limited to only 90 degrees. Beyond 
90 degrees, it is a combined effort between both the GH and ST joints. In fact, at 180 degrees abduction (arm 
straight up overhead), only two-thirds of the movement occurred at the GH joint (30 degrees on its own, 90 degrees 
combined with the ST joint and the remaining 60 degrees exclusively occurring at the ST joint). This seamless 
combination of movements between the humerous and the scapula is referred to as the scapulohumeral rhythm [19]. 

Extension is straightening the joint resulting in an increase of angle; moving the upper arm down to the rear. 
The movement capable of producing the next greatest level of strength second to the adduction strength is the 
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extension movement. Extension uses the same muscle groups as the movement of adduction. Extension is slightly 
stronger than its opposite movement flexion.Extension, is closely associated with adduction, it has a limited range 
of between 30 degrees and 50 degrees [17-19]. 

True forward flexion at the GH joint ranges from 0 to 90 degrees, with the movement itself separated into three 
distinct phases [19]. 

Internal (Medial) rotation is the rotary movement around the longitudinal axis of the bone toward the centre of 
the body; turning the upper arm inward. In internal medial rotation the shoulder can rotate 90 degrees [17]. 

External (lateral) rotation involves the rotary movement around the longitudinal axis of the bone away from 
the centre of the body; turning the upper arm outward. In external lateral rotation the shoulder can rotate 90 degrees 
[18]. 

 

 

 

 

Figure 3: Shows the range of motion of the shoulder 

3. DESIGN  

The initial stage involved brain storming and the generation of hand drawings of the different test rigs. The 
designs evolved from the design of a test rig that covered rotation of the shoulder to a test rig that could cover 
extension, then extension and rotation and finally a design test rig was complied that could cover all the ranges of 
motion in the shoulder. figure 4 shows the initial concept design modelled in CAD [18-21]. 
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Figure 4: The initial concept design of the Glenohumeral test rig. 

The head of the humerus would mount to the front plate of the mounting module which has the freedom to turn 
360 degree and also the ability to move around the semi circular track. The distal end of the humerus bone would be 
fixed into the distal end holder. The track will be mounted to two columns inside the columns there would be large 
motors used to turn the track. Therefore this test rig can cover all degrees of motion that the shoulder can.  

The major components of the concept test rig shown above in figure 4 were then evaluated and re-designed in 
detail. The authors could not assume that this initial design would work but by examining each component 
individually and creating concepts designs and evaluating those concept designs it could be ensured that the 
component would be fit for purpose. The pictures below in table 1 show the concept designs which were created for 
each of the major components. 
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Table 1: The different concept designs which were created 

Concept  

Component 

Concept Design 

1 

Concept Design 

2 

Concept Design 

3 

Concept Design 

4 

Concept Design 
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Method for 
tuning the 
semi circular 
track.  

 

     

Mounting 
Module  

 

     

3.1 CONCEPT DESIGNS  

The concept designs were then all evaluated using a number of methods for example the track would be stressed 
when the actuators mounted on the mounting module used to apply force to the glenoid in different motion ranges 
extended and were met with resistance. Finite Element Analysis was carried out on the track concepts to ensure that 
the tracks would not bend and distort under the loads created by the actuators. Each concept track was restrained 
and a load applied, the load was kept constant for all of the track concepts. The wheel configurations of the concept 
tracks were also evaluated in detail using FEA to ensure that the best possible configuration of track and wheels 
design was selected.  

The methods for turning the semi circular track were evaluated in great detail. Many methods were examined 
such as motor and chain drives, pulley systems, actuator driven motion and a two track configuration (see table 1, 
row 3). The mounting modules were evaluated with the main emphases on the actuators required to apply the force 
to the glenoid, for example; actuator numbers, sizes, power, position and attachment points.  

3.1.1. CONCEPT DESIGN EVALUATION 

As well as the Finite Element Analysis the concept designs were evaluated using a ranking and weighting method. 
Tables 2-3, show the ranking and weighting method used during the selection of the final designs. Ranking and 
weighting is used to score the main considerations, which are taken into account during the design process. For 
example, ease of manufacture is a main factor to consider, this was scored on a 1-10 basis with 1 being least 
important and 10 most important. In Table 2 ease of manufacture was scored as an importance of 4. This was then 
times by the score that each concept design achieved individually to give a total. The totals of the main 
considerations were then added together and this gave the most appropriate concept design based on the importance 
of the main considerations.  

3.1.2. TRACK AND WHEELS CONCEPT SELECTION  

The wheel configurations are important because they hold the mounting module to the track and also guide the 
mounting module around the track. After looking at each design in detail, concept design 5 wheel configurations 
was selected.  
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Concept design 5 was the design that was chosen as the final track. It would be easy to manufacture as the drive 
wheel does not need to be angled, as it was horizontal to the track and not vertical like the other drive wheels. The 
design of track was the lightest and therefore saved money with regards to material costs.  

3.1.3. METHOD FOR TURNING THE CURVED TRACK SELECTION   

Table 2: Ranking and Weighting table for the selection of the curved track turning method  

Concept 
Designs

Cost of 
Motors/ 

Actuators 
(5)

Amount 
of 

material 
Used (2)

Ease of 
man (4)

Time 
taken to 

man 
(7)

Duration 
(8)

User 
Friend 

(9)

Success 
rate  
(10)

Total 
out of 

70 

Rank 
and 

weight 
Total

   

   

    

Concept 
Design 1 

5x(5)=25 9x(2)=18 9x(4)=36 9x(7)=63 4x(8)=32 7x(9)=63 8x(10)=80 51 317 

Concept 
Design 2 

8x(5)= 40 8x(2)=16 7x(4)=28 8x(7)=56 7x(8)=56 9x(9)=81 9x(10)=90 56 367 

Concept 
Design 3 

7x(5)= 35 6x(2)=12 7x(4)=28 7x(7)=49 8x(8)=64 8x(9)=72 6x(10)=60 50 320 

Concept 
Design 4 

4x(5)=20 4x(2)=8 5x(4)=20 5x(7)=35 9x(8)=72 2x(9)=18 9x(10)=90 38 263 

Concept 
Design 5 

3x(5)= 15 5x(2)=10 6x(4)=24 5x(7)=35 8x(8)=64 8x(9)=72 4x(10)=40 39 260 

3.1.4. MOUNTING MODULE SELECTION  

Table 3: Ranking and Weighting table for selection of the mounting module 

Concept 
Designs

Cost of 
Motors and  
Actuators 

(5)

Amount of 
material Used (2)

Ease of 
manufacture 

(4)

Time taken to 
manufacture 

(7)

Durability  
(8)

Overall weight 
(6)    

  

 

Concept 
Design 1 

9x(5)=45 7x(2)=9 9x(4)=36 9x(7)=63 8x(8)=64 8x(6)=48 

Concept 
Design 2 

9x(5)=45 8x(2)=16 8x(4)=32 8x(7)=56 8x(8)=64 9x(6)=54 

Concept 
Design 3 

9x(5)=45 3x(2)=6 4x(4)=16 4x(7)=28 9x(8)=72 4x(6)=24 

Concept 
Design 4 

5x(5)=25 4x(2)=8 7x(4)=28 6x(7)=42 8x(8)=64 7x(6)=42 

Concept 
Design 5 

9x(5)=45 9x(2)=18 8x(4)=32 9x(7)=63 8x(8)=64 8x(6)=48 

Concept 
Designs 

Weight on 
Track (8) 

User 
Friendliness  

(9) 

Success rate 
(10) 

Innovation 
(8) 

Total   Rank and weight 
Total 

Concept 
Design 1 

6x(8)=48 9x(9)=81 9x(10)=90 7x(8)=56 81 540 

Concept 
Design 2 

7x(8)=56 9x(9)=81 9x(10)=90 8x(8)=64 83 558 

Concept 
Design 3 

10x(8)=80 7x(9)=63 7x(10)=70 8x(8)=64 65 468 

Concept 
Design 4 

5x(8)=40 5x(9)=45 8x(10)=80 8x(8)=64 63 438 

Concept 
Design 5 

6x(8)=48 5x(9)=45 6x(10)=60 7x(8)=56 75 479 
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3.1.5 CONCEPT FINAL DESIGN SELECTION  

The concept designs were all selected based on the finite element analysis results, advantages and disadvantages 
of the track and wheel selection and through the method of ranking and weighting. Figure 5 shows the final concept 
designs which were selected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Track and Wheel final design Method for turning the track final design Mounting Module final design 

Figure 5: The final designs which were selected. 

4. FINAL DESIGN 

After the final concept designs were selected there was a scale model built to ensure that the ranges of motion 
anticipated could be replicated. Then a final computer aided design, and fully dimensioned engineering drawings 
were created using I-DEAS 11 3D CAD software.  

The manufacturing process of each component was taken into consideration a long with materials selection. A 
full bill of materials and parts list containing the components within the test rig was created. Figure 6 and 7 shows a 
number of views of the finished glenohumeral test rig.  

 

 

 

 

 

 

Figure 6: Various angles of the final design 

 

 

 

 

 

 

 

   

Isometric View  Front View Side View Rear View 

Figure 7: The final design of the Glenohumeral test rig from various views 
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5. DISSCUSSION 

Shoulder injuries and shoulder problems are a common occurrence because the shoulder joint is one of the most 
well used joints in the human body. People use their shoulders everyday without even thinking about it, but 
occasionally problems occur. Problems with the shoulder tend to increase with age due to wear and can increase due 
to sports or activities where the shoulder is being stressed [13]. 

It is important that research into the forces acting on the shoulder in the different ranges of motion and new 
shoulder prosthetics designs are continued. This important research can help people in the future that may suffer 
from shoulder injuries and may help them to recover faster and possibly prevent future problems [15].  

This is why the glenohumeral test rig is important. It will allow researchers to have a better understanding of the 
type of forces in the different ranges of motion acting on the shoulder and in particular the glenoid. This information 
and the test rig will aid researchers to develop new prosthetic devices to repair or replace bones, in particular the 
humerus.  

The glenohumeral test rig designed, main function is to be able to apply forces to the glenoid in any range of 
motion. After looking briefly at other joints of the body it is believed that with slight modifications the test rig could 
be used to apply forces to the head of the femur bone in any range of motion as the femoral joint has less 
manoeuvrability when compared to the humeral joint. The glenohumeral test rig could cover any range of motion 
that the hip joint can perform.  

In England in 1999/2000 there were 3,866 shoulder replacement operation carried out. There were also 69,600 
hip replacement operations carried out in the same year. There is a larger percent of hip operations carried out in 
England so if this test rig could be modified to test hip joints as well as shoulder joints this could be a real advantage 
with regards to the innovation of new technologies for shoulder and hip prosthesis. This is because combined in 
1999/2000 there were 73,466 hip and shoulder replacements carried out in England. The amount of operations 
carried out in the United Kingdom would be even larger and the amount carried out world wide would be 
phenomenal. [18, 19, 22-24]. 

6. CONCLUSION  

The test rig was designed to move in all of the ranges of motion of the shoulder; Adduction, Abduction, 
Extension, Flexion, Internal (Medial) Rotation, External (Lateral) Rotation. 

The test rig will be able to apply forces to the glenoid in varying degrees of motion. It may in the future be 
modified to cover the hip joint which would be an advantage as there are more hip replacements performed in the 
UK than shoulder replacements [18-19]. The test rig is manufactured from suitable materials such as aluminium to 
keep the weight of the track and mounting module down and steel were possible to keep the rig costs down. The test 
rig will be used by students, researchers and lecturers to design, develop and test new prosthetics devices for use in 
the shoulder complex/ hip joint and new devices for mending the broken bones of the shoulder/ hip in the continual 
effort to advance the knowledge and technology in this area.  
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ABSTRACT 

This paper proposes a mathematical programming approach to model part of the production scheduling 
operations of a company in the furniture sector. The system has two main production stages that pursue different 
operational strategies. The first phase comprises a saw cutting process and the second stage is dedicated to the 
machining of parts of the previous phase. Currently, the company has a computer system that optimises the first 
phase of the production process. Consequently, the scheduling challenge is posed by the second production 
stage. This is due to the characteristics of the machinery that was initially intended to make long production runs 
of parts of limited variety. Nowadays, the furniture market is demanding products that must meet increasingly 
differentiated customers’ requirements. Thus, the scheduling operation must achieve the best usage of this 
production resource and keep the involved setup times within reasonable levels. The mathematical programming 
model uses a multicriteria strategy to guide the solution search process. The model was implemented using 
general mathematical programming software to test its validity with real data. The results show that it is hard to 
obtain optimal solutions within reasonable computational times; therefore, (meta) heuristic approaches should 
be considered to generate good solutions using reduced computational efforts. 

1. INTRODUCTION 

The scheduling problem addressed in this paper is motivated by a real situation faced by a furniture manufacturer 
in the city of Zaragoza, Spain. The company is a family owned business that manufactures products aimed at teenage 
and children’s market. It has grown uncontrollably in the last years, and currently has physical limitations that inhibit 
further investments to modify the manufacturing configuration in order to better serve its business goals.  

In the changing environment of today’s markets, it is necessary to react quickly to customer requests with the aim 
of achieving business success. This is particularly true in the case of the furniture manufacturing where clients 
require increasingly differentiated products with specific characteristics and options. In the case of SMEs it is hard to 
make the large investments implied by the adaptation of production settings. Therefore, the planning and scheduling 
function plays a key role in the assurance of proper levels of customer service and the minimisation of costs related 
with the manufacturing operation [1]. 

Scheduling has been subject of a great amount of research in the last decades. The books by Pinedo [2], and 
Morton and Pentico [3] can be referred to for an introduction to scheduling theory. They cover different aspects on 
the subject and provide useful references to relevant scientific papers in the field. Since in real situations it is 
necessary to take into account several objectives when making a decision, an adequate solution methodology should 
incorporate a proper multiobjective strategy in the solution search process. This involves the consideration of the 
quantity and the quality of the available information and the role that the decision maker will play in the process. The 
growing complexity of the scheduling problems, due to their multicriteria nature and the inclusion of new constraints 
and limitations, which often leads to trouble in finding feasible solutions, has motivated an interest in the analysis of 
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scheduling problems with multiple objectives. This fact is confirmed by the publication of an extensive state-of-the-
art review on multicriteria scheduling presented in [4]. Setup consideration is other important issue in scheduling 
research as it can be corroborated by the publication of the first survey paper on the subject by Allavherdi at al. [5], 
and the updated survey paper published recently [6], in which more than 300 papers are cited. The papers by Gupta 
and Smith [7], Eren [8], and Hendizadeh at al. [9] can be mentioned as examples of research in scheduling with 
setups in diverse manufacturing environments. Other topic of interest addressed in this case is given by the limitation 
in storage space on manufacturing settings. This subject matter is considered in the papers by Luh et al. [10], 
Brucker et al. [11], and Wang et al. [12] for different cases of scheduling applications. As examples of scheduling 
research with application in furniture manufacturing, the paper by Weintraub et al. [13] discusses the development of 
procedures for efficiently scheduling jobs in large-scale systems, and in [14] different multi-objective evolutionary 
algorithms aimed at the better coordination of serial manufacturing operations are proposed. 

The scheduling efforts in the manufacturing facility considered here are focused on the enhancement of the 
operation at a machining centre that acts as a bottleneck for the whole production process. As a first approach, this 
resource can be modelled as a single machine with sequence dependent setups that processes jobs coming from a 
buffer of limited capacity. The performance measures used to assess the quality of the sequences generated by the 
solution methodology include due date fulfilment and maximisation of resource utilisation. In particular, the 
methodology used to deal with this problem is based on a multicriteria mathematical programming formulation. Part 
of the formulation presented here is based on the model described in Choobineh et al. [15]. As a first approach to 
consider the multicriteria characteristics of the problem, a composition function is proposed and a general 
mathematical programming software is used to solve the resulting formulation. 

The remainder of this article is organised according to the following scheme. The next section describes the 
problem that motivated this research. In the third section, the main assumptions made in the analysis are described, 
the mathematical programming model for the problem is introduced, and an initial solution strategy is proposed. The 
fourth section presents the results obtained in the computational experimentation. The main research findings and the 
future research directions on the subject are provided in the fifth section. 

2. PROBLEM DESCRIPTION 

The whole production process in the company can be divided into two main production stages that operate under 
differentiated strategies. On the one hand, there is a first stage where melamine wood boards are cut to obtain the 
basic pieces of rectangular shape. On the other hand, there is a machining stage where different operations are made 
on the basic parts to obtain the final pieces that will assembled to obtain the final article of furniture. These 
operations include drilling, milling and edge-banding procedures. Besides the two main production stages, other 
operations included in the production process are related to minor machining operations, painting operations, partial 
assembly of parts, load consolidation, and expedition of orders. Figure 1 shows a general view of the global 
production process. The portion highlighted with a rectangle constitutes the subject of research for this paper. 

Basically, the system works on an assemble-to-order basis, that is to say, the two main production stages follow a 
make-to-stock policy, and the rest of the process progresses in response to purchase orders received from the 
customers. This separation of the global process in two strategies allows facing the difference existing between ideal 
and real production lead times, meeting properly the demand, and maintaining the stocks of raw and work-in-process 
materials and finished products at reasonable levels. The demand forecasts used to provide the quantities of 
production are obtained considering the actual demand of the past four weeks, making adjustments to consider the 
specific trends detected in the market in the last few days. Obviously, this procedure involves certain risks, and, then, 
it is important to invest enough effort in the calculation of accurate estimates that will facilitate to avoid the 
accumulation of excess inventory and the out-of-stock situations that appear when unpredicted demand occurs. 

In essence, the problem in hand is centred on the scheduling task of parts at the machining centre considering a 
set of objectives and constraints that reflect external and internal issues of interest in the definition of a sequence. At 
the same time, it is worth noting that machining centre is composed by three stages, but, as a first approach to the 
problem, it will be treated as a single entity. The piece of equipment in consideration receives the parts processed, to 
a great extent, cutting melamine wood panels in the sawing machine. These pieces are then stored in a buffer 
inventory until they are scheduled to be processed at the machining centre. This intermediate buffer inventory is also 
used organise the set of parts in order to adapt the material flow coming from the cutting saw to a better feeding 
pattern for the machining centre. Moreover, the space allocated to this storage area is very limited and imposes a 
hard constraint in the system; this is the reason why it is necessary to sustain a stable flow of materials between the 
two stages with the aim of avoiding to violate this capacity limitation. Once the pieces have been processed at the 
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machining centre, they can be sent to other equipment to receive further treatment or they can go directly to a storage 
area where they are kept until an order is scheduled to be served. Every time it is necessary to change the type of part 
at the machining centre there is a large setup time involved. Since the equipment was designed to produce long runs 
of pieces of a limited variety, the scheduling function plays a crucial role in order to avoid the increase of production 
times due to wrong sequence decisions. 

MELAMINE 
BOARDS

SAWING 
MACHINE

INTERMEDIATE BUFFER 
(RECTANGULAR PIECES) MACHINING 

CENTRE

FINISHED PIECESPARTIAL ASSEMBLYORDER CONSOLIDATION 
AND DELIVERY

 

Figure 1: General view of the global production process 

The planning premises of the two main production sections, the sawing machine and the machining centre, are 
entirely different. In the first stage, the main objective is to minimise the waste of material in the cutting operation. In 
the second phase, the goal is to minimise the machinery setup times and costs, which occur whenever a change in the 
type of piece is made. In general, the maximisation of a resource utilisation measure, such as the minimisation of 
makespan (completion time of the last job or part that leaves the system), facilitates to indirectly control the amount 
of setup time used in a given sequence. Besides the specific planning objectives previously introduced, there are 
other goals that have to be considered in the global production planning process: minimising tardy jobs, minimising 
tardiness, minimising early jobs, and minimising earliness. These due date related objectives are frequently included 
as performance measures in the operation of just-in-time scheduling systems [4].  

Currently, the cutting stock and scheduling problem in the cutting saw is solved using a specific software package 
that takes into consideration the minimisation of waste as the main optimisation objective. Other additional 
objectives and constraints are incorporated to facilitate the manipulation of material in that section of the plant. The 
planning function in the final stages of the production process, performed after the machining centre operations, is 
essentially reduced to the resolution of logistics problems over a very short planning horizon (less than two days 
long). These problems are solved once there is actual information about customer orders, and they can be considered 
practically decoupled from the scheduling problems of the first two production stages. The main link is obviously 
given by the availability of pieces to assemble the final products. In fact, this availability is directly associated to the 
accuracy of the forecasts used in the previous planning stages. 

To summarize and specify the scope of the current analysis, it is convenient to note that the main planning 
challenge is posed by the scheduling problem of pieces at the machining centre. As a result, the rest of the production 
process imposes constraints to this planning problem, and thus the schedule at the machining centre must result in a 
compromise solution that balances internal and external requirements. 

3. MATHEMATICAL MODEL 

The main objective of this section is to characterise the problem from a mathematical viewpoint and define a first 
solution strategy based on this formal description. An exact mathematical programming approach is considered to 
model the problem, and a general mathematical programming software is used to solve the resulting formulation. The 
model is based on the formulation introduced in [15], which has been adapted to include the particular features of the 
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problem under study. Subsequent modifications of the model could facilitate the development of heuristic procedures 
that can solve the problem making a better use of the computational resources. 

In this case, a multicriteria strategy will also be implemented, thus the different criteria relevant to the problem 
are to be introduced. Following the common practice in the majority of manufacturing environments, the 
performance measures require the consideration of the resource utilisation and the customer service level. In the first 
place, the minimisation of makespan, i.e. the completion time of the part that leaves the machine in the last place, is 
often used as a way of measuring the utilisation of production equipment in the case of single machine scheduling 
problems. That measure indirectly leads to the minimisation of the amount of time spent in setups. 

Then, it is necessary to infer proper indicators of the customer service level. In this respect, a usual practice is to 
employ due date goals. Besides, the minimisation of finished product inventory can be achieved through a close 
attainment of due dates. In practice, the number of tardy jobs (jobs finished after their due dates) is usually 
considered as a good measure representative of the service quality level given to customers. However, that measure 
does not take into account the amount of tardiness linked to every finished job. In this sense, a time dependent 
measure like the total tardiness seems to give a better description of the due date conformance and the customer 
service level. Similarly, early jobs tend to cause an accumulation of inventory of finished products that increases the 
production costs. Therefore, to better consider this goal it is necessary to introduce two subordinate objectives: the 
minimisation of the number of early jobs and the minimisation of the total earliness. 

The assumptions made in the analysis are explained subsequently. The previous machine releases the pieces at 
different times and they go to the intermediate buffer until they are scheduled to be processed at the current machine. 
In this case it is not assumed that all pieces are available at time t = 0, parts arrive at the intermediate buffer from 
time t = 0 on. The processing times, due dates and arrival times are known at time t = 0. Each part is processed on 
the machine only once, without interruptions, and there is no priority between parts. The setup time required for each 
piece depends upon the part that was immediately processed in the machine, but is independent from the position of 
the piece within the sequence. The resulting sequence is expected to be finished in less than Q elementary periods of 
length q, which defines the scheduling horizon of the problem. 

In the following paragraphs, the multicriteria mixed-integer quadratic programming formulation for the problem 
is introduced. The parameters of the model are defined as follows: 

pj = processing time of piece j (pj > 0), j = 1, 2, …, n. 

rj = arrival time of piece j (rj ≥ 0), j = 1, 2, …, n. 

dj = due date of piece j (dj > 0), j = 1, 2, …, n. 

vj = volume of piece j (vj > 0), j = 1, 2, …, n. 

s0j = setup time of piece j in the first position of the sequence (s0j ≥ 0), j = 1, 2, …, n. 

sij = setup time related with the changeover from piece i to piece j (sij ≥ 0), i and j = 1, 2, …, n, i ≠ j. 

V = volumetric capacity of the intermediate buffer. 

M = a very big number. 

The decision variables of the problem are described below (for i, j and k = 1, 2, …, n and t = 1, 2, …, Q): 

⎩
⎨
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⎩
⎨
⎧ ≤

=
otherwise.

, if
0

tB 1
 H k

kt  

Pk = processing time of the part in the k-th position of the sequence. 

Rk = arrival time of the part in the k-th position of the sequence. 

Dk = due date of the piece in the k-th position of the sequence. 

Sk = setup time of the part in the k-th position of the sequence. 

Bk = start time of the part in the k-th position of the sequence. 

Ck = completion time of the part in the k-th position of the sequence. 

Tk = tardiness of the part in the k-th position of the sequence. 

Fk = earliness of the part in the k-th position of the sequence. 

Then, the problem can be stated as follows: there are n parts (jobs) J1, J2, …, Jn that have to be scheduled on a 
single machine considering the objectives and constraints that are introduced subsequently. The first objective in 
consideration is the minimisation of the makespan: 

. C Z n1 =minimise  (1) 

The second evaluation measure consists in minimising the number of tardy parts: 

.LZ
n

1k k2 ∑ =
=minimise  (2) 

The following objective is to minimise the cumulative tardiness of all parts: 

.TZ
n

1k k3 ∑ =
=minimise  (3) 

The minimisation of the number of early parts is introduced as the fourth objective: 

.EZ
n

1k k4 ∑ =
=minimise  (4) 

The last objective is related to the minimisation of the cumulative earliness of all parts: 

.FZ
n

1k k5 ∑ =
=minimise  (5) 

Once the objectives of the problem have been introduced it is time to present the constraints that have to be 
verified by the sequences proposed for the problem. In order to guarantee that only one part is assigned to each 
position in the sequence, and only one position in the sequence is assigned to each part the following two equations 
are introduced: 

,n...,,1k1X
n

1j jk ==∑ =
 (6) 

∑ =
==

n

1k jk .n...,,1j1X  (7) 

The two following equations assure that only one part, part j, is positioned after part i when the part i is assigned 
to the (k – 1)-th position in the sequence: 

∑ ∑= =
==

n

1i

n

1j ijk ,n...,,2k1X  (8) 

( ) .n...,,2kji,n...,,1jiX1XX ijk1ikjk =≠=≤−+ −  and  and  (9) 

The two equations that follow determine, respectively, the setup times for the first position in the sequence and 
the subsequent positions: 

∑ =
=

n

1j 1jj01 ,XsS  (10) 
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∑ ∑= =
==

n

1i

n

1j ijkijk .n...,,2kXsS  (11) 

Processing time, arrival time and due date of the piece in the k-th position of the sequence are given, 
correspondingly, by the next three equations: 

∑ =
==

n

1j jjkk ,n...,,1kpXP  (12) 

∑ =
==

n

1j jjkk ,n...,,1krXR  (13) 

∑ =
==

n

1j jjkk .n...,,1kdXD  (14) 

The next two equations are added with the aim of constraining the start time of part in the k-th position of the 
sequence to be grater than or equal to its arrival time and the completion time of the previous part in the sequence: 

,n...,,1kRB kk =≥  (15) 

.n...,,2kCB 1kk =≥ −  (16) 

The calculation of the completion time of the part positioned in the k-th place of the sequence is given by the 
following equation: 

.n...,,1kPSBC kkkk =++=  (17) 

The next two inequalities are introduced with the aim of determining whether the part in the k-th position of the 
sequence is late or not: 

( ) ,n...,,1kL1MDC kkk =−≤+−  (18) 

.n...,,1kMLDC kkk =≤−  (19) 

Similarly, the two inequalities that follow are added to establish whether the part in consideration is early or not: 

( ) ,n...,,1kE1MDC kkk =−≤−  (20) 

.n...,,1kMEDC kkk =≤+−  (21) 

The next two expressions are included to compute, correspondingly, the tardiness and the earliness of the part 
located in the k-th position of the sequence: 

,n...,,1kDCT kkk =−≥  (22) 

.n...,,1kCDF kkk =−≥  (23) 

The capacity limitation of the intermediate buffer is introduced by means of the following equation: 

.Q,,1tVHXvGv
n

1j

n

1k ktjkj
n

1j jtj K=≤−∑ ∑∑ = ==
 (24) 

The expression (24) is responsible for the addition of quadratic terms in the mathematical formulation. The 
subsequent two equations are used to establish whether part j has already arrived at time t or not: 

( ) ,Q...,,0tn...,,1jG1Mrt jtj ==−≤+−  and   (25) 

.Q...,,0tn...,,1jMGrt jtj ==≤−  and   (26) 

Similarly, to find out whether the part positioned in the k-th place of the sequence has already left the 
intermediate buffer at time t or not, the next two equations are introduced: 

( ) ,Q...,,0tn...,,1kH1MBt ktk ==−≤+−  and   (27) 

.Q...,,0tn...,,1kMHBt ktk ==≤−  and   (28) 
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The following expressions introduce the binary variables of the model: 

{ } { } ,n...,,1k1,0E,1,0L kk =∈∈  (29) 

{ } { } ,n...,,1kn,...,1j,n,...,1i1,0X,n...,,1kn,...,1j1,0X ijkjk ===∈==∈ and and  (30) 

{ } { } .Q...,,0tn...,,1k1,0H,Q...,,0tn...,,1j1,0G ktjt ==∈==∈  and  and  (31) 

Finally, the non-negativity of tardiness and earliness variables is introduced: 

.n...,,1k0F,0T kk =≥≥  (32) 

The parallel of the previous formulation with that of the classic Travelling Salesman Problem (TSP) is evident. 
The setup time invested in the changeover from one job to the following is analogous to the distance between cities.  

Unquestionably, the optimisation of one objective at a time is attained in most cases through deviations with 
respect to the optimal values of the other objectives. Consequently, it is required to find a compromise solution that 
minimises the global relative deviation with respect to the optimal objective values considered simultaneously. A 
frequently used approach consists in constructing a weighted objective function founded on the relevance of the 
individual objectives. In this case, considering that the decision maker assigns a set of relative weights W1, W2, …, W5 
to the objectives Z1, Z2, …, Z5, the weighted objective function can be directly expressed as the total sum of the 
weighted and normalised deviations with respect to the optimal objective values in the following manner: 

*
5

*
55

5*
4

*
44

4*
3

*
33

3*
2

*
22

2*
1

*
11

1 Z
ZZ

W
Z

ZZ
W

Z
ZZ

W
Z

ZZ
W 

Z
ZZ

WZ
−

+
−

+
−

+
−

+
−

=minimise . (33) 

In equation (33) *
iZ  is the optimal objective value of the mixed integer quadratic programming formulation when Zi, 

i = 1, 2, 3, 4, 5 is the only objective in consideration. 

As a first approach to solve the problem, the previously presented mathematical formulation was implemented using 
the general-purpose mathematical programming software LINGO, Release 8.0. 

4. COMPUTATIONAL RESULTS 

To test the validity of the model several computational experiments were performed. In a first stage, a data set 
constituted by small problem instances was analysed. That data set was randomly generated, just in order to provide 
sample information to rapidly test the mathematical formulation and fine-tune the parameters of the algorithms 
embedded in the solver. In a second stage, a data set of larger problem instances was used to test the general 
performance of the approach. The data set for these experiments was provided by the company and corresponds to 
periods with different seasonal patterns and manufacturing conditions in the plant. 

The mixed-integer quadratic programming formulation can be solved to optimality in reasonable computational 
times for the first set of limited size problem instances. However, the results for the larger problem instances indicate 
that it is hard to obtain exact solutions employing a practical computational effort. Therefore, some adjustment to the 
approach should be implemented in order to solve the problem efficiently, making a balance between the quality of 
the solutions and the computational effort involved. As a first heuristic extension, it is intended to modify the exact 
mathematical formulation to derive a lagrangian relaxation solution approach. The following steps would be to use 
heuristic strategies based on local search and population based search methods. 

5. CONCLUSION 

In this article, we analysed a problem that is motivated by the production system of a specific furniture 
manufacturer. The problem was addressed using an exact approach based on a mathematical programming 
formulation. The resulting formulation was then implemented using a general mathematical programming software. 
This approach is practical when the size of the instances is small. However, when the size of the problem instances 
becomes larger, the results of the computational experiments indicate that an exact approach is not practical because 
computational times grow in an exponential fashion. Therefore, to facilitate the generation of adequate solutions 
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using a reasonable computational effort it is necessary to resort to heuristic approaches that will be the subject of 
future research. The design of these alternative approximate strategies should help to obtain adequate results in 
reasonable computational times, in general, at the expense of a reduced quality of the solutions. Further extensions 
can be based on the utilisation of other multicriteria strategies, such as goal programming or the generation of the set 
of non-dominated solutions of the problem (Pareto optimisation), and the consideration of the internal structure of 
the machining centre. 
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ABSTRACT 

Numerous studies have been conducted in the last decade to propose new forms of production control 
mechanisms (PCMs) and compare their performance with existing ones to determine which one performs best 
under different situations. However, most of these comparisons suffer from the problems of lacking a unified 
framework for comparison so that some mechanisms are not augmented with the optimal parameter setting when 
applied to the system under testing. On the other hand, it is also important to take into account the optimal 
trade-off between more than one objective when comparing different PCMs. This paper proposes the concept 
that PCM comparisons can be done effectively within the context multi-objective simulation optimization 
(MOSO). Specifically, it outlines the technique of applying confidence-based significant dominance to handle 
uncertainty from stochastic simulation outputs. Results from an example of applying MOSO and significant 
dominance to a simple unbalanced and asynchronous flow line for comparing four different PCMs, including 
Push, CONWIP, DBR and CWIP, are presented to illustrate the concepts.    

1. INTRODUCTION 

A critical issue in designing a production system is to determine an effective or preferably the “optimal” 
mechanism that controls the material flow. In the literature these mechanisms are referred as material flow control 
mechanisms, production and materials flow control mechanisms, flow control mechanisms [1] or simply production 
control mechanisms (PCM). In this paper, the term PCM is preferred because this kind of mechanisms addresses the 
problems of not only when to release material into the production line and their flow but also when a machine or 
workstation should be authorized to produce or stay idle with an aim to improve the performance of the whole line 
[2][3]. There are numerous PCMs that have been proposed in the last two decades. Reference [2] provides an 
extensive literature survey on different mechanisms. The most common ones that have been studied extensively are: 
MRP, Kanban, CONWIP and basestock, to name but a few. Many studies have been done specifically to determine 
which pull mechanism is the best. Recently proposed pull mechanisms include: G-MaxWIP [4] and CWIP [3]. This 
list can be very long if all of their variants or hybrid forms are also included. At the same time, as pointed out already 
in [2], similar (and sometimes identical) mechanisms are re-invented and referred to under different names because 
many authors exhibit only partial recognition of related work.  

Numerous studies have been conducted in the last decade to propose new forms of PCMs and compare their 
performance with existing mechanisms to determine which one performs best for various scenarios (simple flow line, 
job shop, FMS, etc). However, the major drawback of many of these comparisons is that they were not conducted by 
taking the optimal settings of the PCM for the particular system or example test case under study into account. For 
example, with an aim to compare a Hybrid Push/Pull and a CONWIP/Pull control policy, Geraghty and Heavey [5] 
asked “if the eight control policies evaluated in Hodgson and Wang [6] are compared under optimal inventory and 
safety stock levels will the same conclusions be drawn?” In that particular study, it has been found that the Hybrid 
Push/Pull control policy [6], under optimal inventory and safety stock levels, is indeed equivalent to the 
CONWIP/Pull [7] under evaluation. The question that they asked can actually be generalized when reviewing other 
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literature regarding PCM comparisons. As concluded by Framinan et al. [8], most of these comparisons suffer from 
the problems of lacking a unified framework for comparison so that some mechanisms are not augmented with the 
optimal parameter setting when applied to the system under testing. For a fair comparison of different PCMs, the 
operating parameters of each mechanism must be the optimal setting with respect to certain performance measures 
when applied to a particular system. While this concept sounds to be trivial, it imposes a number of practical 
problems in designing real-world production systems which are usually too complicated to be optimized by using 
analytical procedures [9]. In this case, one has to use simulation approaches. A complicated system means large in 
scale (multi-stational), non-linear material flow (assembly or irregular flow) and unreliable machines that subject to 
failure and with non-exponential processing times that break analytical methods. As a matter of fact, all these 
properties are characteristics that need to be considered when performing analysis on real-world production systems 
design. As suggested by many authors, simulation, or more specific discrete-event simulation (DES), is the only 
approach that can be used to study a production system that bears any of the above-said characteristics found in 
reality.  

 

 

 

 

Figure 1: Simulation-based Optimization (SO) 

Recent research in simulation-based optimization has render DES to be powerful optimization tool by integrating 
metaheuristic search algorithms, such as Genetic Algorithms (GA) or Tabu Search (TS) with DES software so that 
“optimal” or close to optimal solutions can be found automatically [10], as illustrated in Figure 1. While extensive 
research focus has been paid to SO since mid 1990s, when the first commercial SO package was launched [11], until 
now, virtually all of today’s commercial SO packages suffer from either one or both of these major limitations: (1) 
they work in a deterministic mode, without taking into account the stochastic outputs from DES; (2) they do not 
explicitly address multi-objective problems. As will be discussed in this paper, research in multi-objective search 
algorithms is now matured to equip SO packages with multi-objective capability. But, from a research perspective, to 
handle uncertainty induced by randomness from stochastic simulation for solving multi-objective optimization 
(MOO) problems have not been adequately addressed, which requires intensive research efforts. 

This paper attempts to lay a new general framework for supporting production systems design within the context 
of multi-objective simulation optimization (MOSO). Under this framework, different PCMs can be compared under 
their optimal settings with more than one, probably conflicting objectives. Specifically, this paper outlines the 
concept of applying confidence-based significant dominance to handle uncertainty from stochastic simulation output, 
which has been implemented into a Web-based DES system called FACTS Analyzer, specifically designed for 
conceptual factory design, analysis and optimization. The rest of this paper is organized as follows: Section 2 briefly 
introduces MOO using evolutionary algorithms; Section 3 illustrates the concept of significant dominance and why it 
is important to MOSO; the results of applying MOSO with significant dominance as the post-optimality analysis to a 
simple unbalanced and asynchronous flow line for comparing four different PCMs, namely Push, CONWIP, DBR 
and CWIP, are presented in Section 4. Finally, summary and future work can be found in Section 5.  

2. MULTI-OBJECTIVE OPTIMIZATION USING EVOLUTIONARY ALGORITHMS 

Most of the production systems design problems require the simultaneous optimization of more than one 
conflicting objective. For example, while throughput (TP) is the most common performance measure to determine 
the productivity of a line, there are two other important metrics used in production systems analysis, namely, cycle 
time (CT), also known as sojourn time or manufacturing lead time (MLT), and Work-In-Process (WIP). A short 
average CT means the total time a part or a product spent in the system is short, which means customer orders can be 
fulfilled within a shorter time and thus leverages the company’s competitiveness. A low WIP means the cost spent on 
material handling and storage is lowered and thus is also highly desired. Therefore, to a production manager, an ideal 
configuration is the one that maximizes TP while simultaneously minimizing CT and WIP. Unfortunately, this is 
never an easy task because in most of the real-world complex systems, these objectives are in conflict with each 
other. In a general MOO problem, there exists no single best solution with respect to all objectives as improving 
performance on one objective would deteriorate performance of one or more other objectives [12]. A simple method 

OptimisationSimulation

Solutions

Performance measures
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to handle a MOO problem is to form a composite objective function as the weighted sum of the conflicting 
objectives. Because a weight for an objective is proportional to the preference factor assigned to that specific 
objective, this method is also called preference-based strategy. Apparently, preference-based MOO is simple to 
apply because by scalarizing an objective vector into a single composite objective function (e.g. combining all 
performance measures into a weighted average objective function to represent the system investment cost), a MOO 
problem can be converted into a single-objective optimization problem and thus a single trade-off optimal solution 
can be sought effectively. However, the major drawback is that the trade-off solution obtained by using this 
procedure is very sensitive to the relative preference vector. Therefore, the choice of the preference weights and thus 
the obtained trade-off solution is highly subjective to the particular decision maker. On the other hand, without the 
detailed knowledge about the system under study, it is also a very difficult task to select the appropriate preference 
vector. Also from a mathematical point of view, this weighted function approach may not be able to find an efficient 
point if the Pareto front is not convex. Therefore, for a decision maker who is doing production systems design, it 
would be very useful if the posterior Pareto front can be generated quickly by using a MOO SO algorithm so that 
he/she can choose the most suitable configuration among the “best” trade-off solutions generated. 

Figure 2: (a) General multi-objective optimization procedure; (b) illustration of dominance 

Although it is important to have as many (trade-off) optimal solutions as possible in MOO, the user needs only 
one solution regardless of the number of objectives [12] – which of the optimal solutions to choose is up to the user 
based on qualitative information available and previous experiences. The process of choosing a solution is illustrated 
in Figure 2 (a). The set of trade-off optimal solutions generated in step 3 is called the Pareto set or the Pareto front. 
For deriving the Pareto front, most MOO algorithms use the concept of dominance [12]. A solution x1 is said to 
dominate the other solution x2, if both of the following two conditions are true: 

1. The solution x1
 is no worse than x2

 in all M objectives: i.e. 
 
 
 
2. The solution x1

 is strictly better than x2
 in at least one objective, i.e. 

 
 

 

 
     (a) General MOO procedure 

 
 
 
 
 
 

 
 

(b) Illustration of dominance. 
 

1 2( ) ( ) 1,2,...j jf x f x j M∀ =/     ⊳

{ }' '
'

1 2( ) ( ) for at least one 1,2,...     denotes "is better than"
j j

f x f x j M∈        where⊲ ⊲
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If any of these two conditions is false, the solution x1 does not dominate the solution x2. If x2 is dominated by x1, 

x1 is said to be non-dominated by x2. If the solution x1 is strictly better than x2 in all objectives, x1 is said to strongly 
dominate x2. Among a set of solutions X, the solutions which are not dominated by any other member of X is called 
the non-dominated set. When the set X corresponds to the entire search space, the resulting non-dominated set equals 
the Pareto front. Figure 2 illustrates the concept of dominance for a minimisation problem. In this example, point E is 
dominated by both point B and C. The points B and C are said to be non-inferior to each other. 

Classical optimization algorithms are less efficient to handle MOO because they usually only find one Pareto 
optimal solution in each run. In comparison, almost all Evolutionary-based Algorithms maintain a population of 
solutions so that they are very suitable for handling MOO problems through capturing multiple Pareto optimal 
solutions in one single optimization run. In the last decade, there have been many Multi-Objective Evolutionary 
Algorithms (MOEA) proposed by different researchers. Some of the most well-known ones include [13]: Vector-
Evaluated Genetic Algorithms (VEGA); Multiple-Objective GA (MOGA); Niched-Pareto GA (NPGA); Elitist Non-
Dominated Sorting GA (NSGA); Strength Pareto EA (SPEA) and Fast Elitist Non-Dominated Sorting GA (NSGA-
II). The NSGA-II algorithm was proposed by Deb et al. [14] using the concept of crowding distance. The crowded 
distance represents the amount of free space surrounding a solution (i.e. space not occupied by any other solution). 
This measure is calculated by forming a hyperrectangle (or a cuboid for three objectives) with the nearest neighbours 
of x as its vertices. The crowding distance comparison operator eliminates the extra niching parameter used in 
MOGA and several other MOO algorithms, which represents the major strength of NSGA-II. Even though NSGA-II 
has been criticized as having difficulties to generate non-dominated vectors that lie in certain (isolated) regions of the 
search space, it is regarded as a very efficient MOEA and used as the benchmarking algorithm for comparing the 
performance of MOEA. Its successful applications to a wide range of industrial problems have been reported, see 
[12] for a comprehensive review.  

3. MULTI-OBJECTIVE SIMULATION OPTIMIZATION USING SIGNIFICANT DOMINANCE 

Following is an example within the context of comparing PCMs to illustrate the importance of handling 
uncertainty induced from stochastic simulation models. Consider the following three solutions generated by a MOO 
using NSGA-II:  

Table 1: An example to illustrate the problem in MOSO caused by stochastic simulation output 

 Throughput (parts/hr)  Cycle Time (seconds) 
Solution r (mean) sr (s.d.)  t (mean) st (s.d.) 

A 9.9092 0.09731  7991 78.49 
B 9.9058 0.09605  7180 66.89 
C 9.8358 0.08936  6955 63.03 

 
Because rA > rB   (bigger is better for TP) but tA > tB  (smaller is better for CT) so that: 
  
 

With the concept of dominance this simply implies Solution A is non-dominated by B. However, if considering 
whether there is any statistically significant difference between A and B due to the stochastic simulation outputs, a 
different conclusion can be drawn. This can done by calculating the confidence interval (CI) for the difference 
between A and B using the method due to Welch [15] (see equation 1 below). The Welch confidence Interval rA − rB 
is [-0.053, 0.047], which covers 0. This implies that rA > rB is not significant. On the other hand, if we compare the 
CT(t) of A and B, the Welch CI is [-848.71, -773.29]. This implies that tA > tB is significant. The practical meaning 
for a decision maker is that Solution A is not significantly better than B in terms of TP but produces significantly 
longer CT. Therefore, the natural choice would be B after this binary comparison. In other words, Solution B 
actually dominates A; B is not “significantly” worse than A in TP but “significantly” better than A in CT. With a 
MOO procedure that uses the ordinary deterministic non-dominating sorting, the significant difference and 
indifference would not be distinguished. On the other hand, solution B and C do not dominate each other no matter 
one takes into account the concept of “significant dominance” or not; they are incomparable because they lie on the 
same TP and CT level.  

A B B Ar r t t∧   ⊲ ⊲
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While there are many researches that apply MOEA to simulation optimization, only a few of them explicitly 

handle the randomness or uncertainty induced from stochastic simulation models [16]. In the proposed extension of 
Pareto dominance defined in [17], while the need for a MOO algorithm to handle intervals are recognised, it did not 
specify how the intervals used for comparison in selection and/or dominance sorting are determined. More 
importantly, the approach using the partial order relation (> IN) to compare whether the intervals inside a single 
objective dimension are overlapped or not might not be adequate to tell the difference – depends on the underlying 
distribution and its skewness of the objective function variables, their mean values over the overlapping intervals 
might be significantly different or indifferent. On the other hand, the concept of stochastic and significant dominance 
defined in [18] is highly relevant to this paper. In their approach, the probability of having the mean value of an 
objective variable from solution A, a, is greater than the one from another solution B, b, is determined using the 
following equation:  

 
    
 
The difficulty of using the above expression to determine the probability of significant difference between two 
objective function values is that their true variances are generally unknown. Although the normality of the objective 
function variables can be ensured by “sufficiently large sample size n” (central limit theorem), it is in practice 
difficult to make such claim because the more skewed the underlying distribution of the objective function variable, 
the larger the value of n is needed for the distribution to be closely approximated by Ф(z), the normal distribution 
function with µ=0 and σ2=1 [15]. Because of this, the concept of significant dominance based on the t statistic test, 
commonly used in output analysis of simulation modelling, is proposed. We refer to this technique as confidence-
based significant dominance, as it is based on determining the CI of possible difference between two samples of 
unknown and probably unequal variances. A solution x1 is said to significantly dominate the other solution x2, if both 
of the following two conditions are true: 
 
1. The solution x1

 is not significantly worse than x2
 in any of the M objectives: i.e. 
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The Welch CI can be calculated by: 
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The degree of freedom can be obtained by the Welch estimation:  
 
 

 

 

 

 

Instead of a 1- α confidence region, the confidence level has to be constructed by replacing the error rate α with 
α/M if there are M objectives, due to the Bonferroni Inequality. So, for a MOO problem of 2 objective functions, to 
obtain a 95% confidence (i.e. 100×(1−0.05)%) for the non-dominated sorting, each objective has to be compared 
with 97.5% (i.e. 100×(1−0.025)%) confidence level.  

The concept of significant dominance can be applied in post-Pareto optimality analysis or directly embedded into 
a MOEA. For the latter case, we have developed a new variant of MOEA called MOPSA-EA (Multi-Objective 
Parallel Surrogate-Assisted EA) [19] using the concept of evolution strategy to facilitate parallel simulation. Initial 
results have been generated for applying MOPSA-EA to the ZDT benchmarking functions as well as two industrial 
MOO problems [19]. In the current paper, the results of comparing four common PCMs using MOO with NSGA-II 
and post-optimal significant dominance analysis to a simple unbalanced and asynchronous flow line is presented in 
the next section. Results of applying MOPSA-EA directly to PCMs comparison will be reported in future 
publication.  

4. A CASE STUDY 

The production line under this study is a simple asynchronous (unpaced) serial flow line with inter-station buffers 
and no parallel machines. An asynchronous flow line is one in which a part is passed from one workstation (WS) to 
another once its processing is completed. Inter-station buffers between two sequential WSs are needed to absorb the 
disturbances of the WSs due to, e.g. machine break down. Since the WSs are not paced, upstream WS may subject to 
blocking if the immediate downstream WS is occupied and the buffer between them is full. On the other hand, a WS 
downstream will be idle (starving) if it has finished the current part and the buffer in front of it is empty. Such a 
system design can be found commonly in machining lines in industry making discrete products, e.g. automotive 
engines. MOSO runs were carried out for comparing four types of PCMs, namely simple Push, CONstant WIP 
(CONWIP)[5,8-9,21], Drum-Buffer-Rope (DBR)[1,9,22] and Critical WIP (CWIP)[2], when applied to this simple 
flow line. Therefore, four simulation models were constructed using a Web-based SO system called FACTS 
Analyzer [23]. The DBR model is shown in Figure 3. Other than the integrated optimization capability, FACTS 
Analyzer facilitates the rapid modelling of production lines with a list of predefined modelling objects like Kanban, 
CONWIP and Takt.  

Buffer sizes are the main decision variables for the MOO problems but additional optimization parameter(s) has 
to be considered when different PCMs are used. In other words, the problem addressed here can also be regarded as 
a buffer allocation problem (BAP) that taking into account the optimization of PCM. For example, in addition to the 
buffer capacities, another important decision variable that has to be optimized is the level of CONWIP for both 
CONWIP and DBR. While there are numerous researches on the optimal allocation of buffer capacity in production 
systems, there is relatively small number of papers concerning unbalanced (or bottlenecked) production systems [9]. 
The flow line example used for comparison is therefore consisted of 6 workstations of mean processing time 4 
minutes, except Station 4 (See O4 in Figure 3), which is the bottleneck (6 minutes). In this case, station 4 acts also as 
the “drum” in the DBR controlled model; when a part leaves station 4, a new part can be released to the line. We do 
not consider machine breakdown explicitly but the processing time at each machine is considered to be an 
independent random variable with values chosen randomly from an exponential probability distribution functions. 
The exponentiality of the processing time is rather unrealistic in real-world production systems but it can provide 
good approximation to the variability due to failures and repairs [20]. 

For CWIP, the critical WIP is the “critical parameter” to be optimized. It should be noted that the CWIP 
mechanism used here is very different from that described originally in [2]. Instead of having the “Critical WIP 
parameter” associated with the last machine in the production line, we control the critical WIP of the buffer one step 
upstream of the bottleneck station, i.e. B2 (Buffer2) in this case, by applying the following rule: 
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Since a part will only be released when WIP level in B2 drops and M1 is not occupied, the logic object in the 

simulation model generated by FACTS Analyzer will only check WIPB2 whenever a part leaves B2 or M1. At the 
same time, unlike the original CWIP, the total WIP limit in the whole line is not controlled as in CONWIP. It is not 
difficult to see there is a constraint for the capacity of B2: B2 ≥ CWIP.  

Figure 3: FACTS Analyzer models for the simple flow line controlled by DBR 

(a) (b) 

Figure 4: (a) Pareto fronts generated by using NSGA-II; (b) post-optimality analysis using confidence-based significant 
dominance on the generated Pareto fronts  

Figure 4 (a) illustrates the Pareto fronts generated by MOO using NSGA-II for the flow line under study. Each 
Pareto front represents the optimal trade-off of TP (parts/hr) and CT (seconds) when the line is controlled by a 
specific type of PCM (CONWIP, DBR or CWIP). Figure 4 (b) shows the results obtained by applying confidence-
based significant dominance to the Pareto fronts in Figure 4 (a). It can be seen that a number of points have been 
removed, especially those which are located in the high throughput zone, because with the same level of throughput, 
those configurations have produced significant longer CT (>7000 seconds). The Pareto fronts are further analysed by 
comparing the data points in Figure 4 (b) that produce the same level of TP at 9.0 parts/hr. This is done by 
performing all pairwise comparisons for the circled solutions obtained from Figure 5 (noted that the Pareto front 
generated from the Push model is also included). TP and CT data of individual solutions obtained from different 
PCMs is presented in Table 2. Table 3 shows the results of the all pairwise comparisons, in form of the individual 
99% CIs, testing on the significant difference in TP and CT using the data in Table 2. It can be seen from the results 
in Table 3 that for a certain optimal configuration, at the same level of TP, CWIP can achieve significantly shorter 
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CT than Push and Push can achieve shorter CT than DBR, which in turn is better than CONWIP. In other words, for 
this particular unbalanced flow line under study, the following conclusion from the PCM comparison, with respect to 
TP and CT, can be drawn: 

 

 

 

 

 

 

 

 

Figure 5: Comparing the solutions on the Pareto fronts that give TP at ~9.0 parts/hr.  

Table 2: TP and CT data of individual solutions that produce around 9 parts/hr under different PCMs 

 Throughput (parts/hr)  Cycle Time (seconds) 
PCM Y sy  x sx 
CWIP 8.9896 0.0862  3886 51.23 
Push 8.9906 0.0766  3973 71.75 
DBR 9.0013 0.0769  4241 40.64 

CONWIP 9.025 0.0782  4387 38.31 
 

Table 3: Individual 99% CIs for all pairwise comparisons; * negative CI denotes a significant difference, e.g. CT of CWIP is 
significantly shorter than PUSH  

 
 

 

 

 

Welch 99% Confidence Interval 

Throughput 

PCM Push DBR CONWIP 

CWIP [ -0.057 , 0.055 ] [ -0.068 , 0.045 ] [ -0.092 , 0.021 ] 

Push  [ -0.063 , 0.042 ] [ -0.088 , 0.019 ] 

DBR   [ -0.077 , 0.030 ] 

 Cycle time 

PCM PUSH DBR CONWIP 

CWIP [ -129.58 , -43.53 ]* [ -386.85 , -323.15 ]* [ -532.19 , -469.81 ]* 

Push  [ -308.90 , -227.98 ]* [ -454.41 , -374.47 ]* 

DBR   [ -173.16 , -118.84 ]* 

 CWIP  PUSH  DBR  CONWIP⊲ ⊲ ⊲
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5. SUMMARY AND FUTURE WORK 

Major contributions to knowledge of this study can be summarised as follows: 

� The concept of comparing PCMs within the context of MOSO has been proposed. 

� The concept of confidence-based significant dominance has been introduced to cope with the stochastic 
simulation outputs for MOO problems. 

� A “new” Critical WIP control strategy has been proposed. Using the PCM comparison method proposed 
in this paper, this CWIP strategy has found to outperform Push, DBR and CONWIP strategy, in terms of 
its capability to achieve shorter CT at the same level of TP, at least for the simple unbalanced and 
asynchronous flow line that has been studied in this paper.  

Because of the initial promising results as presented in this paper, analysis on more complex system design with 
multiple product mix (e.g. in a FMS environment) warrant further study. On the other hand, results of applying the 
confidence-based significant dominance into the tournament selection and non-dominating sorting of the MOPSA-
EA for PCM comparisons will be reported in future publication.  
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ABSTRACT 

Manufacturing Enterprises (MEs) are complex configurations of  networks of processes designed to achieve 
specified goals and objectives within a defined environment. Successful enactment of those networks results in 
coping with present demands of the organisation. Changes occurring within such an environment or within the 
ME will necessitate reconfiguration of relations to cope with new requirements. Therefore it is essential that the 
ME is capable of reconfiguring such processes effectively and efficiently to achieve the strategic intent that the 
organisation has set to attain. Enterprise modelling enables such reconfiguration by effectively capturing static ( 
i.e., enduring aspects of the ME) which can provide a ME specific requirements and descriptions which can be 
linked to dynamic (i.e., time dependent) process relations as well as resources necessary to enact those processes 
by creating reusable models that document, communicate and permit the analysis of current and potential 
candidate solutions. Enterprise modelling provides a reference framework in for the static models. This paper 
discusses the usage of enterprise modelling within the context of a manufacturing cell typically found in the 
automotive industry. Utilising such methods and tools as CIMOSA to capture the static, i.e., enduring, aspects of 
the process networks and Tecnomatix Plant Simulation®, to capture dynamic aspects of a production cell. The 
novelty of the present paper lies in the combined use of enterprise modelling and discrete event simulation to 
decompose and to assess potential candidate solutions which can inform the decision making process of an ME. 

1. INTRODUCTION 

Increased competition faced by Manufacturing Enterprises (ME’s) forces reassessment of current practices in 
order to cope with changing requirements posed by both external, such as customers , vendors, competitors, etc. and 
internal, i.e., manufacturing policies, strategic direction, costs, etc. ME’s are complex networks of processes that 
interact to obtain a common goal or objective. Interaction between processes with each other and the environment 
facilitates successful completion of targets established beforehand. As requirements change, reconfiguration of 
existing relations needs to be revised to better satisfy the conditions it addresses. A methodology is needed to permit 
the depiction of multi level perspectives on the organisation at which changes will occur to comply with new 
circumstances.  

Enterprise modelling (EM) explicitly captures multi – perspective  understandings about relatively enduring 
process oriented relationships in a given ME and therefore enable the discussion of potential strategic intent option 
by providing a framework for analysis of behaviour in the organisation in current and possible proposed future 
states. It also facilitates representation and analysis tools and methodologies that address the complexity of an 
organisation under study to effectively assess its relation at various levels of abstraction or modelling detail. EM 
also enables the generalisation and particularisation of captured models which may become reference models for 
practitioners and researchers alike. Various methods have been developed to model diverse aspects of the enterprise, 
such as ARIS, GRAI – GIM, CIMOSA, PERA, etc [3]. These have enabled the decomposition of a whole enterprise 
into smaller domains thus permitting a detailed study of internal relations of processes, control and information 
flow, resources, etc required to realise processes. Mapping current practices enables the modeller to propose 
potential candidate solutions to satisfy requirements.  
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The CIMOSA (CIM Open System Architecture) methodology enables a problem domain decomposition of 

relations and facilitates the representation of various aspects of an enterprise, such as, resources, information flows, 
control flows, etc. that are necessary for the analysis of current and potential candidate solutions.  

Whilst static representation of the system in the ME provides useful for procedural analysis, additional dynamic 
(time-dependent) analysis is normally perceived to support decision making in the enterprise. Analysis of time 
dependent relations facilitates illustration of behaviour over time of instances of a process and groups of instances of 
a process and the utilisation of physical and human resources. This paper discusses benefits of static and discrete 
event simulation applied in the context of a manufacturing cell. In so doing it contrasts difference between  a manual 
(or traditional) approach to that of automated option presented.  

2. CURRENT VIEW OF LITERATURE  

Complex problem domains can be managed by fragmenting and simplifying into understandable domains; 
provided that the behaviours of elemental domains are at least in part decoupled from that of other domains. EM 
facilitates this and of decomposition by providing tools and methods that facilitate comprehension of such 
domains[2]. Decomposition principles found in EM facilitate understanding and integration at all levels of 
decomposition, and thus supporting strategic to operational decision making[6]. Relationships captured at these 
different levels of abstraction (or granularity) will illustrate also the needed information and control flows necessary 
to enact processes. Enterprise models provide transparency and can represent current operations with sufficient 
detail so as to assess their viability and generate alternatives to cope with changing requirements[1]. An additional 
benefit to the organisation is to provide training to new employees and to document the activities realised by the 
enterprise.  

CIMOSA was develop as part of the AMICE Consortium [1 – 3, 7]to tackle problems with  a process driven 
approach. It addresses the complete lifecycle of the system to be implemented from requirement specifications to 
implementation[2]. CIMOSA provides building blocks for modelling, i.e., processes, events, enterprises activities 
[1].  

Discrete event simulation permits the creation of a model that observes the changing behaviour of a set of 
variables in discrete intervals of time[4]. This characteristic is common to the majority of manufacturing systems, 
therefore utilising this technique facilitates the analysis of the behaviour of the system. Several benefits can be 
observed of such simulation: rapid change in configurations that permit a ‘what if’ analysis, inclusion of stochastic 
models which enables an analytical approach to process variance, assessment of potential costs in selecting a 
potential candidate solution.  

Automation systems have enabled ME’s to reduce process times in repetitive operations. One typical instance of 
such systems is FESTO® components that can be configured as a manufacturing cell, which provides a wide range 
of automation configurations that are used across several industries and academia[5]. Use of these systems has 
proved to be popular for training purposes.  

3. CASE STUDY 

A component assembly factory has manual process to produce its products. There are several aspects to the 
production, but the focus of the problem will concentrate on preparing the components for assembly. A set of 
CIMOSA models were created to further decompose and understand the problem domain. Developments a the MSI 
Research Institute at Loughborough University have lead to the establishment of four types of diagrams to 
decompose a system, namely: Context, Interaction, Structure and Activity. Context diagrams provide the relevant 
actors that contribute to realise a central objective. Interaction diagrams show relevant set of processes and the 
interaction they have with each other within a given context. Structure diagrams provide a hierarchical 
decomposition of the sub-processes (or business processes) that belong to a central domain process (or business 
process). It also may represent the ‘order’ of execution of the sub-processes, i.e., which would be the first process to 
be enacted, although there is no indication of precedence or linkage between sub-processes. Activity diagrams 
represent the information, resource and potentially control flows of activities within a given business process. These 
four views of a system enable a multi-perspective on the system and facilitate analysis of current and future state 
configurations. Fig. 1 illustrates the top level or Context in which production of components is realised. Context 
Diagrams represent the common goal,  i.e., Manufacture Components to Order and the relevant actors, or Domains, 
that are needed to achieve this purpose. Domain 1 (DM1) Production is the only CIMOSA domain, that is, a domain 
which is of interest , i.e., within the project’s scope, and thus will be further decomposed and modelled. The rest are 
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domains that are out of the project scope but have a role in obtaining the common goal. These domains will not be 
modelled or decomposed but the interactions with the CIMOSA domain will be represented.   

 

 

Fig 1 A Context Diagram of the Manufacturing Enterprise 

 
The next step when decomposing the domain ‘Production’ is to represent the Business Processes that belong to 

this domain. Fig 2. illustrates this decomposition. Domain Processes (DP) are a subset of processes contained in 
previously identified domains represented in the Context Diagram. They represent relevant ‘acts’ that the domains 
realises within a given context. A Business Process (BP) is a high level abstraction that contains one or more of sub 
Business Processes. If there is a need of further decomposition this can be achieved until so called Enterprise 
Activities (EA) and relationships between EA’s is defined. For the purpose of defining functional and control logic 
related to the BP’s and EA’s of a process these process segments can be further decomposed into their Functional 
Operations (FO), needed and Functional Entities (FE) which carry the FO’s [1]. The decomposition for the current 
case did not decompose the EA’s into such levels. However, FO’s and FE’s are useful to define further 
requirements, such as operator skills, needed to perform a particular task. 

The DP1 Production Domain process was found to be usefully decomposed into four Business Processes: BP1.1 
Manage Production, BP1.2 Manufacture Components In Cell, BP1.3 Assemble Components and BP1.4 Deliver 
Components. These are decomposed as well into BP’s and EA’s shown in Fig. 2.  
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Fig 2.  A Structure Diagram of the Manufacturing System 

 
A final viewpoint presented is the Activity Diagram for BP1.2 Manufacture Components in Cell and its subset of 

EA’s. This viewpoint illustrates the flow of materials, processes and relations between the EA’s and necessary 
resources the activities need. The activities illustrated relate to the decomposition shown in the previous Structure 
Diagram (Fig. 2). Fig. 3 is the resulting Activity Diagram. The first activity is ‘EA 1.2.1 Load Components to 
Production Line’. A human resource ‘Worker – Load Components’ a physical resource ‘Conveyor’ are needed to 
enact this activity. The next activity is ‘EA 1.2.2 Inspect Components’. This activity requires of a human resource 
‘Worker – Inspect Component’ to be completed. The following operation is ‘EA 1.2.3 Drill Component’, in which a 
physical resource called ‘Drill’ and a human resource ‘Worker – Drill Component’ will be required to perform this 
activity. The following activity is ‘EA 1.2.4 Classify Component’  in which the resource ‘Worker – Classify 
Component’ stores the component manufactured according to the colour of the component. There are currently two 
products manufactured: Red and Black components that will be used at a later stage. The last activity in the ‘BP 1.2 
Manufacture Component’ is ‘EA 1.2.5 Store Component’. This activity needs competencies of a human resource 
‘Worker – Store Component’.  This is the last stage in this process and it interfaces with an activity from the next 
business process. As the focus of these diagrams is to show the appropriate level of abstraction, any related activity 
that is not encompassed within the business process decomposed will be accessed via an external link. This enables 
the analyst to observe all interactions that a particular portion of the system has with its environment.  Activity 
diagrams can also be semantically enriched to show precedence relationships between activities and/or to show 
information entities needed to realise and/or control activities. In general, Activity Diagrams can be useful for many 
purposes including: to visualise processes, workflows, value streams and processes costs; to realise improved 
process and production system controls; to achieve improved resource system designs and to design improved IT 
systems. Normally it is a good thing to keep activity diagrams simple as possible so the way in which, and level to 
which, semantic enrichment is undertaken is generally purpose dependent. Although there is no specific 
representation of states of activities or of their typical execution duration (as this is not in the scope of CIMOSA), 
activity diagrams graphically specify general sequential ordering of the activities envisioned. 
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Fig 3. Activity Diagram for the BP 1.2 Manufacture Components in Cell 

 
Having created the CIMOSA models, two resource systems options were considered in this case study. The 

suggestion of utilising an automation system could potentially increase the throughput of the production system 
minimising time between operations. For sake of comparison it was decided that the production process wants to 
remain unchangeable; hence the operations realised by the system would be similar irrespective of the way they 
would be resourced. A comparison between the options would be the quantity of goods manufactured in specific 
time unit, in this case, one hour.  

Discrete event simulation software Plant Simulation® was utilised to capture current and proposed solution 
activities and related operation times to analyse outcomes of the options. Fig. 4 illustrates the current state of the 
manufacturing system. Although the activities are similar to those represented in the CIMOSA models, it should be 
noted there are differences between the views of the system as discrete event simulators represent and analyse the 
status of modelled elements and work entities at discrete points in time. In this case parts (the work units in this 
case) enter a conveyor that transports them to the first station by which components are inspected . The next station 
performs a drilling operation. The next operation classifies components into Red and Black and takes them to the 
storage. The product will then pass to the appropriate box to be utilised by the Assembly production line. 
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Fig. 4 Manual activities performed to produce components. 

 
Fig 5. presents the same operations yet as it is performed by an automation system, composed solely of machines 

that would perform the same tasks as the manual, or traditional approach. Therefore there is no need to model the 
human element as the operations are done automatically. An inherent benefit of this approach is the precision in 
which the operations are carried out with minimal supervision.  

 

 

Fig. 5 An automated solution for a manufacturing cell 

 
Fig. 6 documents the output of the previous two models. Model 1 represents the automation system against 

Model 2 that involves human interaction. Both models were run utilising a random distribution for the colour of the 
components, 60% probability for a Black Component and 40% for a Red Component. It was assumed that there 
were no defects in production, and that a continuous stream of components was readily available. Simulation was set 
for an hour of production with the system starting with no units produced. The total output for Model 1 was 144 
Black components manufactured and 94 Red components. Model 2 presented 38 Black components manufactured 
and 41 Red components manufactured. Utilising discrete event simulation enabled the analysts to conclude that the 
installation of an automation system would increase production dramatically. Data presented in this paper was 
amongst the reasons cited for such improvement. 
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Fig. 6 Comparison between manual and automation models .  

 

4. CONCLUSIONS  

 EM and discrete event simulation respectively provide: (1) a framework and (2) a mechanism for quantitative 
analysis that facilitates understanding of the complexities of a system. Combining these modelling approaches 
enables the decomposition into manageable portions that can be assessed to propose novel ways to perform current 
activities. Static modelling, such as CIMOSA, provides a ‘big picture’ baseline into which dynamic models can be 
mapped to comprehend the network of processes an ME has and to propose potential candidate solutions. Discrete 
event simulations facilitate the analysis of behaviours in the activities under study when they are resources by 
alternate candidate human an technical resource systems and permits creating models that can serve as support for 
the decision making systems. This enables the ME to assess potential candidate solutions with regards to one or 
several performance measures and identifies resources behaviours which would then serve as a basis to reconfigure 
the production system. One benefit of such an approach is a lower risk in implementation as potential shortcomings 
can be detected in the experiments results. Another benefit is the observation of system behaviours that could take a 
long time to manifest in the system, i.e., bottlenecks, queues in stations, etc. Models created can serve to document 
current or proposed future state, thus facilitating such activities as internal auditing of processes, quality systems 
implementation, etc.  

5. ACKOWLEDGMENTS 

 The authors acknowledge support offered by members of the Centre of Excellence in Customised Assembly  of 
Loughborough University.  

1226



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden

 
REFERENCES 

 [1] Kosanke, Kurt: “CIMOSA – Overview and status”, Computers in Industry, No. 27, pp. 101 – 109, 1995 
[2]Zelm, Martin, Vernadat, Francois B. and  Kosanke, Kurt: “The CIMOSA business modelling process”, Computers in 

Industry, No. 27, pp. 123 – 142, 1995 
[3] Berio, G. and  Vernadat, F.B.: “New developments in enterprise modelling using CIMOSA”, Computers in Industry, No. 40., 

pp. 99 – 114, 1999 
[4] O’Kane, J. F., Spenceley, J. R. and Taylor, R.: “Simulation as an essential tool for advanced manufacturing technology 

problems”, Journal of Materials Processing Technology, No. 107, pp. 412 – 424, 2000 
[5] Festo Didactic, http://www.festo-didactic.co.uk (Accessed Jan. 31st, 2008) 
[6] Ortiz, A., Lario, F. and Ros, L.: “Enterprise Integration – Business Proposed Integrated Management: a proposal to develop 

Enterprise Integration Programs”, Computers in Industry, No. 40, pp. 155 – 171, 1999 
[7] Monfared, R. P. and Weston, R. H.: “An application of CIMOSA concept in the development of change capable 

manufacturing cells”, Computer in Industry , No. 40., pp. 243 – 257, 1999. 

1227



Using Petri Nets for DES modeling and optimization of assembly processes 
 

Using Petri Nets for DES modeling and optimization of  
assembly processes 

Gerald Weigert 1, Thomas Henlich  

Department of Electrical Engineering and Information Technology 
Technische Universität Dresden 

01062 Dresden, Germany 

ABSTRACT 

For modelling assembly processes, methods based on precedence graphs are in common use. We show that they 
are not capable of describing all situations in the assembly process in an unambiguous and complete fashion. 
Thus additional data, which does not come from the structure of the graph itself, is required for the concrete 
implementation of a simulation model. Bipartite graphs which form the basis of AND/OR graphs and Petri nets 
do not have this disadvantage. Therefore we use a special type of Petri net to model assembly processes. We 
demonstrate that all possible situations including dynamic and static resource allocation can be represented 
unambiguously with this type of graphs. Petri net models are only a medium to translate the real process from 
the view-point of the user into a discrete-event simulation model. These models are generated automatically from 
relational databases. The simulation model is capable of reflecting multiple parallel assembly processes and can 
predict characteristics like utilisation, stock or adherence to schedules. Additionally some control variables can 
implement alternative assembly strategies or deployment of personnel. A modified threshold algorithm is used for 
scheduling a practically relevant assembly process of milling machine tables.  

1. INTRODUCTION 

Precedence graphs or precedence diagrams have been a means for describing assembly processes for a long 
time, ever since Prenting and Battaglin [1] used them in in-line balancing problems in 1964. Much literature is 
available on this subject. 

Niu et al. [2] give a thorough definition of precedence relations (“logical combinations of parts or part 
connections that must be established either before or after others”) and the precedence graph (“a directed graph, 
whose nodes represent the assembly operations on parts and whose arrows represent the precedence relations 
between operations”). They note that more than one graph may be needed to describe alternatives, because the 
graph in itself does not have that capability. 

Lambert [3] discusses why precedence graphs are so useful (“Because the number of possible assembly 
sequences is exponentially increasing with the product's number of components, the explicit listing of all these 
sequences is not feasible. Fortunately, the set of all the sequences can be graphically represented via a directed 
network.”). The author shows that technically oriented precedence graphs are very similar to those used for project 
and business planning and the same methods can be applied: “basic mathematical programming (MP) tools such as 
Critical Path Method (CPM), and Project Evaluation and Review Technique (PERT).” 

For many tasks, precedence graphs are just the right description tool. But when more complex situations like 
alternatives are to be described, their usefulness is somewhat limited, as will become clear from the next sections. 
So it makes sense to introduce a slightly more powerful, yet still easy-to-use, means of description: Bipartite graphs. 
By adding just one extra type of node the flexibility is increased tremendously in comparison to simple precedence 
graphs. Bipartite graphs form also the base of Petri nets which are a well-known tool in many fields of application, 
e.g. control theory. In this paper they are used to bridge the gap from assembly description to discrete-event 
simulation and optimization of assembly processes by means of automatic model generation and parametrization. 

                                                           
1 Corresponding author: Tel.: +49 351-463 36439; Fax: +49 351-463 37035; E-mail: gerald.weigert@tu-dresden.de 
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2. REPRESENTATION OF ASSEMBLY PROCESSES 

2.1. A COMPARISON OF PRECEDENCE GRAPHS AND BIPARTITE GRAPHS 

Precedence graphs [2] are a simple and widely-used method to describe assembly processes. But there are also 
drawbacks: in the following example we show that precedence graphs are not sufficient to model all cases of 
assembly problems. Petri nets (which are based on bipartite graphs) do not have this restraint as will be shown in 
this section. 

In precedence graphs, boxes denote work steps and arcs denote the relationship between them (predecessor or 
successor). 

In Petri nets, a transition (represented with a wide vertical dash in this paper) corresponds to a work step, and a 
place (circle) corresponds to a state of a product. A token (dot) can represent a job, and a place with a token in it 
means that one product is now in this state. If the place represents a resource then the token shows that the resource 
is still available. 

Let us start by introducing some of the basic elements of assembly processes and their description in either 
graph types. Figure 1 shows a conjunction of three work steps: Step D can only be executed if all of steps A, B and 
C are finished. To put it another way: D requires A, B, C. The right side of the figure shows the same conjunction in 
a Petri net: Transition D can only start if at least one token is in each output place of transitions A, B, C 
respectively. The presence of such a token requires in turn that the appropriate transition has been fired before. 

A

B

C

D

A

B

C

D

 

A

B

C

D

A

B

C

D

 

Figure 1: Conjunction (requirements). Left: precedence graph. Right: Petri Net. 

Alternative work steps (Figure 2) are another very important element in assembly graphs: Either of the work step 
sequences A-B-D and A-C-D is valid in this example. Both can be represented in either graph form, but in the 
precedence graph, a special attribution (represented here by using “a1” or “a2”, in which “a” stands for 
“alternative”) is required, as will become clear from the following paragraphs. 

D

a2C

a1B

A D

a2C

a1B

A

 

A

B

C

DA

B
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Figure 2: Alternative work steps 
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A

 

Figure 3: Concurrent work steps 

Even though more information is required to determine which transition (B or C) in the Petri net model (right 
figure) will fire, it is clear that only one of them can actually do: the first transition to fire will consume the token in 
its input place, thus preventing the other from firing. 
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Another situation is concurrence of work steps (Figure 3). As opposed to Figure 2, both steps B and C must be 
completed before D can start (represented here by using “p1” or “p2”, where “p” stands for “parallel”). Work steps 
B and C require in turn A to be finished before they can be executed. The same can be expressed as a Petri net (right 
figure). Both of the simple examples show that the precedence graph is ambiguous and in contrast to the bipartite 
Petri net graph additional information is necessary. 

a2A3

D

A1

B1

C1

a1A3

a2A2

a1A2

p1B3p1B2

p2C3p2C2

p3C3p3C2

a2A3

D

A1

B1

C1

a1A3

a2A2

a1A2

p1B3p1B2

p2C3p2C2

p3C3p3C2  

Figure 4: Precedence graph with parallel and alternative work steps 

This is even more applicable in the case of complex assembly processes. The assembly graph shown in Figure 4 
consists of alternative and parallel (concurrent) work steps. However, from the structure of the graph alone this 
cannot be deduced. That is why a special attribution of work steps had to be introduced, from which the relations of 
the work steps to each other can be read. For instance A1, A2 and A3 are work-steps which can only be executed 
sequentially. The prefixes a1 and a2 denote alternatives respectively. The work step C1 is split into the parallel work 
steps p2C2 and p3C2 (p2C3 and p3C3 respectively). The alternative work steps Ax can be understood to be 
operations parallel to C2 (and C3 respectively), just like B2 and B3. 
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Figure 5: Left: Petri net without synchronisation. Right: Petri net with synchronisation. 

If we represent this assembly graph in the form of a Petri net, we can recognize its characteristic from the 
structure of the graph alone. An additional system of denotation is unnecessary (in fact, it was only used here to 
demonstrate the correlation to the assembly graph, see Figure 4). The properties of the work steps, especially their 
duration, can actually be tied to the transitions' output arcs. In case all output arcs of one transition have identical 
properties, things can be simplified by tying them directly to the respective transition. 

Petri nets are very flexible and can be used to describe even more complicated processes: Figure 5 shows a net 
in which work steps p2C2 and p3C2 are synchronized, which means they always start at the same time. The 
precedence graph in Figure 4 does not determine that: it remains unclear whether the operations are synchronous or 
asynchronous. 
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As we see, the concept of bipartite graphs, especially Petri nets, provide a useful tool for describing even the 
most complex assembly processes. This avoids ambiguity and facilitates the automated creation of simulation 
models. 

2.2. SPECIAL PETRI NETS: TIMED ARCS VS. TIMED TRANSITIONS 

In order to be a useful tool in discrete-event simulation, a time (duration) property must be introduced into the 
concept of Petri nets: the result is the so-called “Timed Petri net”. In order to model events as the delay of token 
flow after a transition has been fired, the concept of a “timed output arc” is used here where there is a delay from the 
firing of a transition until the token appears at the output place of this particular transition. 

There is a special case which is not too rare: If all output arcs of a transition have the same duration or if there is 
only one output arc, then it is convenient to put the duration not at the arcs, but directly at the transition (called a 
“timed transition”). 

In addition to the classification in König/Quäck [4] of the types of time attribution we introduce a type III 
transition, in which immediately after the firing of the transition the output places are reserved for the tokens, and 
after the specified time has elapsed, this reservation is replaced by the actual token. This “Timed Transition Petri net 
with forward reservation” allows us to model some restraints of the assembly process in a more consistent way, e. g. 
the maximum capacity of a station. 

3. REPRESENTATION OF ASSEMBLY PLANS IN DATABASES AND THEIR TRANSFORMATION INTO SIMULATION 
MODELS 

Since relational database management systems are so widespread in industrial application, it is beneficial to 
model the work plan data structure to facilitate storage in such a database. The transitions (work steps) and states 
(articles) have a table each, and the two types of arcs (input and output arcs) also have a table, which makes a total 
of four tables. The relationship between these entities is implemented with foreign key restraints. Table 1 shows the 
structure of the tables in SQL-92. 

Table 1: SQL-92 data definition of assembly plan database 

CREATE TABLE articles ( 

  articleId       VARCHAR(64) NOT NULL, 

  name            TEXT, 

  PRIMARY KEY (articleId)); 

 

CREATE TABLE worksteps ( 

  workPlanId      VARCHAR(64) NOT NULL, 

  workStepId      VARCHAR(64) NOT NULL, 

  name                TEXT, 

  duration            TIME, 

  PRIMARY KEY (workPlanId,workStepId)); 

 

 
 

 
 

CREATE TABLE results ( 

  workPlanId          VARCHAR(64) NOT NULL, 

  workStepId          VARCHAR(64) NOT NULL, 

  articleId           VARCHAR(64) NOT NULL, 

  amount              INTEGER, 

  PRIMARY KEY (workPlanId,workStepId,articleId), 

  FOREIGN KEY (workPlanId, workStepId) REFERENCES 

  worksteps(workPlanId, workStepId), 

  FOREIGN KEY (articleId) REFERENCES articles(articleId)); 

 

CREATE TABLE requirements ( 

  workPlanId          VARCHAR(64) NOT NULL, 

  workStepId          VARCHAR(64) NOT NULL, 

  articleId           VARCHAR(64) NOT NULL, 

  amount              INTEGER, 

  PRIMARY KEY (workPlanId,workStepId,articleId), 

  FOREIGN KEY (workPlanId, workStepId) REFERENCES 

  worksteps(workPlanId, workStepId), 

  FOREIGN KEY (articleId) REFERENCES articles(articleId)); 

 

Transformation into simulation models is done via the simulator's database interface (e. g. ODBC or similar SQL 
based APIs). This is very specific to the features of the simulator software involved and one particular example of 
model buildup is given in [5]. Figure 6 shows an example Petri net (left) and the result of the transformation of this 
net into a simulation model (right). 
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Figure 6: Left: Petri net, Right: Annotated simulation model of a simple assembly plan with alternatives 

4. OPTIMIZATION IN ASSEMBLY 

4.1 HEURISTIC OPTIMIZATION: THE OLD BACHELOR ACCEPTANCE 

Frequently, the complexity of practical problems of production control is too high to be solved by usual 
analytical methods. Heuristic optimization algorithms in connection with simulation systems are a suitable 
alternative in these cases. 

Figure 7 shows the basic principle of a simulation-based optimization system. The problem is described by a 
simulation model which includes a set of control variables x and responds with an objective value C after a 
simulation run is completed. The control vector x consists of several variables x which influence the behaviour of 
the simulation model; it could be for example the job permutations, the release dates, the number of assembly 
operators or their availability. Hence the optimization system is divided into an assessment part on one hand and a 
separate optimization algorithm on the other hand. Both of these subsystems communicate by x and C while the 
optimization cycle is running. 
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Algorithm

Model

simulate

set/changeevaluate

Control vector xObjective C(x)

Dispatching

calculate

Algorithm

Model

simulate

set/changeevaluate

Control vector xObjective C(x)

Dispatching

i

Th

Accepted steps

i

Th

Accepted steps

 

Figure 7: Basic optimization cycle Figure 8: Threshold behaviour of OBA 

There are a lot of suitable heuristic optimization algorithms. One of it is the so called Threshold Accepting (TA). 
Its basic principle is that a control vector xi of iteration i is accepted not only if the related objective value Ci is 
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smaller than the currently known optimum (minimization assumed) but also if Ci does not exceed this optimum by 
more than a threshold value Thi. This means that a moderate decline is allowed and the danger of the algorithm 
stopping early at a local minimum decreases. The Threshold Th is a specific control parameter of the optimization 
process itself. In 1995 Hu et al. [6] proposed a modification of Threshold Accepting which they called Old Bachelor 
Acceptance (OBA). The OBA differs from the simple TA by the dynamic calculation of the threshold value which 
is shown in the following formula (eq. 1): 

min1 1
b c

i
age C iTh
J J N

⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟= − ⋅ ⋅ −⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
             (1) 

 

Cmin  Currently best found solution  

J  Number of jobs in the model 

b  allows a power law growth rate (set to 2) 

c  tunes heuristic “damping” factor 1 i
N

⎛ ⎞−⎜ ⎟
⎝ ⎠  (set to

1
2 )

age  Threshold growth rate 
0

( )incr age
⎧
⎨
⎩

if step is accepted
   otherwise  

N  Number of simulation runs 

In OBA the threshold Thi is recalculated in every step, whereby Thi is increased after every rejected step. After 
every accepted step the threshold becomes negative (see Figure 8). The amplitude of threshold oscillation becomes 
smaller with simulation time progressing. The advantage of OBA in comparison to the original TA is that no 
knowledge about the spread and the dimension of the objective function C is needed [7, 8]. To sum it up, the OBA 
has three distinguishing features [6]: 

• It is motivated by the practical requirement of optimization within a prescribed time bound, 

• The threshold schedule is self-tuning, and 

• The threshold schedule is non-monotone, with threshold values even allowed to become negative. 

OBA uses a principle of “dwindling expectations”, after each failure, the criterion for “acceptability” is relaxed 
by slightly increasing the threshold value (this motivates the name “Old Bachelor Acceptance”). After sufficiently 
many consecutive failures, the threshold will become large enough for OBA to escape the current local minimum.  

4.1 CONTROL VARIABLES IN ASSEMBLY PROCESSES 

Apart from the more common control variables which can be used in many other types of processes as well as in 
assembly, e. g. job order and job priority, there are some which are typical to assembly, because they result from the 
graph structure of Petri nets: 

In section 2.1 we have shown, that a place P can be an input place for more than one transition, i. e. a place has 
multiple arcs running from it. This means that it is not predetermined which of these transitions will fire when a 
token is at place P (here we assume an arc weight of 1). Now, instead of leaving this choice to coincidence or to the 
simulation software, we use it as a control variable for our optimization: we set a switch and observe which setting 
delivers the best results. 

In addition to this 1-out-of-n choice a m-out-of-n choice is conceivable, where multiple possible alternatives are 
left open. In this case the system could react to perturbation in a more flexible way, thus yielding better optimization 
results. However that would also result in the system being less predictable, making the evaluation of the effect of 
control variables more difficult. 

4.2 THE OBJECTIVE FUNCTION 

In the made-to-order production of high-value machine tools there are the usual objective values like mean 
utilization, cycle time, average stock etc. Due to the special situation (high per-order value and the high percentage 
of manual labour and personnel costs involved) from these values some are of superior concern: we consider lead 
time and adherence to delivery dates the most important as well as personnel utilization. 

In our optimization, we can consider multiple values simultaneously by using an objective function which is a 
weighted sum, cf. section 4.3. 
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4.3 EXAMPLE: MACHINE TOOL TABLE 

Table 2: Assembly steps with duration in hours

# Assembly step T47 T48 T49 

1 Preassemble motor 
unit 

3:15 2:15 3:15 

2 Mount motor unit 3:30 2:30 3:30 

3 Preassemble 
measuring system 

3:00 3:00 4:00 

4 Mount measuring 
system 

2:45 2:45 3:45 

5 Finish table 4:30 4:30 4:30 

 Total: 15:00 13:00 17:00 

 
     

Figure 9: Petri net of NC milling table 
 

In the following we demonstrate how to apply the principle of heuristic optimization to assembly problems, i. e. 
processes which can be described by an assembly Petri net. An example from a current project is a simplified 
assembly of numerically controlled (NC) milling machines. They consist of multiple units which in turn have 
several components. Let us take a closer look at one such unit, the NC milling table. Figure 9 shows the Petri net of 
this table. It consists of 10 preliminary products which are mounted to form 4 intermediate products and finally to 
the end product, the milling table. The product range consists of 3 types of machines, so there are 3 different tables 
(T47, T48, T49). They are made of the same main components but differ in some design details which result in a 
deviation of durations of each assembly step. The times for all variants can be found in Table 2. 

 

Figure 10: Distribution of objective values Figure 11: Gantt chart of best simulation run 

The optimization problem consists of finding an assembly schedule for a queue of 30 orders (with 10 orders of 
each product) which minimizes the objective function. The objective function (eq. 2) is the sum of mean lead time 
and mean lateness (both are weighted equally): 
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 Fobjective = 1 · mean lead time + 1 · mean lateness (2) 

As control variable we use an offset to the order release date. This offset is varied in the range of -10 ... +10 
hours with a step-width of 1 h. The search space has 2130 = 4.6·1039 points which makes clear that a complete search 
(enumeration) of this space is not feasible hence a heuristic method makes sense. The Old Bachelor Acceptance 
algorithm has proved to work very efficiently, but other algorithms could also be used. The solution plot of the 
objective values after approx. 1000 steps is shown in Figure 10. This “cloud” is a plot of n pairs of (mean lead time, 
mean lateness) values, where n is the number of simulation runs. Since we have a minimization problem, the best 
objective values can be found in the lower left corner of the graph (direction of arrow). The best value was found 
after 311 simulation runs in ca. 5 minutes on a 1.6 GHz processor. In order to check if a significantly better solution 
exists, the optimization was continued through n = 1000 runs, which took 15 minutes (but ended without any 
significant improvement to the objective value). The resulting schedule of the best simulation run is shown in 
Figure 11. 

5. SUMMARY AND OUTLOOK 

Complex assembly processes, similar to manufacturing processes, can be scheduled only by using simulation-
based heuristic optimization methods. For practical application an automatic generation of discrete-event simulation 
models is necessary, so at first we need a suitable description of the assembly process itself, usual an assembly 
graph. But the popular precedence graph is ambiguous so that this type of graph is not recommended as a meta-
model. In general, so called bipartite graphs are ideally suited, because the type of an assembly operation can be 
recognized just from their structure, without any additional information. That is why we prefer Petri nets as a well-
known kind of bipartite graphs. It is easy to translate a Petri net into any discrete-event simulation model, as shown 
by using the example of simcron MODELLER. 

Several control variables can be added to the simulation model which can be influenced by a heuristic 
optimization algorithm. In our example the control variables were the release dates of all jobs, because they had the 
strongest impact to the schedule. In the future further control variables are planned for inclusion, for example 
variables for controlling the shift system as well as the sequence of assembly operations. 
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ABSTRACT

This paper investigates the effects of a pro rata rebate warranty (PRRW) on the age-replacement policy with
salvage value consideration for a non-repairable product. Cost models from the customer's perspective are
developed for both warranted and non-warranted products, and the corresponding optimal replacement ages are
derived such that the long-run expected cost rate is minimized. Under the increasing failure rate assumption, the
existence and uniqueness of the optimal age for preventive replacement are shown, and the impacts of a product
warranty on the optimal age-replacement policy are investigated analytically.

1. INTRODUCTION

It can be note that the rebate warranty policy is rarely considered in such related topics research, although it is also
one of the most common types of warranty policies. Chien and Chen [1] recently discussed the optimal spare ordering
policy for a non-repairable product under the rebate warranty. Moreover, all these papers mentioned above assumed
that whenever a product is replaced, it is discarded, no matter the replacement is preventive or corrective. However, for
a product is preventive replaced, it maybe still operable. Thus, it is reasonable to consider the value of residual life (i.e.,
salvage value) of an un-failed product into the preventive replacement model, especially, when the product is under
warranty. Therefore, this paper focuses on analyzing the impact of a pro rata rebate warranty (PRRW) policy on the
optimal age-replacement policy with salvage value consideration. Taking PRRW into account, a mathematical
formulation for a non-repairable product under the classical age-replacement policy is developed. For product with an
IFR function, it can be shown that there exists a unique optimal replacement age such that the long-run expected cost
rate is minimized. Moreover, the optimal replacement ages as well as the corresponding cost rates for products with and
without PRRW are compared analytically, its structural properties are summarized, and a numerical example is
demonstrated for illustration and verification.

2. MATHEMATICAL FORMULATION

Under the classical age-replacement policy solely, a non-repairable product is replaced at a certain age t, or upon
failure, whichever occurs first. More precisely, when the product fails at age x t, a failure replacement (corrective
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replacement) is performed with a downtime cost Cd 0 and a purchasing cost Cp 0. If the age of the product reaches
t, then a preventive replacement is carried out. Because a preventive replacement is a planned PM action, only the cost
Cp is incurred in this action. Under this policy, the design variable is the age for preventive replacement t. Without
considering product warranty and salvage value, the age-replacement policy and its variation have been investigated by
researchers, and numerous results have been obtained.

However, since the product that preventive replaced at time t is still operable, therefore, the salvage value of an
un-failed product should be considered in the preventive replacement model. It seems reasonable that salvage value of
an used product, which is still operable, is proportional to the expected residual lifetime (i.e., vs (xt)|{x t}; Kaio and
Osaki [2]). On the other hand, a pro rata rebate warranty (PRRW) is a special type of the rebate warranty policies.
Under this policy, the customer is refunded a proportion of the sales price Cp if the product fails during the warranty
period [0, w]. The refund amount, R(x), is a function of the failure time x (Nguyen and Murthy [3]); that is,
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2.1. COST MODEL WITHOUT WARRANTY

Without warranty, any two successive replacements of the product form a renewal cycle of the failure process.
Hence, under a replacement age t 0, the cycle time (denote by T0(t)) is
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Thus, by (2) and (3), the long-run expected cost rate can be obtained as follows.
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2.2. COST MODEL WITH WARRANTY

For a product purchased with the PRRW, the failure process in a long run of the product between any two
successive replacements again forms a renewal cycle since the warranty period is reset to w after each replacement (i.e.,
the warranty period is reset to w for a new product). However, the total cost incurred in a renewal cycle depends on
whether a replacement is performed within the warranty period or not. Therefore, the cost model should be established
for two cases: t w, and t w.

Case 1. t w: First, if the product fails within the warranty period (i.e., x w), not only a downtime cost Cd and a
purchasing cost Cp are incurred, but also a refund amount R(x) (see Eq. (1)) is gained due to the PRRW. Second, if a
failure occurs after the warranty period, but before the preventive replacement (i.e., wx t), then it incurs a downtime
cost Cd and a purchasing cost Cp, but without any gain due to the PRRW. Third, when the product reaches age t (x t),
a preventive replacement is performed with cost Cp, and the salvage value vs (x t) is also gained due to that un-failed
product. Thus, the elapsed time and the total cost in a renewal cycle (denoted by T1(t) and C1(t), respectively) become
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and
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where R(x) is defined in Eq. (1).

Therefore, the long-run expected cost rate is
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Case 2. t w: First, if a failure occurs before a preventive replacement (i.e., x t w), then a downtime cost Cd and
a purchasing cost Cp are incurred, and a refund amount R(x) is also gained. Second, when the product reaches age t (x
t), a preventive replacement is performed with cost Cp, and the salvage value vs (x t) is also gained.

According to the above descriptions, the elapsed time and the total cost in a renewal cycle (denoted by T2(t) and
C2(t), respectively) are as follows:









.if,
,if,

)(2 txt
txx

tT (8)

and









.if),(
,if),(

)(2 txtxvC
txxRCC

tC
sp

pd
(9)

Then, the long-run expected cost rate becomes
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Note that
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from (7) and (10).

3. OPTIMAL POLICIES

To derive an optimal replacement policy, it may take the first derivative of the expected cost rate function with
respect to t and set it equal to 0.
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3.1. OPTIMAL AGE FOR REPLACEMENT WITHOUT WARRANTY

For a product without warranty, the first derivative of (4) with respective to t is
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where 
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)( duuF is the expected lifetime of a product, and )()()()(
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  , it plays an
important role in determining the optimal age for replacement. Then, for a product with an IFR function, the following
Lemma from Yeh et al. [4] shows that H(t) increases from 0 to r()1 as t increases.

Lemma 1. If r(t) is an increasing failure rate (IFR) function, and F(0)=0, then H(t) is an increasing function of t with
limt0 H(t) = H(0) = 0, and limtH(t) = H() = r()1.

Because most products continuously deteriorate due to age or usage, the case that r(t) is an IFR function will be
focused throughout this paper. In this case, the optimal replacement age t0

* for a product without warranty can be easily
obtained by setting (12) equal to 0, i.e., H(t0

*) = (Cp vs )/ Cd, and the results are given in the following Theorem.

Theorem 1. Given r(t) is an IFR function for a product without warranty, the following results hold for t[0, ).

i) When Cp vs , the optimal age for replacement is t0
* = 0.

ii) When Cp vs , if H() (Cp vs )/ Cd or equivalently, r() (Cd + Cp vs )/( Cd ), then there exists
a finite and unique optimal replacement age t0

* for a product without warranty, and the resulting expected
cost rate is CR0(t0

*) = Cd r(t0
*) + vs. Otherwise, t0

* = and CR0 () = (Cd + Cp)/ .

3.2. OPTIMAL AGE FOR REPLACEMENT WITH WARRANTY

Again, to derive the optimal replacement age for a product under a PRRW, two cases (t w, and t w) have to be
investigated separately. For t w, the first derivative of (7) with respect to t is
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Let t1
* be the optimal value minimizing (7) in the interval [w,), then the following Lemma concerning about t1

* can
be obtained by (13).

Lemma 2. Under a PRRW, given that r(t) is an IFR function for a product with warranty period w, the following
results hold for t[w, ).

i) For 
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*) = CR1 (w) = (11)

ii) For 
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For t w, the first derivative of (10) with respect to t becomes

2

0

0

2

)(

)()(
)(1

)(
)(
































t

s

t

ppd

duuF

v
w

duuFtw
CtH

w
tCC

tF
dt

tdCR


. (14)

Let t2
* be the optimal value minimizing (10) in the interval [0, w), then the following Lemma concerning about t2*

can be obtained by (14).

Lemma 3. Under a PRRW, given that r(t) is an IFR function for a product with warranty period w, the following
results hold for t[0, w).

I) When Cp vs, the optimal age for preventive replacement is t2
* = 0.

II) When Cp vs, the following two situations should be considered:

(a) For 




 s

w

p vwduuFC
0

)( , then 0 t2
* w and CR2(t2

*) = [Cd Cp (1t2
*/w)]r(t2

*) + vs,

(b) For 
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*) = CR1 (w) = (11).

4. CONCLUSIONS

This paper analyzes the effects of a pro rata rebate warranty (PRRW)on the optimal age-replacement policy for a
non-repairable product with salvage value consideration. Cost models are developed for both a warranted and a
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non-warranted product, and the corresponding optimal age for preventive replacement were derived. For product with
an IFR function, it can be shown that there exists a unique optimal replacement age such that the long-run expected cost
rate is minimized. Moreover, the optimal replacement ages as well as the corresponding cost rates for products with and
without PRRW are compared analytically, its structural properties are obtained.
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ABSTRACT

This paper analyzes the comparing of availability characteristics between three different systems in which reboot
delay and standby switching failures are considered. The three systems are studied under the assumption that the
time-to-failure and the time-to-repair of the primary and standby units are exponentially and generally distributed,
respectively. The reboot times are assumed to be exponentially distributed with parameter. It is assumed that
there is a significant probability q of a switching failure. Using the supplementary variable technique, we develop
the explicit expressions for the steady-state availability, vA , for three configurations and perform comparative
analysis for three various repair time distributions, such as exponential, gamma, and uniform.

1. INTRODUCTION

The availability of a repairable system occupies an increasingly important issue in the power plants, production
system, manufacturing industry, manufacturing system, parallel redundant system, multiprogramming system,
industrial system, etc. Maintaining a high or required level of availability is often an essential requisite. In this paper,
we attempt to analyze the availability and the cost/benefit analysis of three different system configurations in which
reboot delay and standby switching failures are considered. These three configurations are compared based on their
steady-state availability, Av, and their cost/benefit ratio.

The supplementary variable technique was first introduced by Cox [1]. Hokstad [3] used the supplementary variable
technique to the M/G/1 queue. Lewis [4, p. 305] first introduced the important concept of standby switching failures in
the reliability with standby system. The concept of reboot delay and its effect on the reliability and/or availability model
of a repairable system has been introduced by Trivedi [5]. Gaikowsky et al. [2] and Wang and Pearn [8] studied the
series systems with cold standby components and warm standby components, respectively, where the time-to-failure
and the time-to-repair of the primary and standby units are exponentially distributed. Wang et al. [7] extended Wang
and Pearn's [8] paper to investigate the cost benefit analysis of series systems with warm standby components and
general repair times. Recently, Wang et al. [6] performed comparisons of reliability and the availability between four
systems with warm standby units, reboot delay and standby switching failures. The problem considered in this paper is
more general than the works of Gaikowsky et al. [2], Wang and Pearn [13], Wang et al. [7], and Wang et al. [6]. The
explicit expression for the Av to three configurations with reboot delay and standby switching failures and repair time
distribution of the general type has not been found. We first present a recursive method, using the supplementary
variable technique and treating the supplementary variable as the remaining repair time, to develop the Avi, for
configuration i, where i = 1, 2, 3. Next, for each configuration, the explicit expressions for the Av for three different
repair time distributions such as exponential, Gamma, and uniform are provided. Finally, we rank three configurations

* Corresponding author: Tel.: (886) 4-2286-0133; Fax: (886) 4-2287-3028; E-mail: khwang@amath.nchu.edu.tw
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for the Av based on assumed numerical values given to the system parameters and to the cost of the primary and standby
units.

2. DESCRIPTION OF THE SYSTEM

For the sake of discussion, we consider the requirements of a 6 MW power plant. We assume that generators are
available in units of both 6 MW, 3 MW, and 2 MW. It is assumed that standby generators are allowed to fail while
inactive before they are put into full operation, and that the standby generators are continuously monitored by a fault
detecting device in order to identify if they fail or not. It is not unusual to consider the switching device may have a
failure probability in real service systems. We consider that there is always the possibility of failures during the
switching from standby-unit state to primary-unit state. It is assumed that there is a significant probability q of a
switching failure. Primary units and warm standby units can be considered to be repairable. It is assumed that primary
or warm standby unit breaks down independent of state of others and has an exponential breakdown time distribution
with parameter λor α(0 < α< λ), respectively. We also assume that when a standby-unit switches into a primary-unit
state successfully, its failure characteristics will be that of a primary unit. Reboot delay takes place with mean time 1/β
for a standby unit which is exponentially distributed. We also assume that no other event can take place during a reboot
(i.e.

1, ,1/ b  ). It is assumed that the times to repair of the units are independent and identically distributed (i.i.d.)
random variables having a distribution B(u) (u≧0), a probability density function b(u) (u≧0) and mean repair time b1.
If one primary unit or standby unit is in repair, then arriving failed units have to wait in the queue until the server is
available. Let us assume that failed units arriving at the server form a single waiting line and are served in the order of
their arrivals; that is, the first-come, first-served discipline. Suppose that the server can serve only one primary unit (or
warm standby unit) at a time, and that the service is independent of the arrival of the units. Once a unit is repaired, it is
as good as new.

We consider the following three configurations. The first configuration composes of one primary 6 MW unit and one
standby 6 MW unit. The second configuration contains two primary 3 MW primary units and one standby 3 MW warm
unit. The third configuration composes of three primary 2 MW units and two standby 2 MW units. Each standby unit
can replace either one of the failed units. If necessary, a standby unit can also replace the first used standby unit in case
of failure.

2.1. NOTATIONS AND PROBABILITIES

 breakdown rate of an active unit

 breakdown rate of a warm standby unit

 delay rate of reboot

q the probability of switching failure

1b mean repair time

uB distribution function of repair time

sB* Laplace-Stieltjes transform (LST) of uB

ub probability density function of repair time

, ( )m nP t probability that there are m primary units and n warm standby units are working at time t

*
, ( )m nP s Laplace-Stieltjes transform (L.S.T.) of )(tPn

iAv steady-state availability of configuration i, i = 1, 2, 3.
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3. AVAILABILITY ANALYSIS

In this section, we will use the supplementary variable technique to develop the steady-state unavailability, Av, for
three configurations. The state of the system at time t is given by M(t)number of primary units working in the system,
N(t)number of warm standby units working in the system, and U(t)remaining repair time for the component being
repaired.

Let us define , { , } 0m n probP (u,t)du P M(t) m N(t) n, u U(t) u du , u ,       and
, ,0m n m nP (t) P (u , t)d u


 .

3.1. AVAILABILITY EXPRESSION FOR CONGIFURATION 1

In steady-state, let us define

, ,lim ,m n m nt
P P t




  , ,lim , ,m n m nt
P u P u t




and further define  1,1 1,1 ,P u P b u and  0,1 0,1P u P b u .

The steady-state equations for configuration 1 are given by

  1,1 1,0 0 0,P P     (1)

     1,0 1,0 1,1 0 ,0 0 ,10 ,d P u P u b u P b u P b u P
du

       (2)

 0,0 1,0 1,1( ) ,d P u P u qb u P
du

    (3)

0,1 1,1(1 ) 0.P q P     (4)

The Laplace-Stieltjes transforms (L.S.T.) of  * *
,and m nB s P s are defined as following:

   ,
00

* 
    duubeudBesB susu and  *

, ,0 .s u
m n m nP s e P u d u 



It implies that
*

, , ,0(0 ) ( ) ,m n m n m nP P P u d u
 

*
, , ,0 ( ) ( ) ( 0 ) .su

m n m n m n
de P u d u s P s P

d u
 
  

Taking the L.S.T. on both sides of (2) and (3), we have

     * * *
1,0 1,1 0,0 1,0(1 ) ( ) (0) (0),s P s q B s P B s P P        (5)

* *
0 ,0 1,0 1,1 0 ,0( ) ( ) ( ) (0 ).sP s P s qB s P P      (6)

For configuration1, we assume that the reboot delay state (0,1) is a system down state. After the algebraic
manipulations, the explicit expression for the steady-state availability Av1 is given by

      
*

1 1,0 1,1
1 1

( )
(0)

1 1 ( )

B s
Av P P

b qb q B

   

       





     
      

. (7)

3.2. AVAILABILITY EXPRESSION FOR CONFIGURATION 2

The steady-state equations for configuration 2 are given by
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  2,1 2,02 0 0,P P     (8)

     2 ,0 2 ,0 2 ,1 1,0 1,12 0 ,d P u P u P u b u P P u
du

       (9)

  1,0 2,0 2,12 2 ,d P u P u qP u
du

    (10)

1,1 2,12 (1 ) 0.P q P     (11)

In steady-state, let us define

 2,1 2,1 ,P u P b u and  1,1 1,1P u P b u .

Taking the L.S.T. on both sides of (9) and (10), we obtain

     * * *
2,0 2 ,1 1,0 2 ,02 2 (1 ) ( ) (0) (0),s P s q B s P B s P P        (12)

* *
1,0 2 ,0 2 ,1 1,0( ) 2 ( ) 2 ( ) (0 ).sP s P s qB s P P      (13)

For configuration 2, we assume that the reboot delay state (1,1) is a system down state. After the algebraic
manipulations, the explicit expression for the steady-state availability Av2 is given by

      
*

2 2,0 2,1
1 1

2 (2 )
(0)

2 2 1 2 2 1 (2 )

B s
Av P P

b qb q B

   

       





     
      

. (14)

3.3. AVAILABILITY EXPRESSION FOR CONFIGURATION 3

The steady-state equations for configuration 3 are given by

  2,2 2,12 2 0 0,P P     (15)

       2 ,1 2 ,1 2 ,2 2 ,0 1,22 2 0 ,d P u P u P u b u P P u
du

         (16)

     2 ,0 2 ,0 2 ,1 1,0 1,12 0 ,d P u P u P u b u P P u
du

       (17)

   2
1,0 2,0 2,1 2,22 2 2 ,d P u P u qP u q P u

du
      (18)

1,2 2,22 (1 ) 0,P q P     (19)

1,1 2,1 2,22 (1 ) 2 (1 ) 0.P q P q q P       

(20)

In steady-state, let us define

 2,2 2,2 ,P u P b u  1,2 1,2 ,P u P b u and  1,1 1,1P u P b u .

Taking the L.S.T. on both sides of (16)-(18), we get
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     * * *
2,1 2 ,2 2,0 2 ,12 2 (1 ) 2 ( ) (0) (0),s P s q B s P B s P P          (21)

   * * * *
2,0 2,1 1,0 1,1 2,02 ( ) (0) ( ) (0),s P s P s B s P B s P P       (22)

* * * 2
1,0 2 ,0 2 ,1 2 ,2 1,0( ) 2 ( ) 2 ( ) 2 ( ) (0 ).sP s P s qP s q B s P P        (23)

For configuration 3, we assume that two reboot delay states (1,2) and (1,1) are system down states. After the
algebraic manipulations, the explicit expression for the steady-state availability Av3 is given by

* *
3 2,0 2,1 2,2 2,2

1 (2 ) 2 2(0) (0) 1 .
(2 ) 2 (2 )

BAv P P P q P
B B

  
   



 

   
         

. (24)

3.4. SPECIAL CASES

We present three special cases for three different repair time distributions such as exponential (M), Gamma
(Gam(r)), and uniform (U[a,b]). The L.S.T. of various repair time distributions are given as follows:

Case 1: Exponential repair time

If the repair time has exponential distribution, we set the mean repair time 1 1/b  , where is the repair rate. In

this case, we have *( ) /( )B s s   .

Case 2: Gamma repair time

If the repair time has Gamma distribution with parameter r, say (Gam(r)). We set the mean repair time 1 1/b  ,

where is the repair rate. In this case, we have * ( )
rr

r sB s 
  

.

Case 3: Uniform repair time

If the repair time has a uniform distribution over the interval [a, b], say U[a,b]. We set the mean repair time

1 1/b  , where is the repair rate. In this case, we have * ( )
( )

sa sbe eB s
b a

 



.

4. COMPARISON FOR THE FOUR CONFIGURATIONS

We perform a comparison for the Av of the configuration 1, 2 and 3 with general repair time distributions:
exponential, Gamma and uniform. We fix 0.2 , 0.1, 2.4.      The following four cases are analyzed
numerically to study the effects of various parameters , , , and q on the availability of three configurations.

Case 1: We fix 0.2  , 0.1, , 2.4 , 0.05q  , and vary the values of from 0.001 to 0.01.

Case 2: We fix 0.001 , 0.2  , 2.4 , 0.05q  , and vary the values of from 0.06 to 0.16.

Case 3: We fix 0.001 , 0.2  , 0.1, , 0.05q  , and vary the values of from 1.0 to 10.

Case 4: We fix 0.001 , 0.2  , 0.1, , 2.4 , and vary the values of q from 0 to 0.1.

The effects of various parameters on the ( )iAv M , ( (2.5))iAv Gam , ( [2,18])iAv U of three configurations i
(i = 1, 2, 3) are shown in Tables 1-4 for cases 1-4, respectively.
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Table 1. Comparison of the configurations 1, 2, 3 for vA (case 1)

Range of  Result
1. Exponential repair time

0.001 < < 0.009
3
(M)vA >

1
(M)vA >

2
(M)vA

0.009 < < 0.01
1
(M)vA >

3
(M)vA >

2
(M)vA

2. Gamma repair time

0.001 < < 0.0085
3
( (2.5))vA Gam >

1
( (2.5))vA Gam >

2
( (2.5))vA Gam

0.0085 < < 0.01
1
( (2.5))vA Gam >

3
( (2.5))vA Gam >

2
( (2.5))vA Gam

3. Uniform repair time
0.001 < < 0.0085

3
( [2,18])vA U >

1
( [2,18])vA U >

2
( [2,18])vA U

0.0085 < < 0.01
1
( [2,18])vA U >

3
( [2,18])vA U >

2
( [2,18])vA U

Table 2. Comparison of the configurations 1, 2, 3 for vA (case 2)

Range of  Result
1. Exponential repair time

0.06 < < 0.1242
3
(M)vA >

1
(M)vA >

2
(M)vA

0.1242 < < 0.16
1
(M)vA >

3
(M)vA >

2
(M)vA

2. Gamma repair time
0.06 < < 0.1207

3
( (2.5))vA Gam >

1
( (2.5))vA Gam >

2
( (2.5))vA Gam

0.1207 < < 0.16
1
( (2.5))vA Gam >

3
( (2.5))vA Gam >

2
( (2.5))vA Gam

Table 3. Comparison of the configurations 1, 2, 3 for vA (case 3)

Range of  Result
1. Exponential repair time

1.0 < < 1.8953
1
(M)vA >

3
(M)vA >

2
(M)vA

1.8953 < < 10
3
(M)vA >

1
(M)vA >

2
(M)vA

2. Gamma repair time

1.0 < < 1.964
1
( (2.5))vA Gam >

3
( (2.5))vA Gam >

2
( (2.5))vA Gam

1.964 < < 10
3
( (2.5))vA Gam >

1
( (2.5))vA Gam >

2
( (2.5))vA Gam

3. Uniform repair time

1.0 < < 1.9865
1
( [2,18])vA U >

3
( [2,18])vA U >

2
( [2,18])vA U

1.9865 < < 10
3
( [2,18])vA U >

1
( [2,18])vA U >

2
( [2,18])vA U
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Table 4. Comparison of the configurations 1, 2, 3 for vA (case 4)

Range of  Result
1. Exponential repair time

0 < q < 0.0364
1
(M)vA >

3
(M)vA >

2
(M)vA

0.0364 < q < 0.1
3
(M)vA >

1
(M)vA >

2
(M)vA

2. Gamma repair time

0 < q < 0.039
1
( (2.5))vA Gam >

3
( (2.5))vA Gam >

2
( (2.5))vA Gam

0.039 < q < 0.1
3
( (2.5))vA Gam >

1
( (2.5))vA Gam >

2
( (2.5))vA Gam

3. Uniform repair time

0 < q < 0.0397
1
( [2,18])vA U >

3
( [2,18])vA U >

2
( [2,18])vA U

0.0397 < q < 0.1
3
( [2,18])vA U >

1
( [2,18])vA U >

2
( [2,18])vA U

5. SUMMARY

The analytical results developed in this paper are based on the supplementary variable technique. For each
configuration, we present the explicit expressions for the Av for three different repair time distributions such as
exponential, gamma, and uniform. We perform a parametric investigation which provides numerical results to show the
effects of various system parameters on the availability of three configurations.
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ABSTRACT

In this paper, we investigate the unavailability characteristics of systems with warm standby units in which
detection delay and imperfect switching and reboot delay are considered. Three configurations are studied under
the assumption that the time-to-breakdown of active (or standby) units are exponentially distributed and the
time-to-repair of breakdown units are generally distributed. The detection and reboot times are assumed to be
exponentially distributed. We consider that the process in switching a standby unit to be an active unit may
experience a certain probability of failure. This paper provides a systematic matrix method, using the
supplementary variable technique to develop the steady-state unavailability, UAv, for three configurations.
Moreover, it also performs a comparative analysis for three various repair time distributions, such as exponential,
k-stage Erlang and deterministic.

1. INTRODUCTION

Uncertainty is one of the important studies in management decisions. The characteristic of steady-state
unavailability in queuing systems is the most important measure in the operation of whole systems. In this paper, we use
the supplementary variable technique to study the unavailability of three configurations with warm standby units
considering the effects of detection delay, standby switching failure and reboot delay. A standby unit is called a“warm
standby”if its breakdown rate is nonzero and less than the breakdown rate of an active unit. When a unit (active or
standby) breaks down, it may be detected with a delay time. Once the breakdown unit is detected and located, the
breakdown active unit may be replaced with a successful probability 1 - q by a standby unit if one is available. At the
state in which the breakdown unit is not switched successfully, the reboot process happens with a delay time. The fault
one will be cleared after it is successfully switched or rebooted.

The problem we studied may be originated from three aspects: (1) the measure of availability or reliability; (2)
supplementary variable technique; (3) the related extended considerations. A great number of researches in the
queueing theory have been studied since 1920s. We may brief some papers related to machine repair problems as that:
Sivazlian and Wang [11] provided the analytic solution of M/M/R machine repairing problems with standbys. By
further considering the effect of balking and reneging, Wang and Ke [14] studied the reliability of the similar M/M/R
systems. Wang and Pearn [15] presented the system reliability of a serial system with cold and warm standbys. Lately,
Wang et al. [18] extended this idea to study the availability of M/M/R systems with standbys considering the effect of
balking and reneging.

The supplementary variable technique was first studied by Cox [4], and it had been widely applied in M/G/1
queuing system by Cohen [3], Hokstad [6], Keilson and Kooharian [8], Takacs [12] and many other scholars. Basically
they used this technique to overcome the difficulty of the time dependency for the non-Markovian distributions in
inter-arrival or service processes. Bouricius et al. [2] considered the important effects of some critical faults that cause
a system failure in replicated non-repairable system. Wang, Liou and Pearn [16] argued using the supplementary
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variable technique and treating the variable as the remaining repair time to develop the steady-state solution and then to
study the cost benefit analysis of series system with warm standby components. The concept of imperfect coverage and
its effect on the reliability or availability of a repairable system had been studied by Arnold [1], Dugan [5], Trivedi [13]
and many researchers. Wang and Chiu [17] used the concept to develop the cost benefit analysis of availability systems
with imperfect coverage. To be more realistic, many researchers [10, 19] further considered the imperfect coverage
into two parts: detection and corrections, especially in the field of software debugging. Schneidewind [10] proposed an
integrated model to correct a fault by using a constant detection time. Xie and Zhao [20] pointed out that this
assumption was too restrictive. They extended the Schneidewind model to continuous version by substituting a time
dependent delay function for the constant delay. The concept of standby switching failure was discussed by Lewis [9].
Recently, Wang et al. [19] performed comparisons of the reliability and availability between four systems with warm
standby units, standby switching failures and reboot delay. Ke et el. [7] examined the reliability characteristics of a
system with M identical primary units operating simultaneously in parallel, with multiple warm standbys service
stations and switching failure.

In this paper, we combine these ideas and divide the coverage process into three stages: detection, imperfect
switching and reboot. Each stage is characterized by a parameter: either a random variable or a probability.

2. PROBLEM STATEMENT

For the sake of discuss, we model a power plant as a parallel system with warm standby units with three
configurations considering the effects of detection delay, switching failure and reboot delay. It is assumed that an
active or warm standby unit breaks down independently of state of others and has an exponential breakdown time
distribution with parameterλorα(0 <α<λ), respectively. Whenever any of the units breaks down, the system enters
to a “detection state” with a delay time which is exponentially distributed with mean time 1/δ. Once the breakdown of
an active unit is detected and located, it is immediately replaced by a warm standby unit if one is available. There is
always a probability of failures q during the unit switching from standby state to active state. We define a“reboot state”
as that the active breakdown unit is not replaced successfully, and the fault will be cleared by a reboot time 1/β. It is
assumed that the time-to-repair of the breakdown units are independently and identically distributed random variables
following a distribution B(u) (u≧0), a probability density function b(u) (u≧0) and mean repair time b1. We also
assume that no further events will happen in the detection state and the reboot state (i.e.

1, , ,1/ b  ). We also
define that when the standby units are emptied, the system will go into a“failed state”if one more active unit breaks
down. We call these states–detection, reboot, and failed states–are the down states.

If one unit is being repaired, the arriving breakdown units have to wait in queue and are served in the order of their
arrivals; i.e. according to the first come, first served (FCFS) discipline. It is assumed that the server can server only one
active (or warm standby) unit at a time and the service time is independent of the arrival of units. Once a unit is repaired,
it is as good as new.

2.1. NOTATIONS AND PROBABILITIES

 breakdown rate of an active unit

 breakdown rate of a warm standby unit

 delay rate of detection

 delay rate of reboot

q the probability of switching failure

1b mean repair time

uB distribution function of repair time

sB* Laplace-Stieltjes transform (LST) of uB

ub probability density function of repair time

)(tPn probability that there are exactly n units (active units and standby units) are working at time t
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)(tPnA
probability that there are n units are working when one undetected active unit breaks down.

)(tPnB probability that there are n units are working when one standby unit breaks down

)(tPnC
probability of the reboot state that there are n units in the system

)(* sPn
Laplace-Stieltjes transform (L.S.T.) of )(tPn

)()1*( sPn
first order derivative of )(* sPn

with respect to s.

iUAv steady-state unavailability of configuration i, i = 1, 2, 3.

3. UNAVAILABILITY ANALYSIS

In this section, we will present a systematic matrix method, using the supplementary variable technique to develop
the steady-state unavailability, UAv, for three configurations. The state of the system at time t is given by N(t)number
of units working in the system, and U(t)remaining repair time for the component being repaired.

Let us define { } 0n probP (u,t)du P N(t) n, u U(t) u du , u ,      and
0n nP (t) P (u , t)d u


 .

3.1. CACULATION FOR CONFIGURATION 1

There are one active unit and one warm standby unit in the first configuration. The differential-difference equations
for the configuration 1 are given by

    ,,0122 tPtPtP
dt
d

  (1)

  1 1 2 ,A A
d P t P t P t
dt

   (2)

  1 1 2 ,B B
d P t P t P t
d t

   (3)

  1 1 1 ,C C A
d P t P t q P t
dt

   (4)

        1 1 1 1 1 0( , ) (1 ) , , , ( , ) 0, ,A B CP u t q P u t P u t P u t P u t b u P t
t u

   
           

(5)

0 1( , ) ( , ) .P u t P u t
t u


      

(6)

In steady-state, let us define

lim , 2, 1, 1 , 1 , 1n nt
P P t n A B C


 

  lim , , 1 0 1A, 1 1 ,n nt
P u P u t n , , B, C


 

and further define  1 1 ,A AP u P b u  1 1B BP u P b u and  1 1C CP u P b u .

From (1) - (6), the steady-state equations are given by

   ,0012  PP (7)

1 2 0,AP P    (8)

1 2 0,BP P    (9)

1 1 0,C AP q P    (10)

       1 1 1 1 1 01 0 ,A B C
d P u q b u P b u P b u P P u b u P

du
          (11)
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 0 1 .d P u P u
du

  (12)

From (7) and (8) - (11), we obtain

   ,0 21 PP  (13)

     1 2 1 0 0 .d P u b u P P u b u P
du

       (14)

The Laplace-Stieltjes transforms (L.S.T.) of  * *and nB s P s are defined as following:

   ,
00

* 
    duubeudBesB susu and   .

0

* 
  duuPesP n

su
n

It implies that

,)()0(
0

* 


 duuPPP nnn

).0()()( *

0 nnn
su PssPduuP

du
de 

 

Taking the L.S.T. on both sides of (12), (14) and using (7), we have

       ),0()(1 0
*

2
**

1 PsBPsBsPs   (15)

).0()()( 0
*

1
*

0 PsPssP   (16)

Setting s  in (15) and 0s in (16), we obtain

     ,001 0
*

2
*  PBPB  (17)

 *
1 00 0 0,P P   (18)

where  .10* B

From (17) and (18), we find

      .001 *
1

*
2

*  PBPB  (19)

Differentiating (15) and (16) with respect to s and setting s = 0 in this result, we get

 * *(1)
1 1 1 2 1 0(0) (0) (0),P P b P b P       (20)

* *(1)
0 1(0) 0 ,P P  (21)

where )0()1*(
1 Bb  denotes the mean repair time.

Substituting (18) and (21) into (20), we finally obtain

    .0)0()0(1 *
0

*
1121  PPbPb  (22)

The normalizing condition of the system is given by

.1)0()0( *
0

*
11112  PPPPPP CBA (23)

Constructing equations (8)–(10), (19), (22) and (23) in the matrix form, we have

  
 

2

1

1

1 1 1
*

11 1
*

0

0 0 0 0 0
0 0 0 0 0

0 0 0 0 0
,

1 0 0 0 0 0
(0) 00 0 0 1 1
(0) 11 1 1 1 1 1

A

B

C

P
P

q P
B B P

Pb b
P
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where *
1 BB  .

Solving the above matrix by using Maple software, we obtain the unavailability

CBA PPPPUAv 111
*

01 )0(  =  1

1 1

111 ,
B

F F





 

where     1 1 1
1 .

b B B q
F

   
 

  
 

3.2. CACULATION FOR CONFIGURATION 2

There are two active units and one warm standby unit in the second configuration. The steady-state equations for the
configuration 2 are given by

   ,002 23  PP (24)

1 32 0,AP P    (25)

,031  PP B  (26)

1 1 0,B AP q P    (27)

       2 1 1 1 2 11 2 0 ,A B C
d P u q b u P b u P b u P P u b u P
du

          (28)

 .2 21 uPuP
du
d  (29)

From (24) and (25)-(29), we obtain

  ,20 32 PP  (30)

     2 3 2 12 2 0 .d P u b u P P u b u P
du

       (31)

Taking the L.S.T. on both sides of (28), (29) and using (24), we get

       ),0()(122 1
*

3
**

2 PsBPsBsPs   (32)

).0()(2)( 1
*

2
*

1 PsPssP   (33)

Setting 2s  in (32) and in (33), we have

       ,002122 1
*

3
*  PBPB  (34)

 *
2 12 0 0 0,P P   (35)

where  .10* B

From (34) and (35), we obtain

        .0022122 *
2

*
3

*  PBPB  (36)

Differentiating (32) and (33) with respect to s and setting s = 0 in this result, we get

  ),0(2)0(2)0( 1131
)1*(

2
*

2 PbPbPP   (37)

.0)0( )1*(
2

*
1 PP  (38)

where )0()1*(
1 Bb  denotes the mean repair time.

Substituting (35) and (38) into (37), we finally obtain

    .0)0()0(122 *
1

*
2131  PPbPb  (39)

The normalizing condition is given by

.1)0()0( *
1

*
21113  PPPPPP CBA

(40)

Construct equations (25)-(27), (36), (39) and (40) in the matrix form, we have
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3

1

1

2 2 1
*
21 1
*

1

2 0 0 0 0 0
0 0 0 0 0

0 0 0 0 0
,

2 1 0 0 0 2 0 0
(0) 02 0 0 0 2 1
(0) 11 1 1 1 1 1

A

B

C

P
P

q P
B B P

Pb b
P

 
 

 

 

 

  
    
   
      
     
    

where  2*
2 BB  .

Solving the above matrix by using Maple software, we obtain the unavailability

*
2 1 1 1 1(0 ) A B CU A v P P P P      2

2 1

111 ,
2
B

F F





 

where     .22 221
2 




 





qBBbF

3.3. CACULATION FOR CONFIGURATION 3

There are two active units and two warm standby units in the third configuration. Using similar procedures as in
Configuration 1 and 2 and eliminating the transition states such as:

0 1 2(0), (0), (0)P P P , we obtain ten equations in the
matrix form as

  
    

   

4

2

2

2

3

1

2 2
1

13 3

1 1

2 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 2 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0 0 0 2 1 0 0 0 2 0

2 2 1 0 0 0 2 0 0 0 0 0

0 0 0 0 2 0 0 0 2 1 1

1 1 1 1 1 1 1 1 1 1

A

B

C

A

B

P
P

q P
P
P

q P
B B P

PB B

b b

 
 

 
 
 

 

 

  

 

 
  
 
  
 
 

 
   
    
 

   
 
 




*
2
*

1

0
0
0
0
0
0
0
0

0 0
0 1

C

P
P

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

where  2*
2 BB  and   2*

3 BB .

Solving the above matrix by using Maple software, we obtain the unavailability

.)0( 111222
*

13 CBACBA PPPPPPPUAv 

The explicit expression for the 3UAv is too spacious to be shown here. In the next section, we will present a
numerical example with given specific values to compare this configuration with other configurations.

3.4. SPECIAL CASES

We present three special cases for three different repair time distributions such as exponential (M), k-stage Erlang
(Ek), and deterministic (D). The L.S.T. of various repair time distributions is given as follows:
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Case 1: Exponential repair time

If the repair time has exponential distribution, we set the mean repair time 1 1/b  , where is the repair rate. In
this case, we have *( ) /( )B s s   .

Case 2: K-stage Erlang repair time

If the repair time has k-stage Erlang distribution, it means the Erlang distribution is made up of k independent and
identical exponential stages, each of mean 1/( )k . We set the mean repair time 1 1/b  , where is the repair rate.
In this case, we have * ( )

kk
k sB s 
  

.

Case 3: Deterministic repair time

If the repair time is deterministic, we set the mean repair time 1 1/b  , where is the repair rate. In this case, we
have * /( ) sB s e  .

4. COMPARISON FOR THE FOUR CONFIGURATIONS

First, we perform a comparison for the UAv of the configuration 1, 2 and 3 with general repair time distributions:
3-stage Erlang or deterministic. We fix ,180,9.0,12,5.0,5.0   q and vary the values of 
from 0.0001 to 0.005. Figure 1 and 2 illustrates the breakdown rate changes in the UAvs for 3-stage Erlang
distribution and deterministic in repair time, respectively. We observe that the orders of the unavailability for three
configurations may switch at different transition points which are indicated in the related Figures.

Figure 1: )( 3EUAvi versus breakdown rate  Figure 2: )(DUAvi versus breakdown rate 

Next, we introduce an engineering-based form of unavailability characteristics. The downtime in minutes per year
is 8760 60DT UAv   . We fix 1 10000h, 1 2 , 1 5min, 0.9 ,1 20s, 1 2hq           and use the down time
with exponential repair time distribution as a base case and vary one parameter each time to study their impact on the
DT. Figure 3 illustrates the inspection delay 1/changes in the UAv. Figure 4 illustrates the reboot delay 1/
changes in the UAv. We surprisingly find that the UAvs of configuration 2 and 3 in two Figures are almost identical.

Figure 3: )(MDTi versus detection delay 1 Figure 4: )(MDTi
versus reboot delay 1
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5. SUMMARY

In this paper, we have utilized the supplementary variable technique to develop the steady-state unavailability, UAv,
of systems for three configurations with warm standby units, detection delay, switching failure and reboot delay. Next,
for three configurations, we study the effect of some system parameters, such as: ,and on the UAv for three
various repair time distributions.
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ABSTRACT 

We develop a preventive replacement policy of spare ordering under cost effectiveness criterion. The spare unit for 
replacement is available only by order and the lead time for delivery the spare due to regular or expedited ordering 
follows general distributions. Introducing costs due to ordering, repairs, downtime and replacements, as well as 
the salvage value of system, we derive the expected cost effectiveness per unit time in the long run as a criterion of 
optimality. There exists a finite and unique optimum policy of ordering time which maximizes the expected cost 
effectiveness. 

 

1. INTRODUCTION 

One important area of interest in reliability theory is the study of various maintenance policies in order to reduce 
the operating cost and the risk of a catastrophic breakdown. Many preventive maintenance policies have been 
proposed and discussed in the past four decades. See, Barlow and Hunter (1960), Nakagawa and Kowada (1983), 
Sheu et al. (1994), Wang (2002), Chien (2005), Chen et al. (2007) for example. However, this might not be true on 
some occasions. For instance, it is usual in commercial industries that only one spare unit, which can be delivered by 
order, is available for replacement. In this case, we can not pass over a random lead-time for delivering the spare unit. 
That is to say, introducing the random lead time is essential and practical. Once we take account of the random lead 
time, we should consider an ordering policy that determines when to order a spare and when to replace the operating 
unit after it has begun operating. Preceding research of ordering policies have assumed the costs for preventive and 
corrective replacements are equal (for example, see Chien (2005), Dohi et al. (1998), Sheu and Liou (1994)), which 
imply no particular need for preventive replacement. 

Moreover, most of them seek the optimum ordering policy by minimizing the expected cost per unit time in the 
long run as a criterion of optimality. In general, however, the policy maximizing profit rate does not discriminate 
among large and small investments. Thus, the policy mentioned above might have this property. Therefore, the cost 
effectiveness as an alternative criterion is suitable for reflecting efficiency per dollar spent. The cost effectiveness is 
defined as (s-availability)/(s-expected cost rate) which reflects the efficiency per dollar outlay. Chien and Chen (2007) 
also determined the optimal ordering time based on the cost effectiveness. This criterion is useful for the effective use 
of available money. Especially, this criterion is useful when the benefits obtained from investment are difficult to 
quantify. As an example, national security may benefit from weapon systems, but expressing the gains in financial 
terms is quite challenging. 

In this paper, we present a spare ordering policy for preventive replacement. And, a general repairable system is 
also considered. In the general repair model, when the system fails at age t , type I failure occurs with probability 

 and type II failure occurs with probability , )(1)( tptq −= )(tp 1)(0 ≤≤ tp  and  is non-decreasing in age t . 
Type I failure is assumed to be minor, and can thus be rectified through minimal repair; while type II failure is 
catastrophic, and can be removed only by replacement. Minimal repair means that the repaired system is returned in 
the same condition as it was, that is to say, the failure rate of the repaired system remains the same as it was just prior 

)(tp
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to failure. The repair cost depends on the age and the number of minimal repair, and the cost for corrective 
replacement is larger than that for preventive replacement. The cost effectiveness for operating the system in an 
infinite time-span is adopted as a criterion of optimality. 

 

2. MODEL FRAMEWORK 

We consider the following operating scheme: 

1. The original one-unit system begins operating at time 0 and the operation system has two types of failures which 
could occur at any age t .1). A type I failure (minor failure) occurs with probability )(tq  and is corrected with 
minimal repair.2). A type II failure (major failure) occurs with probability )(1)( tqtp −=  and is followed by unit 
replacement. Replacements are made perfectly and do not affect the system’s characteristics. 

2. All failures are instantly detected and is repaired instantaneously if it is a type I failure. If the type II failure occurs 
before a pre-specified ordering time T , then the system is shut down and an expedited order is made immediately 
at the failure time instant. Otherwise, the regular order is made at time T . 

3. When the expedited order is made, then the failed system is replaced by the expedited ordered spare as soon as the 
spare is delivered. The lead time for delivery that spare is a generally distributed random variable with density 
function, distribution function )(tW  and finite mean eμ . And, when the regular order is made, then the original 
system, no matter operating or not, is replaced by the regular ordered spare as soon as the spare is delivered. The 
lead time for delivery that spare is a generally distributed random variable with density function )(tz , 
distribution function )(tZ  and finite mean rμ  ( 0>≥ er μμ ). 

4. After a replacement, the procedure is repeated. 
 

We also define the following various costs for operating this ordering-replacement procedure: 

1. The cost for an expedited order is ec , and the cost for a regular order is rc  ( 0>≥ re c ). c
2. The cost for a corrective replacement is cc , and the cost for a preventive replacement is pc  ( 0>≥ pc c ). c
3. The cost rate resulting from the system down is dc . 
4. The salvage value per unit time for the residual lifetime of an un-failed system is sv . 
5. The cost of the i -th minimal repair at age t  is ( ))( ),( tktK iφ  where )(tK  is the age-dependent random part, 

)(tki  is the deterministic part that depends on the age and the number of minimal repair, and φ  is a positive 
non-decreasing continuous function of age t . 

 

3. COST FORMULATION 

According to the replacement scheme described in Section 2, the following three mutually exclusive and 
exhaustive states (possibilities) between successive replacements can be defined as follows: 

(i).State 1: A type II failure occurs before the scheduled ordering time T , i.e., an expedited order is made and the 
failed system is replaced correctively by the spare as soon as the spare is delivered. 
(ii).State 2: A type II failure occurs between T  and the arrival of the ordered spare; i.e., a regular order is made and 
the failed system is replaced correctively by the spare as soon as the spare is delivered. 
(iii).State 3: No type II failure occurs before the arrival of the ordered spare; i.e., a regular order is made and the 
un-failed system is replaced preventively by the spare as soon as the spare is delivered. 
 

In order to develop the cost model of spare ordering, the following lemma from Sheu and Liou (1994) is required 
and stated as follow. 

Lemma 1. Let  be a non-homogeneous Poison process with intensity function . { 0 ),( ≥ttM } )()( trtq
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In view of the fact that downtime only occurs in the states 1 and 2, thus the expected downtime per cycle  can be 
expressed as 

)(TD
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And, the uptime per cycle is the cycle length minus the downtime per cycle, the expected uptime per cycle  
is given by 
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The expected cost per cycle can be expressed as the sum of the cost for ordering, minimal repair, downtime and 

replacement, and the salvage value of the system. It is obviously that the expected ordering cost per cycle is given by 

)()()()( TFcccTFcTFc prerprpe −+=⋅+⋅ . 

And, the expected downtime cost per cycle is 
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For the cost due to replacement, since the corrective replacement occurs in the states 1 and 2, and the preventive 
replacement cost occurs in the state 3. Thus the expected replacement cost per cycle is given by 
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And, for the cost due to minimal repair, there are three mutually exclusive and exhaustive possibilities for the 
minimal repair costs that exist in every cycle, which can be expressed as: 
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where  is the time to first type II failure, and  is the random lead time for delivery the regular ordered spare. 1X rY

Thus, take expectation and by using Lemma 1, the expected minimal repair cost per cycle is  
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It seems reasonable that salvage value of a used unit, which is still operable, is proportional to the expected 
residual lifetime. Salvage value occurs only in the state 3, and the expected salvage value per cycle is given by 
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Thus, the expected operational cost per cycle can be expressed as 
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Given that each replacement is a regeneration point, the cost effectiveness defined as (s-availability)/(s-expected 
cost rate) can be rewritten as (expected uptime in a cycle)/(expected cost per cycle). Consequently, the cost 
effectiveness can be expressed as 

)(
)()(

TC
TUTCE = . 

 

4.OPTIMIZATION ANALYSIS 

Define the both functions: 

)(/)()(, ytFtftr ppyp +=  and )(/)]()([)(, ytFtFytFtF pppyp +−+= . 

The following lemma is required and supportive to examine the existence and uniqueness of the optimum ordering 
policy. 

 
Lemma 2. Both  and  are strictly increasing if  is strictly increasing and  is non-decreasing. 

Define the numerator of the derivative of  divided by 

)( , tr yp )( , tF yp )(tr )(tp

)(TCE )( yTFp +  as )(Tζ : 

×−= )()()( TUTCTζ ( ) ( )[ ]{ )(, Trccc yperdre μμ −−− )()]()()()([ yTryTpccyTqyT pc ++−++++ θ  

}sypd vTFc ++ )(,  

 

Then, the main results concerning the optimal spare ordering time  which maximizes cost effectiveness are 
summarized below. 

*T

 

Theorem 1. Supposing )()]()()()([ trtpcctqt pc −+θ  is continuous and strictly increasing in age t , and the condition 

)()( erdre ccc μμ −≥−  holds, then (1).If 0)0( ≤ζ , then the optimum spare ordering time T , i.e., a regular 

order is made at the same instant when a new system is put in service and never place an expedited order. (2). If 

0* =

0)0( >ζ  and 0)( <∞ζ , then there exists a finite and unique optimum spare ordering time  satisfying . *T 0)( * =Tζ
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(3). If 0)( ≥∞ζ , then the optimum spare ordering time , i.e., an expedited order is made at the instant of 

failure and never place a regular order. 

∞→*T

 

5. CONCLUSION 

Under the above cost model to study the preventive replacement policy of spare ordering, we derived the existence 
and uniqueness of the optimum ordering policy under cost effectiveness criterion. It is worth pointing out that, if the 
spare is inexpensive, quantity purchases might be practical, and it is natural to consider a stocking policy to determine 
how many spares to purchase with each order. Indeed, the spare ordering in this paper are usually components in a 
high-cost complex system. The sufficient condition in the above theorem, )()( erdre ccc μμ −≥− , for the optimal 
spare ordering policy has been far and wide used in spare ordering policies, for example, see Chien (2005). However, 
it should be noted that the assumption does not economically justify placing an expedited order since the additional 
cost for the expedition )( re cc −  is larger than the savings obtained from the expedition )( erdc μμ − . Hence it is 
meaningful only when there exists such intangibles as loss of goodwill, reputation and credit which are difficult to be 
quantified and included in downtime cost. 
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ABSTRACT 

This paper analyses a discrete-time Geo/Geo/1 queueing system, where all arriving customers demand the first 
essential service and some of them may further demand an additional optional service. The interarrival times, the 
service times of the essential service and the second optional service for arrivals are assumed to be random 
variables with Geometric distributions. We model this system by the level-dependent quasi-birth-death (QBD) 
process and develop computation algorithms of the stationary distribution of the number of customers in the system 
using matrix analytic method. 

1. INTRODUCTION 

Parallel to continuous time queues, discrete-time queues where the inter-arrival time and service time are positive 
integer random variables have been analysed and are more suitable to model and analyse the digital communication 
system (see Meisling [1], Hunter [2] and Takagi [3]). In this paper, we study a discrete-time queue with optional 
service, in which the test customer arrivals and service completions occur at the discrete-time instants. The 
continuous-time queues with optional service have been well investigated. Details can be referred to Madan [4], 
Medhi [5], Artalejo and Choudhury [6], Choudhury and Paul [7], Wang [8], Tadj and Ke [9] and etc. A pioneering 
work in this queueing situation is Madan [4], who first introduced the concept of second optional service (channel). 
Madan [4] studied an M/G/1 queue with second optional service, using the supplementary variable technique in which 
he considered general service time distribution for first essential service and exponential service time distribution for 
second optional service. He also cited some important applications of this model in many real-life situations. Medhi 
[5] derived the transient solution and steady-state solution for the ordinary M/G/1 queue with second optional service 
using the same technique. The M/G/1 retrial queue with a second optional service was proposed by Artalejo and 
Choudhury [6], in which they carried out an extensive stationary analysis of the system, including existence of 
stationary regime, embedded Markov chain, steady state distribution of the server state and the number of customers 
in the retrial group, stochastic decomposition and calculation of the first moments. Choudhury and Paul [7] studied the 
queue size distribution at a random epoch as well as at a departure epoch for an Mx/G/1 queueing system with second 
optional channel under N-policy. They also derived a simple procedure to obtain optimal stationary policy under a 
suitable linear cost structure. The reliability measures, were examined by Wang [8], for the ordinary M/G/1 queue 
with channel breakdowns and second optional service. Recently, Tadj and Ke [9] examined the optimal control policy 
for a two-phase bulk service queueing system under N policy with multiple vacation and setup, where the group of 
customers has the option to choose the service type in either phase of service. 

In this paper, we investigate a discrete time queue with optional service which extends the work of [4]. Analytic 
steady-state solutions of a Geo/Geo/1 queue with second optional channel have not been found. This paper is 
organized as follows. The system is described in detail and QBD model is set up in Section 2 and 3, respectively. In 
Section 4, a computation algorithm of rate matrix is developed. The algorithm of state probability vectors are 
developed in Section 5. Finally, we give some numerical investigation on the pattern of the queue length and mean 
queue length with respect to changes in specific values of system parameters. 
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2. SYSTEM ASSUMPTIONS 

Assume that customer arrivals occur at discrete-time instants −= nt , L ,1 ,0=n . Interarrival times are 
independent and identical distributed sequences with a geometric distribution with parameter λ . Arriving customers 
at the system form a single waiting line and are served in the order of their arrivals. There is a single server that 
provides the first essential service as well as an additional optional service to each arrival. As soon as the essential 
service of a customer is completed, then with probability c the customer may ask for an additional optional service, in 
which case his additional optional service will immediately commence, or with probability c−1  he may opt to leave 
the system, in which case another customer at the head of the queue (if any) is taken up for his first essential service. 
The beginning and ending of service occur at discrete-time instants ,+= nt  L ,1 ,0=n . The times for the first 
essential service and additional optional service of a customer are assumed to be geometric distributions with 
parameter 1μ  and 2μ , respectively. Various stochastic processes involved in the system are independent of each 
other. For simplification, we let aa −= 1  in sequent analysis, where 10 ≤≤ a . 

3. THE MARKOV CHAIN 

For the Geo/Geo/1 queueing system with additional optional service, let nL  be the number of customers in the 

system at time ,+= nt  Define  
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4. THE MATRIX GEOMETRIC PROPERTIES 

Let we use ),( ΔL  to represent a set of random variables which follows the stationary distribution of the QBD 

process ),( nnL Δ . Let 

},{lim},{ kLPkLP nnnk =Δ===Δ==
∞→

lllπ , Θ∈),( kl . 

Because the infinitesimal generator given in (1) is a special case of equation (5.2.1) of Neuts [10], we know that 

the QBD is a periodic and positive recurrent and denote by Π  its stationary probability vector. It is the unique 

solution of the system Π=ΠP , where  )   ( 210 Lπππ=Π with )( 0,00 ππ =  and ) ( 1,0, nnn πππ = , 

,...3,2,1=n . By applying the matrix-geometric approach, the steady-state vector 1+nπ  can be determined 

recursively as ℜ=+  1 nn ππ , for 1≥n , where ℜ  is the minimal non-negative solution to the matrix quadratic 

equation below (see Neuts [10]): 

2
2

10 AAA ℜ+ℜ+=ℜ .                                                         (6) 

The computation of ℜ  

The infinitesimal generator of the transient continuous-time Markov chain is restricted to level )2(l  before it 

reaches )1(l  (see [11]) and is given by 

,
)(

2101

2
1

01

AAGAA
AUIAAU
ℜ+=+=

−+= −

                          (7) 

where  
1

0 )( −−=ℜ UIA ,     (8a) 

and 

2
1)( AUIG −−= .          (8b) 

Once one of the three matrices U , G , and ℜ  is computed, the others can be computed. For this purpose, one finds 

the three matrices using the Linear Progression Algorithm (see [10] and [11]). 

Algorithm: Linear Progression Algorithm 

INPUT 0A , 1A , 2A , I (the unit matrix or identity matrix), e  (the column vector of 1’s), and tolerance Δ  

OUTPUT approximate solution ℜ  

Step 1 2
1

1 )( AAG −−= I  

Step 2 while Δ≥⋅− ee G  do Step 3-4 
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Step 3 set GAAU 01 +=  

Step 4 and 2
1)( AUG −−= I  

Step 5 Set 1
0 )( −−=ℜ UA I  

Step 6. OUTPUT 

As far as the state probability 0π  is concerned, then we have a new QBD ∗P  as : 

⎥
⎦

⎤
⎢
⎣

⎡
=∗

BB
BB

P
10

0100 .     (9) 

The matrix B  in (9) represents the transitions between the states belonging to the imaginary level )1(l . The 

boundary steady-state probability vectors 1π  are given by solving the following equation 

11010 πππ =+ BB ,   (10a) 

12211010 ππππ =++ AAB .   (10b) 
In order to solve (10), we define the following stationary probability vector are: 

010 Gππ = ,   
)1( 00

10
0 −

−=
B

B
G .   (11) 

Solving equations (10), we obtain  

21 AAB ℜ+= .  (12) 
 

5. PROBABILITY COMPUTATION 

Based on the above analysis, we can compute the state probability vector )   ( 210 Lπππ=Π . From (1), we see that 

level )0(l  and level )1(l  is level-independent QBD and remaining { )2(l , )3(l , …} is infinite level-dependent 
QBD. We utilize the QBD’s structural characteristics, it is to convert the whole process to a finite level-independent 
QBD and compute the state-probabilities )( 10 ππ  . Then using infinite level-dependent QBD compute the remaining 

probabilities )( 32 L   ππ . 

For this purpose, equation (4) is assumed to hold so that ∗P  is positive recurrent. Substituting (12) into equation (9), 
it follows from the argument by Neuts [10] that ∗P  is a periodic and irreducible infinitesimal generator with finite 
dimensions. The linear equation system 

⎥
⎦

⎤
⎢
⎣

⎡
+ℜ

=Λ ∗

1210

0100
10 )(

AAB
BB

  P ππ ,     

 (13) 
where 0,00 ππ = , )( 110,11 , πππ = . By solving the steady-state equations Λ=Λ ∗P , we have  

)()( 10
1210

0100
10 ππππ  

AAB
BB

 P =⎥
⎦

⎤
⎢
⎣

⎡
+ℜ

=Λ ∗ ,           (14a) 

or  

0
1

)(
1210

0100
10 =⎥

⎦

⎤
⎢
⎣

⎡
−+ℜ

−
IAAB

BB
 ππ .           (14b) 
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The discrete-time Geo/Geo/1 system with additional optional service 
 
Let us define  

0
1

)(~
1210

0100
10 =⎥

⎦

⎤
⎢
⎣

⎡
−+ℜ

−
=Λ

IAAB
BB

 P ππ ,      

 (15) 
where P~  and Λ  are 33×  and 13×  matrices, respectively.  
The steady-state vector 1+nπ  can be determined recursively as ℜ=+  1 nn ππ , for 1≥n , where ℜ  is the minimal 
non-negative solution to the matrix quadratic equation (6) and obtained from Section 3. To compute the steady-state 
probability distribution of this system, we use the normalization condition 

1e)(

1e)(

1e

1
101

1
10

0

=ℜ−+

=ℜ−+

=∑

−

−

∞

=

I

I

ππ

ππ

π

G

n
n

 

[ ] 1 e)(

1e)(
1

01

1
101

=ℜ−+

=ℜ−+
−

−

I

I

G

G

π

ππ
.     

  (16) 
It is obvious that we need )4(O  equations to obtain the steady-state probability Λ . Solving equations (15) and (16) 

in accordance with Cramer’s rule after using the QR factorization of )4(O × 3  matrix, 0π  and 1π  are obtained, 
and finally we get whole state probability vectors. The algorithm of the steady-state probabilities is summarized in the 
following:  
Algorithm:  

INPUT 1A , 2A , 00B , 01B , 10B , ℜ , I  (the unit matrix or identity matrix) and e  (the column vector of 
1’s) 

OUTPUT approximate solution 0π , 1π , 2π , … 

Step 1 solve 0~ =ΛP , [ ] 1 )( 1
01 =ℜ−+ − eIGπ  

Step 2 for 2≥n  
Step 3 set ℜ=+  1 nn ππ  

Step 4. OUTPUT 

6. NUMERICAL ILLUSTRATION 

Through the aforementioned analysis, some system characteristics such as queue length distributions, mean queue 
length and mean sojourn time in steady state, are computed.  

Shown in the algorithms of Sections 3-4, the queue length probabilities of the total number of customers in various 
server states are computed for different values of c ( 2.0=λ , 3.01 =μ , 5.02 =μ ). Figure 1 displays the queue length 
probability for different values of c in server providing essential service and Figure 2 shows the queue length 
probability for different values of c in server providing optional service. Figures 1-2 reveal that the patterns of the 
queue length probability are exponential. With the increase of queue length, the queue length probability decreases. In 
addition, along with the increase of the c, the queue length probability increases when the server provides optional 
service.  

Figure 3 shows that 1μ  and 2μ  have effects on mean the queue length, namely, when 02.0=λ  and 5.0=c , with 
increase of 1μ  or 2μ , the mean queue length decreases. In Figure 4 illustrates relationships among c, λ  and mean 
queue length. When 5.01 =μ  and 5.02 =μ  with the increase of c or λ , the mean queue length increases.  
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The discrete-time Geo/Geo/1 system with additional optional service 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Queue length probability ( 0lπ ) for 2.0=λ , 3.01 =μ  and 5.02 =μ  while the server providing 
essential service ( 0.271200 =π ) 
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Fig. 2. Queue length probability ( 1lπ ) for 2.0=λ , 3.01 =μ  and 5.02 =μ  while the server providing optional 

service ( 0.271200 =π ) 
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Fig. 3. The effect of various values of 1μ  and 2μ  on E[L] for 02.0=λ  and 5.0=c  
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Fig. 4. The effect of various values of c and λ  on ][LE  for 5.01 =μ  and 5.02 =μ  
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ABSTRACT 

This paper considers the optimal management problem of a finite capacity M/M/1 queueing system with F-policy in 
which some customers may demand a second service in addition to the first essential service. The F-policy 
investigates the most common issue of controlling arrival to a queueing system and it is required a startup time 
before starting to allow customers entering into the system. By applying the birth and death process, some 
important performance measures are derived. A cost model, developed to determine the optimal control F-policy at 
a minimum cost, and sensitivity analysis are also studied. 

1. INTRODUCTION 

Controllable queueing models aim to find the optimal operating policy, that is, rules for turning the server on and 
off that result in the lowest long-run cost. Past works regarding such queueing problems could be divided into two 
parts, according to whether the system is considered to control the service or the arrival. The issue of controlling the 
service includes: the N-policy introduced by by Yadin and Naor [15], the T policy proposed by Heyman [5] and the 
D-policy introduced by Balachandran [2]. Among those operating policies, the studies of N-policy queueing models 
gained a lot of attentions due to analytical being easily tractable. The variations and extensions of these vacation 
models with N policy can be referred to Lee et al. [7][8], Ke [6], Arumuganathan and Jeyakumar [1], Moreno [11], and 
others. The developments and applications on service control of queueing systems are rich and varied (see Tadj and 
Choudhury [12]). In the other hand, F-policy, the pioneering work in the issue of controlling the arrivals, was first 
investigated by Gupta [4]. The intention of the F-policy is to control the arrival process when service control is not 
possible through N-policy.  

However, existing research works seldom address the optimization issue in such queueing systems with optional 
service. In this paper, we deal with the issue of controlling arrivals for an M/M/1/K queuing system with an F-policy 
in which some customers may demand a second service in addition to the first essential service. In the proposed 
model, when the number of customers in the system reach its capacity K ( ∞<K ), no further arriving customers are 
allowed to enter into the system until a certain number of customers who are already in the system have been served so 
that the number of customers in the system decreases to a predetermined threshold F ( 10 −≤≤ KF ). At that time, 
the server needs to take an exponential startup time and allow customers to enter into the system. Moreover, the server 
provides the first essential service as well as a second optional service. On completion of the essential service, the 
customer may opt for an optional service with probability p. 

The reminder of this paper is organized as follows. In Section 2, the queueing model is briefly described. In 
Section 3, the mathematical model is developed and its analytical steady-state solutions are derived. Various system 
performance measures are presented in Section 4. In Section 5, we develop the total expected cost function per unit 
time for the F-policy M/M/1/K queueing system with a second optional service, and then provide the numerical 
illustration and sensitivity analysis. Finally, some concluding remarks are drawn in Section 6. 
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2. MODEL DESCRIPTIONS 

We consider the issue of controlling arrivals for the F-policy M/M/1/K queueing system with a second optimal 
service. It is assumed that arriving customers follow a Poisson process with parameter λ. A more general case for a 
customer service is considered. All arriving customers require the essential service, and some customers may further 
demand a second optional service. On completion of the essential service, the customer may leave the system with 
probability q(= p−1 ) or may opt for the second optional service with probability p, The times of the essential service 
and the optional service are assumed to be exponential distribution with parameter µ1 and µ2, respectively. Arriving 
customers form a single waiting line based on the order of their arrivals; that is, they are queued according to the 
first-come, first-served (FCFS) discipline. The server can only provide either the essential or the optional service for 
one customer at a time and that the service is independent of the arrival of customers. A customer who arrives and 
finds the server busy must wait in the queue until he is available. In addition, the server operates F-policy when the 
number of arrivals reaches its capacity K (i.e., the system becomes full). As soon as the number of the customers drops 
to a predetermined threshold value F ( 10 −≤≤ KF ) since the system becomes full, the server immediately 
requires an exponential startup time with parameter γ to start allowing customers in the system. The system operates 
normally until the number of customers in the system reaches its capacity at which time the above process is repeated 
all over again. 

3. STEADY-STATE SOLUTIONS 

The states of the F-policy M/M/1/K system with second optional service channel are described by the pair ),( ni , 
where i represents server’s state and n represents the number of customers in the system. Let i=0 denote the customer 
is not allowed to enter into the system when the server is providing the essential service, i=1 denote the customer is not 
allowed to enter into the system when the server is providing the optional service, i=2 denote the customer is allowed 
to enter into the system when the server is providing the essential service, i=3 denote the customer is allowed to enter 
into the system when the server is providing in the optional service. Thus ∈),( ni  

∪−==∪==∪== }12 ,10 ;2:),{(}21 ;1:),{(}21 ,0 ;0:),{( ,K, , nini,K, , nini,K, , nini LLL

}12 ,1 ;3:),{( −== ,K, nini L . 
In steady-state, the following notation are used, 

)(0 nP : probability that there are n customers in the system when the arrivals are not allowed to enter into the system, 

and the server is providing the essential service, where Kn ,,2 ,1 ,0 L= . 

)(1 nP : probability that there are n customers in the system when the arrivals are not allowed to enter into the system, 
and the server is providing the optional service, where Kn ,,2 ,1 L= . 

)(2 nP : probability that there are n customers in the system when the arrivals are allowed to enter into the system, and 
the server is providing the essential service, where 1,,2 ,1 ,0 −= Kn L . 

)(3 nP : probability that there are n customers in the system when the arrivals are allowed to enter into the system, and 

the server is providing optional service, where 1,,2 ,1 −= Kn L . 

Steady-state equations for )3,2,1,0(  )( =inPi  are given by:  

)()( 0112 nPqnP µµ = ,        Kn ≤≤1                (1) 

 )1()1()0( 01120 PpPP µµγ += ,                                (2) 

)1()1()()( 011201 +++=+ nPpnPnP µµµγ ,      Fn ≤≤1             (3) 

)1()1()( 011201 +++= nPpnPnP µµµ ,       11 −≤≤+ KnF        (4) 

)1()( 201 −= KPKP λµ     (5) 

)0()1()1()0( 032212 PPPpP γµµλ ++=   (6) 
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)1()()1()1()()( 20322121 −+++++=+ nPnPnPnPpnP λγµµλµ ,    Fn ≤≤1   (7) 

)1()1()1()()( 2322121 −++++=+ nPnPnPpnP λµµλµ ,   21 −≤≤+ KnF  (8) 

)2()1()( 221 −=−+ KPKP λλµ ,        FKn ≥−= 1   (9) 

)1()1()( 2132 PqP µλµ =+ ,                             (10) 

)()1()()( 21332 nPqnPnP µλλµ +−=+ ,    22 −≤≤ Kn   (11) 

)1()2()1( 21332 −+−=− KPqKPKP µλµ ,    FKn ≥−= 1     (12) 

Since the closed-form solutions of equations (1) - (12) are too complicated to obtain by using a recursive method, 
a computer software (MATLAB) is used to compute the )(nPi  ( 3 ,2 ,1 ,0=i ) by using the following normalizing 
conditions: 

  1)()()()(
1

1
3

1

0
2

1
1

0
0 =+++ ∑∑∑∑

−

=

−

===
nPnPnPnP

K

n

K

n

K

n

K

n
.  (13) 

4. SYSTEM PERFORMANCES 

Some important system performance measures of the F-policy M/M/1/K queueing system with a second optional 
service are defined as follows; 

L ≡ the expected number of customers in the system; 
Pe ≡ the probability that the server is providing the essential service; 
Pop ≡ the probability that the server is providing the optional service;  
Ps ≡ the probability that the server requires a startup time before starting the service; 
Pb ≡ the probability that the system is blocked 
W ≡ the expected waiting time in the system 
The expression for L, Pe, Pop, Ps, Pb and W are given by: 

L = )()()()(
1

1
3

1

0
2

1
1

0
0 nnPnnPnnPnnP

K

n

K

n

K

n

K

n
∑∑∑∑
−

=

−

===

+++ ,                     (14a) 

Pe = )()(
1

0
2

0
0 nPnP

K

n

K

n
∑∑
−

==

+ ,                              (14b) 

Pop = )()(
1

1
3

1
1 nPnP

K

n

K

n
∑∑
−

==

+ ,                              (14c) 

Ps = )(
0

0 nP
F

n
∑
=

,                                    (14d) 

Pb = )()(
1

1
0

0 nPnP
K

n

K

n
∑∑
==

+ .                              (14e) 

The effective arrival rate is λeff  = λ[ )()(
1

1
3

1

0
2 nPnP

K

n

K

n
∑∑
−

=

−

=

+ ], 

W =
effλ
L

.                                                                                       (15) 
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5. COST SENSITIVITY ANALYSIS 

We construct a total expected cost function per unit time for the F-policy M/M/1/K queueing system with a second 
optimal service, in which F and K are a decision variable. Our objective is to determine the optimum threshold F, say 
F*, and the optimum system capacity K, say K*, simultaneously at minimum cost. The joint optimal values (F*, K*) and 
various system performance measures are obtained based on assumed numerical values given to the system 
parameters. Let us define the following cost elements: 
Ch : the holding cost per unit time for each customer present in the system; 
Ce: the cost per unit time for the busy server with essential service; 
Cop: the cost per unit time for the busy server with optional service; 

Cs: the setup cost per unit time for the preparatory work of the server before staring the service; 

Cb : the fixed cost for each lost customer when the system is blocked; 
Cw : the waiting cost per unit time when one customer is waiting for service; 
C7: the fixed cost per customer’s space; 

The total expected cost function per unit time is given by 
 

TC(F,K)= ChL+CePe+CopPop+CsPs+CbλPb+CwW+C7K,                  (16) 
 

where L, Pe, Pop, Ps, Pb and W are defined as above.  
The cost parameters in Eq. (16) are assumed to be linear in the expected number of the indicated quantity. 

Substitution of Eqs. (14) and (15a) into Eq. (16), the cost function is too ample to be shown here. It is impossible to 
show the convexity or unimodality of TC(F,K). Hence, we will present extensive numerical experiments to show that 
the function is truly convex and that the solution actually gives a minimum.  

The numerical experiments are based on Ch=$10/unit, Ce =100/day，Cop=60/day，Cs =300/day，Cb=400/unit，
Cw=8/day，C7=5/unit,.Alternatively, we also sketch this example to demonstrate that the expected cost function is 
convex and the solution achieves a global minimum. Figure 1, we can find the expected cost function attains a 
minimum $ 691.42 at F*=9 and K*=2. 

Table 1.  The expected cost TC(F,K*) for given F 

F 1 2 3 4 5 6 7 8 9 10 
(F,K*) (1,9) (2,9) (3,9) (4,9) (5,9) (6,10) (7,10) (8,11) (9,11) (10,12) 

TC(F,K*) 692.09 691.42 692.22 694.54 698.40 703.03 708.96 716.34 724.09 733.52 
F 11 12 13 14 15 16 17 18 19 20 

(F,K*) (11,12) (12,13) (13,14) (14,15) (15,16) (16,17) (17,18) (18,19) (19,20) (20,21) 
TC(F,K*) 743.15 754.12 766.47 780.01 794.60 810.11 826.43 843.49 861.20 879.50 

F 21 22 23 24 25 26 27 28 29  
(F,K*) (21,22) (22,23) (23,24) (24,25) (25,26) (26,27) (27,28) (28,29) (29,30)  

TC(F,K*) 898.34 917.67 937.45 957.63 978.20 999.10 1020.33 1041.84 1063.63  
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Figure 1.  The expected cost TC(F,K) for different values of different F and K. 
Table 2. System performance measures for different values of λ, µ1 and µ2 under optimal operating conditions 
λ, 
µ1, 
µ2 

0.1 
1.0 
1.5 

0.4 
1.0 
1.5 

0.4 
2.0 
1.5 

0.4 
3.0 
1.5 

0.4 
1.0 
3.0 

0.4 
1.0 
4.0 

0.9 
1.0 
1.5 

0.4 
2.0 
3.0 

0.4 
2.0 
4.0 

(F*, K*) (2,3) (4,6) (4,5) (3,4) (4,6) (4,6) (4,9) (4,5) (4,5) 

TC(F*, K*) 129.4397 163.3724 136.4057 129.0396 159.3366 158.5444 370.5292 134.9840 134.7584 

L 0.1397 0.8794 0.4231 0.3037 0.7458 0.7159 3.2937 0.3265 0.3051 

E(B) 0.0058 0.0505 0.0064 0.0049 0.0379 0.0353 0.9419 0.0042 0.0039 

E(S) 0.0021 0.0172 0.0027 0.0016 0.0144 0.0138 0.1426 0.0022 0.0021 

 
Next, we perform a sensitivity analysis for changes in the optimal value (F*, K*) along with changes in specific 

values of the system parameters. Under optimal operating condition, numerical results are presented in which various 
system performance measures are calculated. Various values of (λ, µ1, µ2) are considered when γ=0.1 and p=0.6. The 
optimal value (F*, K*), the minimum expected cost TC(F*, K*), and various system performance measures are 
displayed in Table 2. Alternatively, Table 3 shows the optimal value (F*, K*), the minimum expected cost TC(F*, K*), 
and various system performance measures for different values of γ and p, in which λ=1.5, µ1=1.0 and µ2=1.2.  

One can see from Table 2 that (i) the optimal value (F*, K*) and the minimum expected cost TC(F*, K*) increase as 
λ increases; and (ii) the optimal value (F*, K*) and the minimum expected cost TC(F*, K*) non-increase as µ1 
increases. Moreover, (F*, K*) do not change as µ2 increases and TC(F*, K*) slightly decreases with µ2 increases. Table 
3 reveals that (i) the optimal value (F*, K*) and the minimum expected cost TC(F*, K*) non-increase as γ increases; and 
(ii) the optimal value (F*, K*) increases as p increases, but the minimum expected cost TC(F*, K*) increases with p 
decreases. 

 
Table 3. System performance measures for different values of γ and p under optimal operating conditions 

(γ, p) (0.01,0.7) (0.5,0.7) (0.1,0.2) (1,0.2) (10,0.2) (1,0.5) (1,0.8) (0.1,0.5) (0.1,0.8) 
(F*, K*) (1,8) (1,2) (1,7) (1,2) (1,2) (1,2) (1,2) (2,8) (3,10) 

TC(F*, K*) 981.1184 483.7152 714.7991 474.5573 383.9964 435.4140 390.0421 699.7748 667.1461 
L 0.6893 0.8695 2.6301 1.0725 1.2351 1.0215 0.9568 3.0246 3.8226 

E(B) 0.3750 0.5755 1.5687 0.7724 0.8446 0.6928 0.5966 1.7077 1.9437 
E(S) 0.0083 0.1052 0.0307 0.0867 0.0202 0.0892 0.0912 0.0894 0.1579 
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6. CONCLUSIONS 

In this paper, we studied an F-policy M/M/1/K queueing system with second optional service, and obtain the 
steady-state analytic solutions. This model generalizes (i) a generally M/M/1/K queueing system with a second 
optional service; and (ii) an F-policy M/M/1 /K queueing system (see Gupta [4]). We have provided a method to 
determine the optimal threshold and system capacity simultaneously, to minimize the expected cost function, and 
calculated various system performance measures under optimal operating conditions. This research presents an 
extension of the Markovian model theory and the analysis of the model will provide a useful performance evaluation 
tool for more general situations arising in practical applications, such as the wireless communication networks, the 
transport service and production system, and many other related systems. 
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ABSTRACT 

There are many maintenance problems have been investigated during the past decades. With the growth in 
complexity of modern systems, the cost of purchasing new systems becomes higher ever than before. Surprisingly, 
little attention in the literature has been paid to the failure replacement in these preventive maintenance models. 
However, in practice most systems incur increasingly expensive down time costs when the systems suffer the 
unexpected failures. The major changes to the standard maintenance model in this research are the addition of a 
failure replacement cost for a failed system and the reliability limit before the system is replaced. The overall 
objective of this research is to propose an efficient algorithm to obtain the optimal maintenance policy. The optimal 
preventive maintenance policy is investigated with incorporating the costs of minimal repair, imperfect preventive 
maintenance, failure replacement and preventive replacement. The specific maintenance actions for a repairable 
system are whether to replace the system, or to perform an imperfect preventive maintenance when the system is in 
the operating condition. In another case, the specific maintenance actions for a repairable system are whether to 
replace the system, or to perform a minimal repair when the system fails. The number of imperfect preventive 
maintenance and the control limits of the optimal maintenance policy are calculated under the expected average 
cost rate criterion. 

1. INTRODUCTION 

Almost all systems deteriorate with age and are subject to stochastic failure. System deterioration can cause higher 
operating costs and less competitive products, and thus the maintenance activity is an essential task for manufacturing 
systems. Considering a system with an increasing failure rate, replacement of a system may be based on two reasons: 
(1) the avoidance of increasingly expensive operating costs and down-time costs and (2) a system failure. When the 
systems are complex and composed of several components, either preventive maintenance or repairs are important 
maintenance activities.  Preventive maintenance (PM) can restore the operating system to a younger age or state and 
the system failures or downtime costs can be reduced by the maintenance effect while a minimal repair can return the 
failed system to the working state right before the failure occurred. In contrast to the minimal repair, a replacement 
restores the entire system into the new condition completely so the process regenerates at each replacement. This 
research considers the maintenance decision situation in which three actions: periodic preventive maintenance, 
minimal repair and replacement (scheduled or failure) may be applied to the system to optimize the expected cost rate. 

Many researchers have generalized and modified the periodic PM problems to handle practical or more complex 
situations. The concept of  a break-down cost was proposed by Tahara and Nishida [1] in which they characterize a (t, 
T) policy; that is; a policy in which minimal repair is used for any failure occurring before time t, replacement is used 
if failure occurs between t and T (obviously t≤ T), and it is replaced if the system is still operating at time T. The values 
of t and T are called the control limits for a minimal repair and a scheduled replacement respectively. Canfield [2] 
investigated system degradation with time where PM slows the rate of system degradation and the hazard function is 
monotone. Park et al. [3] have proposed an optimal periodic PM policy for the deteriorating system based on 
Canfield’s model [2]. Nakagawa [4] introduced an imperfect PM model to describe the age reduction effect, then in [5] 
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he considered another PM model that a system undergoes PM to have a different failure distribution between PM and 
the failure arte increases with the frequency of PM.  Most of the models in the literatures, e.g. Lie and Chun [6], 
Jayabalan and Chaudhuri [7], are to determine the optimal interval between PMs and the number of PMs before 
replacing the system by minimizing the expected average cost. However, these models mentioned above did not 
consider the reliability limit and in practice, high reliability is usually required to avoid high probability of system 
unexpected failures occurred. Cheng and Chen [8] have demonstrated that the optimal periodic PM policy proposed 
Park et al. [3] will result in low reliability at the time before preventive maintenance. 

 This research is an extension of the model developed by Nakagawa [5] in which an optimal periodic PM policy is 
investigated for a repairable system with different failure rate functions after each PM. Hence, this paper is to develop 
a efficient search algorithm to obtain the optimal PM policy over an infinite time span by minimizing the expected cost 
rate with consideration of reliability limit and the option of using a failure replacement. With these modifications, the 
proposed model is more close to real world situations. 

2. PROBLEM FORMULATION AND ANALYSIS  

2.1. NOMENCLATURE AND  ASSUMPTIONS 

mc  cost of minimal repair at failure 

fs cc ,  costs of scheduled replacement and failure replacement 

cpm cost of each scheduled periodic PM 

Rmin acceptable reliability limit at the time of preventive maintenance 

x the time interval between each PM 

t the control limit of the minimal repair in the Nth PM interval 

N the number of PM cycles for a system which is either replaced at the end of the Nth cycle or the first 
failure at the Nth cycle after the control limit t 

λk(i) the failure rate function for system’s age i in the kth PM cycle (k=1,2,…,N, i≥ 0) 

Rk(i) the reliability function for system’s age i in the kth PM cycle (k=1,2,…,N, i≥ 0) 

The following assumptions are made throughout this paper. 

1. Single system is investigated and the system is deteriorating over time with increasing failure rate (IFR). 

2. PM is applied at a fixed interval time x. After each PM, the age of the system is restored to zero following 
with the failure rate increasing with the number of PM.  That is, the system has failure rate λk(i) in the kth PM 
cycle and λk(i)< λk+1(i) for any i≥ 0.  

3. The control limit (i.e., t) is arranged  in the Nth PM interval in which minimal repair is used for any failure 
occurring before time t. The system undergoes minimal repair for any failure occurred in the first (N-1) PM 
cycle and the time before time t in the Nth cycle. 

4. Failure replacement can only be applied after time t in the Nth PM interval. It prevents that early failure 
replacement in the first (N-1) PM cycle will substitute later scheduled PM. The system is replaced at the first 
failure after the control limit of minimal repair in the Nth PM interval (failure replacement) or at the end of 
the Nth interval (scheduled replacement) when the systems reliability declined to a specified level Rmin. 

5. The cost items are known with the following relationship: ,fsm ccc ≤≤  ,fspm ccc ≤≤ msf ccc ≤− . 

In this section, we will define the repair/replacement problem and establish the expected average cost function. It 
is assumed that a failure is instantly detected and the time to repair, preventive maintenance or replacement is 
negligible. The second assumption is adopted from Nakagawa [5]. Assumption 3 and 4 are employed to simplify 
mathematical formulation of the expected cost function and it can be easily extended to more general cases. However, 
that only adds some extra notational complexity without altering any of the failure replacement concepts.  Because the 
general context for this problem is a production environment, the repair and replacement costs include lost production 
as well as labor and material costs. The cost term cm includes both a failure cost (equal to cf -cs) as well as a repair cost , 
thus assumption 5 should be satisfied.  
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2.2. THE MODIFIED PM MODEL AND COST FUNCTION 

The minimization criterion is based on the expected average cost. Let c1(x, N) denote the expected cost rate 
obtained in [5] for the model without using the option of failure replacement. And c2(t, x, N) denote the expected 
average cost rate for a system which is  maintained  preventively at periodic interval x for N-1 times and has the control 
limit of minimal repair at time t in the Nth PM interval. Then the expected cost rates are given by  
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Once the cost function for the modified model is derived, the objective is to find the optimal (t*, x*, N*) 
maintenance policy such that  

),,(min),,(
1,0

*** NxtcNxtc
Nxt ≥≤≤

= .                                                                                                    (3) 

Since the control limit is set to be in the final PM cycle, the computing procedure for obtaining the optimal PM 
policy ca be stated as followed: 

Step 1: Initially set N=1.  Solve the inverse reliability function ( )( min
1 RR− ) to find the searching range of both the PM 

interval x and the control limit t.  

Step 2: Use two-dimensional numerical search (for example, Nelder-Mead Method [10]) to find the optimal x* and t* 

for specific N. 

Step 3: Increase N and find the optimal N* which minimize Eq. (3). 

3. NUMERICAL EXAMPLE OF THE WEIBUL CASE 

A numerical example is performed by using the following conditions in [5]. The failure time of the system has a 
Weibull distribution, i.e. 1)( −= ββαλ ii kk for β=2 and 1/αk = 100×(0.81)k-1 (k=1,2,…). Table 1 gives the optimal 
number of PM N*, the optimal interval of PM x*, and the optimal control limit of minimal repair t* for cs / cm = 3 ,5, 10, 
20, 50, 100, cpm / cm = 3 and cf = cs + 0.5 cm. As expected, the expected cost rate using failure replacement results in 
smaller cost rate, and it’s effect of cost reduction decreases as the number of the PM increases. It is also noted that 
using the specific reliability level (Rmin ) will increase the cost rate, but some cost rates under the reliability constraints 
still result in smaller cost rates than the cases without using failure replacement in [5].  

4. CONCLUSION 

This paper extended the maintenance policy which were obtained by Nakagawa [5]. The optimal maintenance 
problem under the average cost criterion is formulated and numerically showed that the modified optimal maintenance 
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policy has smaller expected cost rate. In this paper, the costs incurred for a minimal repair, preventive maintenance  
and replacement are assumed independent of the system’s age. The problems with age dependent cost structures seem 
to be practically more important. The examination of the optimality of repair/replacement policy under such cost 
structure is left for future research. 

Table 1: The optimal PM policy for [5] and this research under different Rmin.  

 cpm / cm = 3 

 cs / cm 3 5 10 20 50 100 

N* 1 2 3 5 6 6 
x* 17.32 18.92 20.63 20.04 24.49 32.58 Nakagawa [5] 

c1(x*, N*) / cm 0.346 0.423 0.517 0.6385 0.884 1.176 

 cpm / cm = 3 and cf = cs + 0.5 cm 

N* 1 2 4 5 6 7 

x* 32.09 20.87 20.11 22.04 27.01 31.62 
t* 13.309 14.139 11.589 11.909 13.909 15.289 

Rmin = 0 

c2(t*, x*, N*) / cm 0.320 0.409 0.503 0.621 0.860 1.141 
N* 1 2 4 5 6 8 
x* 15.17 13.65 11.06 9.95 8.96 7.25 

t* 10.148 10.628 9.331 8.881 8.455 6.975 
Rmin = 0.1 

c2(t*, x*, N*) / cm 0.334 0.439 0.581 0.799 1.369 2.253 

N* 1 2 4 5 6 8 

x* 17.30 15.57 12.61 11.35 10.22 8.27 
t* 12.304 12.39 10.320 9.972 9.603 7.939 

Rmin = 0.05 

c2(t*, x*, N*) / cm 0.326 0.422 0.549 0.741 1.243 2.020 
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ABSTRACT 

Content delivery for front-line staff in front-desk, customer service, call centre, and others, is difficult to manage 
adequately in a large-scaled organization. Existing P2P methods have been utilized for delivering contents 
between peers passively. However, such P2P approaches cause network congestion. That is, P2P approaches are 
easy to cause outbound traffic of a peer congested, because of large quantity of uncontrolled passive connections 
for content delivery. This passive method causes a peer potentially retrieves no contents form a congested peer 
having the needed files. Existing P2P method has a solution to control the outbound traffic through limiting the 
connections for retrieving content from other peers. However, such solution is still inefficient. The allowed 
connections are easy to be exhausted because of requests for retrieving files from too many peers. Such congested 
network still stops a peer from retrieving needed contents. Therefore, the existing P2P approach is inefficient for a 
large-scaled organization because a congested network is forbidden in such company. This work proposes a hybrid 
protocol named MP2P composed with passive and active mechanisms can help a starving peer to have the needed 
contents. That is, through MP2P, an uncontrolled passive connection can change to an active method by a peer 
having the needed contents to reduce the consumption of its outbound traffic. This work also models network 
behaviour of MP2P. Through MP2P, no starving peers without needed parts can be guaranteed because of an 
unblocked network. Hence, utilizing MP2P to deliver contents could be considered by an organization. 

1. INTRODUCTION 

Content distribution between clients within a large-scaled company is difficult to implement because of the 
complex intranet environment [1-3], which consists of different network segments connected by various bandwidth 
[4]. However, the environment may cause critical contents being lost or postponed reaching destination during 
transmission while utilizing improper content delivery approach [5-10].  

Existing peer-to-peer (P2P) application, such as Bit Torrent (BT), is widely utilized to transmit contents between 
peers but no organizations apply it as the content delivery approach [6, 7]. The application is unsuitable in an 
organization because it consumes large network bandwidth [11].  

Basically, P2P is efficient because it divides a file into numerous parts in order to transmit such parts among peers. 
Each part of a file can be transmitted and shared between peers through a passive retrieving method. But this method 
occupies the outbound traffic of a peer and then sharing no contents between the peer with congested outbound traffic 
and other peers. Existing P2P method has a solution to manage the outbound traffic through limiting the connections 
for retrieving content from other peers. However, such solution is still inadequate. The available connections are easy 
to be exhausted because of requests for retrieving files by too many peers. Such congested network still prevents a 
peer from retrieving needed contents [12-19]. 

In this work, a hybrid protocol named Managed Peer-to-Peer (MP2P), composed with passive and active 
mechanisms is proposed [20, 21], which can be applied to transfer contents between peers without network 
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congestion. That is, through MP2P, a passive connection managed by a retriever can be changed to an active 
connection managed by a sender to reduce the consumption of the outbound traffic of the sender. This work also 
models network behaviour of MP2P. Through MP2P, no starving peers without needed parts can be guaranteed 
because of no network congestion. Hence, utilizing MP2P to deliver contents could be considered by an organization 
with sparse network resource. 

2. RELATED WORKS 

An active content delivery method indicates a sender actively sends items to receivers. That is a push-based 
method [6, 7]. To adopt such method to transmit content on the network, the consumption of outbound bandwidth of 
a sender is managed by itself. However, in such method, a sender has no control of outbound packets [6, 7]. Thus, an 
active content delivery method must be fault-tolerant that ensures a packet is transmitted [20, 21].  

To improve the accuracy of delivered contents, two mechanisms are typically employed, namely: adding 
information to the contents being sent to verify their accuracy and status, while utilizing the signal, and an 
acknowledgement, to let senders and receivers decide the next action [20]. 

The passive content delivery method indicates that the receiver sends requests to a sender for retrieving an item, 
and then the needed item is retrieved by the receiver actively. That is a pull-based method [6, 7]. To adopt a passive 
method to transmit content on the network, the outbound bandwidth of a sender is managed by receivers. The 
correctness of the retrieved content is verified by checking the file size after the process of file transmission is 
completed. The receiver retrieves the content again whenever the file size is incorrect [20]. However, the passive 
content delivery approach has a defect that exhausts the outbound network bandwidth of a sender when numerous 
retrievers retrieve contents from it currently [6, 7]. 

The modern P2P method can speed up the transmission of a large file within peers because the file is divided into 
parts and each part could be transmitted independently. A file is retrieved successfully after all parts of the file are 
collected and merged. Such P2P content delivery method utilizes the passive approach to transfer contents through the 
Internet. However, such modern P2P method has the original drawback caused by the passive method: the outbound 
network traffic of a sender is managed by receivers and potentially congested when quantities of receivers retrieve 
contents from the sender simultaneously [12-19]. 

P2P approach mentioned above focuses on ensuring that one peer can retrieve a completed content. However, the 
content delivery within an organization must utilize network resource as precisely as possible. Existing solution for 
limiting the network congestion is simply controlling the available connection number of the file provider. However, 
such solution is still inadequate. A congested network within limited connection number still prevents a peer from 
retrieving needed contents. Hence, this work adopts an active method to solve such problem because the outbound 
traffic can be managed by the sender, but previous studies discussed little about changing such passive methods to 
active methods [12-19]. 

3. THE MP2P MECHANISM 

This work proposes an adjusted P2P protocol named MP2P employing both passive and active methods to deliver 
contents effectively. In MP2P mechanism, each peer has to share the information includes a file name, a sender name, 
file status, retrieving parts, completed parts, a receiver name, transmission method, file size, and transmission status. 
The features of MP2P are described as follows. The MP2P is launched whenever one file needs to be transmitted. For 
example, Peer1 is sender, Peer2 is receiver, and File I is the file needs to be transmitted. Peer 1 shares information 
described in Table I to neighboring peers after Peer 1 divides the file I into parts. Peer 1 records Peer 1 as the “sender 
name”, the owning parts of File I as “file status”, the name of File I as “file name”, “passive mechanism” as 
transmission method, and “the file is ready for retrieving” as transmission status. Because Peer1 is the starting node, 
the owning parts of File I of Peer 1 are completed. After receiving above information from Peer 1, each neighboring 
peer of Peer 1 records itself as the “receiver name”, and records a divided part of File I as the “retrieving part”, then 
passes these modifications back to Peer 1. In this case, the passive procedure for transferring File I begins after Peer 2 
records it as the “receiver name”, the “part 1 of File I” as the “retrieving part”, and passes these modifications back to 
Peer 1. 

In MP2P protocol, the active procedure is used whenever the outbound bandwidth is consumed heavily meaning 
too many connections established by receivers to use the outbound traffic. To utilize active procedure, the usage of the 
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outbound bandwidth can be managed by the sender because the manage of file transmission is changed from receivers 
to the sender 

4. MODELING 

To compare the performance of the MP2P, this work analyses the average time for delivering contents through MP2P 
and passive P2P methods.   
Let 

sB  be the transmission rate for each sender/receiver. 
Let 

lB  be the transmission rate at each link. 
Let N  be the number of receivers. 
Let σ  be the packet size per request. 
Let ασ  be the packet size per file. 

 
The derived model has assumed that the transmission rates of each sender are the same and equal as sB . 
The active method shows the average time for request is, 

 
and the average time for transmission is 

 
The passive mechanism show the average time for request is , 

and the average time for transmission is 
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transmission rate lB , suppose the transmission rate for the passive method is x . Then the transmission rate for the 
active method is lB x− . Assume that the number of receivers using the passive mechanism is 1N  and the number of 
receivers using the active mechanism is 1N N− . 
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5. RESULTS 

To understand the difference, this work simulates the bandwidth consumption of a sender adopting MP2P and 
P2P. The MP2P simulation describes as follows. This work uses ProModel as the simulation tool. We assign 30 peers 
represent the receivers. This work assigns Peer1 has one outbound connection and observes the network consumption 
of the connection. All peers except Peer1 use the only one connection to transfer packets with Peer1. The Peer1 sends 
packets to peers through passive protocol and active protocol based on the simulation setting. The inter arrival time 
assumed follows exponential distribution, one packet arriveing at one time. Obviously, because this simulation 
assumes one peer has only one connection and time is limited, arrived packets might be queued up at Peer1. The 
distance between Peer1 and each Peer1 are the same.  

Simulating 100 hours, to compare with the delivered packets and total issued packets, the result shows the packets 
can be delivered is 15.2% in MP2P and 5.4% in P2P. In addition, to compare with P2P and MP2P, the average 
delivered packets could be up 39.6% within a fixed time slot while adopting MP2P. 

4. CONCLUSIONS 

To eliminate defects of the unmanaged bandwidth consumption caused by P2P method using passive protocol, the 
MP2P method using both passive and active protocols. This work models and simulates a managed peer-to-peer 
protocol (MP2P) to send packets instead of the passive P2P approach. Finally, the simulation result shows the MP2P 
has good performance on packets delivery. To compare with the delivered packets and total issued packets, the result 
shows the packets can be delivered is 15.2% in MP2P and 5.4% in P2P. In addition, to adopting MP2P, the average 
delivered packets could be up 39.6%. Finally, the derived model also needs further discuss to ensure its benefit. 
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ABSTRACT 

Software applications have been developed on client-server or web-based architectures, with client software 
installed in numerous clerks’ devices spread over the whole of Taiwan along the hierarchical organization of 
large-scaled service companies. The loss for a large-scaled service company would be caused by an inconsistent 
system, in which client software fails to receive updated files. Therefore, reliable maintenance strategies for file 
delivery on the intranet of a large-scaled service company are presented to ensure system consistency. This study 
analyses a worse case of a proposed file-delivering system that has been implemented in a large-scaled company in 
Taiwan. Moreover, its maintenance strategies provide a reliability model with the waiting-time distribution of 
disconnected links. The proposed mechanism prevents damage from terminating operations of a company caused 
by a failed file-delivering process. Empirical results demonstrate that this design run on 19 servers distributes 
content with less than 3.4 content delivery failures per million hours. 

1. INTRODUCTION 

Companies, particularly those in the large-scaled service sector, regard uninterrupted customer service as one of 
the most important business goals [1]. A typical large-scaled service company has various electronic devices, such as 
personal computers, which are applied by clerks in operation centres to process business transactions. Each device 
hosts different client software applications, each linking to a system in the back offices. The systems can be devised in 
client-server or web-based architectures generally [2, 3]. In addition, a client-server architecture stores applications 
and some data, including promotion, area and customer codes, on the client devices [4]. Each application should 
exchange data between web-based system and client-server system. Therefore, a system needs maintenance strategies 
to make sure up-to-date applications and data can be delivered to each client device. 

A company requires a feasible approach to sending content along the hierarchy to gain support from all business 
units [6]. Maintenance strategies are also important to ensure that failed servers on the distribution routes do not bring 
the distribution to a halt [5]. This study describes the experience of a large company in Taiwan, which originally 
applied one server to update the contents of all clerks’ devices, and has since learned from the experience that failed 
servers can stop the content-delivering service. Therefore, the company has had to develop a new maintenance 
strategy for delivering contents along a physical hierarchy. A maintenance strategy for content-delivering service 
(MSCDS) has therefore been presented [1].  

The MSCDS comprises an automatic fault tolerance design and failover mechanism to guarantee that the 
content-delivering service continues when servers or links fail. This work describes the operation of the MSCDS 
derived from experienced error statuses, and illustrates the system reliability. A system fails if either no server is in 
operational mode, or all links are disconnected. A server that is functioning correctly and is reachable is said to be in 
operational mode. Different error statuses cause different levels of damage, which can be characterized by a utility for 
measuring reliability, called a six-sigma capable process. The six-sigma capable process is a helpful quality assurance 
tool adopted in manufacturing industry, and can be used to measure the reliability of a software application [7]. 
Applying the six-sigma capable process to measure the reliability, the MSCDS tolerates a maximum of 3.4 failures per 
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million hours [8]. Finally, the company has considered to utilize a system with 19 servers in three layers along the 
hierarchical organization. 

2. RELATED WORKS 

Content delivery methods are generally categorized as push-based and pull-based [19, 20]. In a push-based 
approach, a sender actively sends items to recipients. In a pull-based approach, the recipient transmits requests to a 
sender to retrieve items [11]. 

However, each approach has limitations for sending content. Push-based methods consume few network 
resources, but potentially lose content. A pull-based approach can avoid losing messages through repeated requests 
for retrieving contents, but places a heavy drain on network resources [10]. Network resources are important for a 
large-scaled company with limited network bandwidth. Therefore, this MSCDS applies routing strategies to send 
content through a modified pull-based method with fewer requests to a sender than other pull-based methods, thus 
reducing the consumption of network resources. In the MSCDS, a recipient only sends requests to a sender to retrieve 
content whenever the sender actively transmits a notification to inform the receiver that new content is ready for 
retrieval. Although this method decreases the consumption of network resources, it potentially stops 
content-delivering services, since a sender sends no active notification to a receiver when its server crashes or the 
network is disconnected [12-14]. Therefore, the MSCDS must have a fault-tolerant design to prevent failed servers 
and links from stopping the content delivery service. 

Existing fault-tolerant approaches for delivering content can be classified into two designs. The first approach is 
adding information to the content, such as its size, to verify its accuracy. The other approach is utilizing a notification 
system to enable senders and receivers to determine the next action [15-20]. These approaches ensure that a 
destination can continue receiving the entire content. However, the content-delivery service means that every client 
device in the operational mode must be able to retrieve updated content successfully along the hierarchical 
organization of a large-scaled company. Therefore, a fault-tolerant design must be properly adopted to continue 
delivering updated content along the hierarchical organization of a large-scaled company. 

3. SYSTEM ILLUSTRATION 

The MSCDS employs a multi-tier architecture comprising of layers of servers which are organized into balanced 
trees, meaning the depth of each sub-tree of the root is the same [18]. The root server is in the first level, and a server 
has its parent server and child servers. The MSCDS functions as follows. Every server apart from the root server 
receives updated contents from a parent server. When the parent server fails to transmit updated content to a child 
server, it notifies another child server in the same hierarchy level to pass the notification of the new updated content to 
the servers or clients connected to the failed server. If none of the child servers is available, then the parent server 
notifies all the servers in the next level to retrieve contents directly. 

The further actions of a malfunctioned server include operator’s intervention and automatic recovery. A crash 
requires intervention by an operator. A general omission can be solved automatically, because recipients retrieve 
incomplete content later. Partially disconnected cases, including a malfunctioning network router, require intervention 
by an operator, as well as time to be fixed. Other cases, such as a network disconnection owing to congested traffic, 
typically recover automatically within a specific period. Each error status has various mean times between failures and 
times spent for repair. The company assigns specific staff members to repair a malfunctioning server or link.  

4. SYSTEM DESIGN  

4.1. MAINTENANCE STRATEGY 

The MSCDS comprises fault-tolerant design and failover design for the above error statuses. The fault avoidance 
design is described as follows.  

The MSCDS ensures that content can be retrieved by sending notifications and preventing the retrieval of 
incomplete content by comparing the physical size of delivery content and adding information about content size. The 
notification is adopted to inform the receiver; the recipient server and the client device retrieve content, or transmit an 
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error when failures occur, allowing the receiver to determine the next action. A server or a client re-retrieves content 
from any server that has the latest version of the updated content when it recovers from a crash or disconnection. 
Moreover, MSCDS includes a management console to help the operator to monitor the status of servers and intervene 
in time when failures occur. A server that is not operating is marked on the management console to prevent it from 
connecting with clients and other servers. That is, a non-functional server is isolated for repair.   

The failover design of the MSCDS is described as follows. Whenever a server marked on the management console 
as failed needs to be repaired by an operator, other servers are designated to be in charge of sending content to all 
recipient servers of the marked server. Furthermore, once failing to link to the original destination, a server must be 
designated to link others with the same functions as the original destination. Additionally, a failed link or a 
malfunctioned server has a specified repair team to fix it once it is marked on the management console. 

However, the server hosts at headquarters controlled by the content-delivering operator require a specific failover 
plan. The company prepares backup servers of the server hosts at the headquarters. These backup servers can replace 
failed servers immediately. Every server on the second layer can act as a server host at the headquarters to handle the 
crash situation. If the server hosts at the headquarters are disconnected from other servers, then the operator can 
deliver the updated content to one of the server hosts on the second layer to deploy it. If the server hosts at the 
headquarters are disconnected from other servers, then the operator travels to any site of the second layer as quickly as 
possible to allow the updated content to be delivered. 

The above design shows that a client device that is disconnected from the server in the same business region can 
still be notified that the new content is ready for retrieval from any other servers. Additionally, a client device that 
retrieves no updated content from a crashed server within a business region retrieves the updated content from another 
server. 

4.2. RELIABILITY 

To understand the reliability of MSCDS, this study obtains the MSCDS queueing model and analyzes it [21-23]. 
This investigation assumes 1s ≥  servers in the system for sending downward messages, which have independent 
identically distributed (i.i.d.) exponential lifetimes. According to the architecture of the proposed method, MSCDS 
has x  links in the system to connect servers, where 1x ≥ . Additionally, the lifetimes of these links may be 
interdependent. 

This investigation calculates the probability that no server is in operational mode, using the following procedure. 
The notations 1/ cα  and 1/ Gα  denote the mean time from regular operation to the crash state, and to the general 
omission state for each server, respectively. This study assumes that the times taken by each server to reach the crash 
state and the general omission state follow i.i.d. exponential distributions. A crashed server needs a mean repair time 
of 1/ cβ . Moreover, repairing a failed server with general omission takes a mean repair time 1/ Gβ . These two repair 
times are assumed to be i.i.d. random variables with exponential distributions. 

The state transition rate is a Markovian system with period 2, signifying that future behavior is a function only of 
the present, and not of the past. This study indicates the steady state probability as follows,  

0( )C Gπ π π π= , , , 

where 0π , Cπ , and Gπ  denote limiting probabilities of  the regular operation, crash, and general omission states. The 
interpretation of jπ  is the probability of finding the Markov process in state j  after the process has been in operation 
for a long duration. In addition, the interpretation of jπ  could be described as the long run mean transitions of time 
that the process spends in state j [25, 26]. A transition probability matrix is derived,   
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With modern technology, the operation time of a server should far exceed the down time. To make a conservative 
calculation, we then assume that the servers spend the same amount of time in each of the three states after each 
transition. 0π , Cπ , and Gπ  therefore denote the average time spent in each corresponding state in the worst case. 
Under this assumption, MSCDS has the following limiting probability of no server in operational mode in the system: 

 
 

{ } ( ) 1Pr no server in operational mode
2

s
s

C Gπ π ⎛ ⎞= + = ⎜ ⎟
⎝ ⎠ .             (4) 

Additionally, this study computes the limiting probability that all links are disconnected. The procedure for finding 
the limiting probability that links are disconnected is described as follows. The term 1/ dα  denotes the mean time from 
the connected state to the disconnected state for each link. Repairing a disconnected link has a mean repair time of 
1/ dβ . This investigation assumes that lifetime and repair time follow exponential distributions, with r  repair teams 
existing for repairing disconnected links.  

At time t , , ( )x rN t  indicates the number of disconnected links in this Content-Delivering Service system, which 
comprises x  links and r  repair teams. The repair teams exist for fixing disconnected links in time. This investigation 
assumes that 1x r≥ ≥ . This study considers { }, ( ) , 0x rN t t ≥  as a birth and death process on state space { }0 , 1 , , xK  
with birth parameter dα  and death parameter dβ . The equation { },( , ) l i m P r ( )n x rt

P x r N t n
→ ∞

= =  denotes the limiting 
probability that n  disconnected links exist in a system with x  links and r  repair teams. This investigation obtains 
the limiting probability by formulating it as a / /M M r  queueing system with finite population x . The limiting 
distribution is calculated (see Kleinrock [27]). 

Using the limiting probability, the expected value is determined as: 
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Little's law indicates that the average number of customers in a queueing system equals the arrival rate of 
customers reaching that system multiplied by the average time spent in it [28]. This study adopts Little’s Law to find 
relations among the expected number of disconnected links, expected repair time of each disconnected link and 
disconnection rate.  

Theorem 1: Let ( , )W x r  represent the expected time taken to repair a disconnected link in a system with x  links 
and r  repair teams in steady state, where dα  indicates the disconnection rate of a link. This value is computed as 
follows: 
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Proof: The expected time, ( , )W x r , is derived using Little’s Law with the effective disconnection rate  
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This investigation calculates the probability that all links are disconnected.  
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The term ( , )xP x r  denotes the period of time when all links are disconnected in the long run. The probability that 
a system is down is determined from the results of (4) and (7), as follows: 
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      (8) 

Equation (8) obtains the probability that the content-delivering service system will be down through assigned 
numbers of servers and links s  and x , respectively. The result of Eq. (8) could be used to compare with a six-sigma 
capable process. Restated, if the result shows that the number of occurrences of the status “system is down”, providing 
no service, is below 3.4 occurrences per million unit time, then the system is better than a six-sigma capable process.  

4.2. MAINTENANCE STRATEGY 

The six-sigma capable process is originally used in manufactory industry to measure and improve the quality of 
goods. Recently, the methodology has been utilized in the service industry to gauge and improve service level. 
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According to the standard of six-sigma, the MSCDS cannot be out of service for more than 3.4 times in a period of one 
million hours. The out of service rate is computed by expression (8), which can be reduced to (1/2)s , where s is the 
number of servers. This is because that the case company has a pre-assigned repair team to maintain each link (each 
link has its own specified repair team), the number of links is equal to the number of repair teams, the parameter n is 
equal to r. In addition, since the number of links is equal to the number of disconnected links in the worse case, the 
parameter n is equal to x. In this case study, due to each link of being maintained by a pre-assigned repair team, the 
number of links is equal to the number of repair teams, x = r when all links are broken down, implying the system is 
down.. Finally, to use the real data aroused via the case company, the result shows that out of service rate of using 19 
is below 3.4 times per million hours. 

4. CONCLUSIONS  

Content distribution must be considered by service-oriented companies with fast-evolving intranet environments 
and immense client installation bases.  Essentially, the same version of the updated contents needs to arrive completely 
at on-line client devices before a predetermined deadline to allow companies to upgrade corresponding client software 
and business processes. Hence, service-oriented companies without a content-delivering service with maintenance 
strategies are likely to lose revenue, customers and even goodwill. This study proposes maintenance strategies 
designed for an effective content-delivering service implemented in a large-scaled company with multiple layers 
along a hierarchical organization. In this regard, this study derives a reliability model.  
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ABSTRACT 

Dynamic events such as machine breakdown and hot jobs may induce problems on the production system such as 
order delay, increasing machine load, and changing inventory level. Past studies of dynamic events often use 
traditional Design of Experiments (DOE) to analyze the effects of dynamic events on the system’s performance. The 
shortcoming of this approach is that  the number of experimental runs conducted would become exponentially 
increased as the number of factors increased. This study tries to use Frequency Domain Methodology (FDM) instead 
so as to detecting the higher order effects and ranking important factors in a few experimental runs. Spectrum analysis 
is used to comprehend the effects of different location of machine breakdown and different size of hot jobs on the 
system’s performance of flowshops with different traffic (utilization) and stability (oscillation). This study finds that the 
important factors identified by FDM analysis are the same as that of DOE.  However, only in some cases can the 
ranking of important factors be the same for both approaches.  

1. INTRODUCTION 

Dynamic events such as machine breakdown and hot jobs may induce problems on the production system such as 
order delay, increasing machine load, changing inventory level, relocating human power, and influencing enterprise 
credibility.  Therefore, the effects of dynamic events on the production system can not be ignored.  Cochran and Lin [1] 
[2] examined the impact of dynamic events, specifically machine breakdown and hot jobs, to a production line.  Figure 1 
shows the cycle times of ordinary jobs during the impact of a dynamic event.  The cycle times of ordinary jobs increase 
dramatically when a dynamic event occurred.  It then decreases exponentially back to the original steady-state.  Cochran 
and Lin further built simulation metamodels for the impact of both dynamic events to the production line so that one can 
predict the influences of the dynamic events.   

 

 Assembly Time 
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     (2) The total hot- job-order processing time 
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Figure 1: Variation of the cycle time of ordinary jobs during the impact of a dynamic event 
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Past studies of dynamic events often use traditional DOE (Design of Experiments) to analyze the effects of dynamic 
events on the system’s performance. The shortcoming of this approach is that the numbers of experiment runs 
conducted would become exponentially increased as the numbers of factor increased. This research tries to use FDM 
(Frequency Domain Methodology) instead. FDM can detect the high-order effects and rank important factors in a few 
experiment runs. This research use spectrum analysis to comprehend the effects of different location of machine 
breakdown and different size of hot job on the system’s dynamic performance. 

Schruben and Cogliano [3] developed a frequency domain approach to deal with the sensitivity analysis during the 
post simulation study in an attempt to significantly reduce the simulation runs required.  They [4] further developed an 
experimental procedure for simulation response surface model identification.  Schruben and Som [5] discussed the 
issues encountered while applying FDM in simulation studies, which mainly focused on the parameter settings for FDM.  
These issues were partly solved by Sanchez and Konana [6].  Above mentioned studies only dealt with M/M/1 queue 
or simple assembly line with rework.  Morrice and Schruben [7] applied FDM to analyze the transient sensitivity analysis  
without dealt with large problems with dynamic events. 

This research investigates  flowshops with different traffic (utilization) and stability (oscillation). For machine 
breakdown, this study considers one-time only and periodic failures of machine at different locations of the system.  For 
hot jobs, this study considers the period of system recovery after the impact of hot jobs with different lot size.  In the 
following sections, the research methodology will be discussed first, followed by the description of the underlying 
flowshop system.  The experimental design for both FDM and DOE approaches will then be presented. Finally, after brief 
discuss of the analysis and comparison of simulation results, some conclusions and recommendations will be 
addressed. 

2. METHODOLOGY 

The purpose of this  study is to evaluate the effectiveness of FDM in identifying important factors in a dynamic 
flowshop.  As depicted in Figure 2, the research procedure started from reviewing related literature and identifying 
research boundary.  The study is limited to flowshops, therefore job shops or even open shops are not considered.  In 
addition, only most simple and standard DOE procedures are adopted.  Taguchi’s methods as well as other designs are 
not within the research boundary.  The second step is to ensure the transformation methods and carefully select 
parameter values used in FDM approach.  This step is very important for the sensitivity analysis.  The third step is to 
build ARENA simulation models to represent different settings of the flowshop, which including models for machine 
breakdown and hot jobs events.  These models are used in both FDM and traditional DOE experiments.  Simulation 
results from both FDM and DOE experiments are analyzed and compared to each other in the data analysis step.   
Conclusions and recommendations are then made according to these results at the end of this article. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Research methodology 
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2.1. TRADITIONAL DESIGN OF EXPERIMENTS (DOE) 

The DOE applied in this study would be the most commonly used 2k factorial design with n c center points.  It provides 
estimates of main factor effects as well as their interactions.  Adding center points will enable the statistical checking of 
the significance of quadratic terms.  If the quadratic terms are not significant, then first order model will be used in 
modeling the response surface.  Otherwise, central composite design (CCD) will be adopted in the response surface 
modeling step.  CCD allows model adequacy checking since it provides information about the cubic terms  [8]. 

2.2. EXPERIMENTAL PROCESS OF FDM 

The study utilizes the standard FDM analysis that follows the experimental procedure described below [4]: 

Step 1: Determine adequate common index for the output and input series.  Both must be sorted in the same order.  

Step 2: Set a range of interest for each continuous input factor.  Larger region provides more power in detecting factor 
effects. 

Step 3: Select p+1  driving frequencies between 0 and ½ , where p is the number of continuous input factors.  Compute 
the minimum spacing b to allow for spectral estimation. 

Step 4: Choose a window truncation point m and a run length n such that m ≥ 4/3b and n roughly equal to (m/2)2. 

Step 5: Run p+1 independently seeded replications of the simulation model using Latin square design. 

Step 6: Compute the sample spectrum for each response series. 

Step 7: Compute the spectrum ratios and the combined significance level to identify important factors for each 
response. 

 

3. SYSTEM DESCRIPTIONS  

The flowshop under study have 10 machines in series .  Both time between arrival and processing time follow the 
exponential distribution.  For the machine breakdown case, we consider one-time only as well as periodic failure. The 
mean time to failure is set to be 300 minutes and time to repair is 30 minutes.  Machine breakdown occurs in the second, 
the fifth, or the eighth machine to allow for examination of upstream and downstream impact of the dynamic event.  First 
machine failure occurred at time 6,000.  For the hot jobs case, hot jobs entering the system at time 6,000.  The batch sizes 
of hot jobs are set to be 50 or 150. 

Two input factors are considered, i.e. system utilization ρ  and oscillation α.  The flow time of the ordinary jobs is the 
only response considered.  Simulation data collection started after the system reaches steady-state.  In machine 
breakdown case, 10,000 data are collected for FDM analysis , while 30 replications of 10,000 minutes length for each DOE 
design point.  In hot jobs case, 1,000 data are collected for FDM analysis after hot jobs entering the system, while 30 
replications of 10,000 minutes length for each DOE design point. 

4. RESULTS AND DATA ANALYSIS  

4.1. MACHINE BREAKDOWN 

Table 1 lists the simulation results for the one-time only machine breakdown.  Sub-table 1a, 1b, and 1c show the 
comparison results for the 2nd, 5th, and 8 th machine breakdown, respectively.  As can be seen from the table, both FDM 
and DOE approaches identify same significant factors.  However, the rankings of these important factors are quite 
different.  Only in a few cases, as in sub-table 1c can the results of both approaches being identical.  More specifically, 
when the failure occurred in the upstream machine (the 2nd machine) and medium system utilization rate, both FDM and 
DOE approaches produce identical results.  In addition, when the failure occurred in the downstream machine (the 8th 
machine), the rankings of important factors show in FDM and DOE differ significantly. 
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Table 1: Important factor rankings for one-time only machine breakdown 

1a: The 2nd machine breakdown 1b: The 5th machine breakdown  

 

 1c: The 8th machine breakdown 

 
 

 

Table 2 lists the simulation results for period machine breakdown.  Sub-table 2a, 2b, and 2c show the comparison 
results for the 2nd, 5th, and 8th machine breakdown, respectively.  As can be seen from the table, both FDM and DOE 
approaches identify same significant factors.  However, the rankings of these important factors are quite different no 
matter where the failure occurred.  For all factor level combinations, none of the rankings of the important factors from 
FDM and DOE are identical. 

 

Table 2: Important factor rankings for periodic machine breakdown 

2a: The 2nd machine breakdown 2b: The 5th machine breakdown  
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 2c: The 8th machine breakdown 

 

 

4.2. HOT JOBS 

Table 3 lists the simulation results for the hot jobs case.  Sub-table 3a and 3b show the comparison results for the 
small and large batch size of hot jobs respectively.  As can be seen from the table, both FDM and DOE approaches can 
identify the same significant factors.  However, the rankings of these important factors are quite different.  Only in a few 
cases, as in sub-table 3b can the results of both approaches being identical.  More specifically, when the batch size of 
hot jobs is large and medium to high system utilization rate, both FDM and DOE approaches produce identical results.  
In addition, when the batch size of hot jobs is  small and system oscillation is medium, the rankings of important factors 
show in FDM and DOE differ significantly. 

Table 3: Important factor rankings for hot jobs 

3a: Small batch size 3b: Large batch size 

 
 

5. CONCLUSIONS AND RECOMMENDATIONS  

This paper explores the effectiveness of Frequency Domain Methodology (FDM) in identifying important factors 
related to the performance of a dynamic flowshop.  It reveals that FDM significantly reduces the total number of 
simulation runs as compared to traditional design of experiments (DOE).  Important factors identified by both methods, 
FDM and DOE, are the same.  However, the rankings of importance of these factors are different for most cases. 

 Future studies should be devoted to solve this issue as well as develop a method to generate regression functions 
out of the FDM’s analysis results. 
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ABSTRACT 

Surveillance test schedule has been studies to increase standby system unavailability and keep plant safety. In 
earlier research, testing strategies, such as simultaneous or uniformly staggered testing, have been applied for 
simpler standby systems and the optimal test interval can then be obtained. For more complex systems, the best 
testing schedules were obtained by comparing the performance of pre-specified testing policies by using computer 
software or simulation. However, for maintenance manager may not only wants to know what is the optimal testing 
interval, but also perspectives on the relationship between units. In any system, units may significantly different 
from each other. Therefore, units are suggested to test according to unequal test interval in this study. The 
performances for units testing according to equal and unequal test intervals are compared based on cost-effective 
point of view. Moreover, sensitive analyses of the impacts of units’ characteristics on the choice of optimal testing 
schedules were also provided. The results of this study may offer maintenance manager perspectives on the 
relationship between unit’s characteristics and optimal maintenance schedule. 

1. INTRODUCTION 

Most safety systems are standby systems whose condition can be known only by inspection or request to function. 
Surveillance testing has been adopted to maintenance the availability of standby systems [1]-[12]. Early research 
aimed to find the optimal testing policy, including test interval and testing strategies, to maximize system availability 
[1]-[7]. Recent research claimed the test or maintenance policies should be established based on plant level, therefore, 
both availability and cost are considered to obtain the optimal testing policies for systems [7]-[12]. 

(Almost) simultaneous testing has shown to minimize the average system unavailability for series systems, and 
uniformly staggered testing is the best choice for parallel systems with identical units [1]. Same results are hold for 
series and parallel systems, respectively, with considering maintenance cost, as shown in [11]-[12]. Wang [13] 
considered three testing strategies for parallel systems that comprise two series parallel systems in parallel as shown in 
Figure 1. Assume that units 1 and 2 are identical, so as units 3 and 4. Under units tested according to the same test 
interval, identical units in parallel (units 1 and 2, and units 3 and 4) are tested uniformly staggered have the best results. 
If the system is important, non-identical units in parallel are suggested to be tested almost simultaneously; if the 
system is not important, non-identical units in parallel are suggested to be tested almost simultaneously. However, 
equal test interval assumption is not reasonable for units are significantly different. Wang [14] showed that when the 
optimal test intervals were impacted by unit’s characteristics (e.g., failure rate, test duration, maintenance cost, etc.) 
Therefore, this study looses the equal test interval assumption to investigate if the results about testing strategies under 
equal test interval for all units can still be good suggestions for setting the optimal testing schedule for parallel-series 
systems. 
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Unit 1

Unit 4Unit 2

Unit 3

Subsystem I

Subsystem II

Figure 1: A Parallel-Series Syste 

2. METHODOLOGY 

Considering a parallel-series system, as shown in Figure 1, includes two identical series subsystems in parallel. We 
assume that units 1 and 2 are identical, and units 3 and 4 are identical, but units 1 and 3 (and units 2 and 4) need not be 
identical. Since (almost) simultaneous testing has shown to be the best choice for series systems, as uniformly 
staggered testing for parallel systems with identical units (see [1], and [11]-[12]), based on these results, three testing 
strategies under equal test interval for all units were compared in [13]. It shows that identical units in parallel (i.e., 
units 1 and 2, and units 3 and 4) are suggested to be tested uniformly staggered. However, different units in parallel 
(i.e., units 1 and 4, and units 2 and 3) are suggested to be tested almost simultaneously if the system is important to the 
plant. If the system is not important, those units are suggested to be tested uniformly staggered to reduce 
test/maintenance cost.  

Since it possible exist significant difference between units 1 and 3, it is not reasonable to test all units (especially 
different units) according to the same test interval. This study extends the model presented in [13] and looses the equal 
test interval assumption to investigate if the same results still hold the systems.  

2.1 ASSUMPTIONS 

1. A unit is either operable or failed. There are no partially degraded states. 

2. Units are failed either because of random failure during standby, or because of failure on demand. 

3. Units are assumed to fail independently of each other during both standby and operation. 

4. A unit is unavailable during testing, restorative maintenance, and repair. 

5. A unit is as good as new immediately after its restoration. 

6. Unit k is failed with a constant failure rate, say λk. 

7. Surveillance tests of the unit k are performed at regular, fixed interval, say Tk.  

Since units 1 and 2 are identical, so as units 3 and 4. Let T1 = T2, and T3 = T4. Without loss generality, assume that 
units 1 and 2 are more reliable units. It is reasonable to believe that test interval of units 1 and 2 are longer than that of 
units 3 and 4. Moreover, for managerial convenience, assume that the test interval of units 1 and 2 are multiple of that 
of units 3 and 4, i.e., T1 = N．T3, where N is an integer. Let T denote the test interval of the whole system (i.e., the 
longest test intervals among all unit’s), then T = T1.  

2.2 TESTING STRATEGIES 

Two testing strategies modified from strategies A and B in [13] are described below. Let Ljk denote the time lag 
between the first test of units j and k in each cycle, and τk denote the expected test duration of unit k for testing, 
maintenance, and repair. Many research showed that uniformly staggered testing is best for identical units in parallel, 
therefore, in both strategies, the time lag between units 1 and 2 are set as L12 = 1/2 T, and that between units 3 and 4 are 
set as L34 = 1/2 T3.  
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(Almost) simultaneous testing is showed to be the best for units in series (e.g., in [1] and [12]). Moreover, Wang 
and Chang [12] showed that the units with larger product of test duration and expected time to failure, i.e., τk /λk, 
should be tested first. Based on these results, the Strategy A was developed as below,  

Strategy A: Units 1 and 2 are tested in a uniformly staggered manner; units 3 and 4 are tested in a uniformly staggered 
manner; and units 1 and 3 are test (almost) simultaneously, with the unit with the larger value of τk /λk test 
first, as shown in Figure 2. That is 
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Figure 2: Maintenance Schedule for a Parallel-Series Using Strategy A 

However, the system shown in Figure 1 can also be represented as a series-parallel system with parallel 
subsystems i through iv as shown in Figure 3. Here, subsystems i and ii have two identical units in parallel, while 
subsystems iii and iv have two non-identical units in parallel. As described earlier, the best testing policy for 
subsystem i or ii considered alone would be uniformly staggered testing; i.e., to test units 1 and 2 in a uniformly 
staggered manner, and similarly for units 3 and 4. However, the results for two-unit parallel systems with 
non-identical units suggest that the units in subsystems iii (i.e., units 1 and 4), if significantly different from each other, 
should be tested (almost) simultaneously, with the unit that has the smaller product of the expected test duration and 
expected time to failure (i.e., τk /λk) tested first, and similarly for the units in subsystem iv (i.e., units 2 and 3) [15]. 
These principles suggest another candidate testing strategies (see strategy B below). 

 

Unit 1

Unit 4Unit 2

Unit 3

Subsystem i Subsystem ii

Unit 1

Unit 3Unit 4

Unit 2

Subsystem iii Subsystem iv

Figure 3: A Functionally Equivalent Representation for a Parallel-Series System 

Strategy B: Units 1 and 2 are tested in a uniformly staggered manner; units 3 and 4 are tested in a uniformly staggered 
manner; and units 1 and 4 are tested (almost) simultaneously, with the unit with the smaller value of τk /λk 
tested first, as shown in Figure 4. That is, 
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Figure 4: Maintenance Schedule for a Parallel-Series Using Strategy B 

2.3 OBJECTIVE FUNCTIONS 

In this study, an objective function taking both system unavailability and maintenance cost into account is 
provided and given below, 

)()()( TCTUCTM u +=  (1) 

where Cu is the expected loss per time unit due to system unavailability, U is the average system unavailability over a 
cycle T, and C is the average maintenance cost over a cycle. The average system unavailability and average cost 
function is defined as below, 
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where ρk is the probability that the unit k failed on demand, and Fk(t) is the failure function of unit k. Since the constant 
failure rate for all units is assumed in this study, the failure function can be further approximated as Fk(t) ≈λk xk(t), 
where xk(t) is the age of unit k at time t. Cost function is defined as 
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where CTk is the testing cost for unit k per test, and CFk is the additional cost to repair unit k if its failure is found during 
test. 
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3. NUMERICAL EXAMPLES 

In this section, we presented the case in which the failure rates of all units are constant, denoted as λk. Earlier research 
claimed that system availability is very important for standby system to keep plant safety. Figure 5 shows the average 
system unavailability achieved using these two testing strategies, as a function the expected test duration of units 1 and 
2, τ1. This figure suggests that there is no significant difference in average system unavailability when the test duration 
of units 1 and 2 (more reliable units) is small. However, the average system unavailability achieving by using strategy 
B is significant less than that achieved by using strategies A. Therefore, strategy B may be a good testing strategy to 
minimize average system unavailability for parallel-series systems. 
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Figure 5: Average System Unavailability of a Parallel-Series System as a Function of the Test Duration of Units 1 and 2, τ1 (for the 
case in which λ1 = λ2 = 10-6/hr, λ3 = λ4 = 10-5/hr, τ3 = τ4 = 10 hrs, ρk = 10-3/demand, for k = 1, 2, 3, 4.). 

Figures 6 and 7 are shown the objective function values using strategies A and B, with different value of Cu.     
Figure 6 illustrates that when the system is very important (with larger expected loss due to system unavailability Cu), 
the objective function values achieving by these three testing strategies is similar to the results obtained by considering 
system unavailability alone as shown in Figure 5. In other words, when the system is very important to plant safety, 
strategy B can be considered as a good testing strategy for parallel-series systems, with or without considering 
maintenance cost. On the other hand, if the system is less important, the result shown in Figure 7 suggests that the 
objective function value achieved using strategy A is slightly smaller than that achieved using strategy B when the less 
reliability units (units 1 and 2) have a significantly shorter test duration; however, when the more reliable units have a 
sufficiently larger test duration, strategy B is greatly preferred to strategy A. 
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Figure 6: Average System Unavailability of a Parallel-Series System as a Function of the Test Duration of Units 1 and 2, τ1, Cu = 
$100/hr (for the case in which λ1 = λ2 = 10-6/hr, λ3 = λ4 = 10-5/hr, τ3 = τ4 = 10 hrs, ρk = 10-3/demand, CTk = $10/test, CFk = 
$100/repair, for  k = 1, 2, 3, 4.) 
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Figure 7: Average System Unavailability of a Parallel-Series System as a Function of the Test Duration of Units 1 and 2, τ1, Cu = 
$1/hr (for the case in which λ1 = λ2 = 10-6/hr, λ3 = λ4 = 10-5/hr, τ3 = τ4 = 10 hrs, ρk = 10-3/demand, CTk = $10/test, CFk = 
$100/repair, for  k = 1, 2, 3, 4.).  

4. DISCUSSION AND CONCLUSION 

Testing strategies have been studied for simpler systems, such as series, and identical unit parallel systems, in 
earlier research. For more complex systems, the testing policies are generally obtained by computer software or 
simulation. Nevertheless, testing strategies for testing units in systems need to be pre-specified before using computer 
software or simulation. In this study, a simple parallel-series system was analyzed. Based on the properties of the 
system, three testing strategies developed by combined the best testing strategies of simpler systems and managerial 
convenience. 

In this study, that all units in the parallel-series system are tested according to the same test interval. Under this 
assumption, identical units in parallel position (i.e., units 1 and 2, and units 3 and 4) are suggested to be tested 
uniformly staggered (i.e., strategies A and B). In addition, when the system is less important to plant safety and the test 
duration of the more reliable units takes not long, units in the same subsystem are suggest to be tested (almost) 
simultaneously (strategy A); otherwise, when  the system is very important to plant safety or when the test duration of 
more reliable units are significantly large, then non-identical units in different subsystems (i.e., units 1 and 4, and units 
2 and 3) are suggested to be tested almost simultaneously (i.e., strategy B is preferred). Therefore, for reasons of 
conservatism (i.e., minimize the maximum possible loss), strategy B (in which almost simultaneous testing is applied 
to non-identical units in parallel) seems a reasonable strategy overall. 

Although strategy B is suggested to be a good testing policy for a parallel-series system shown in Figure 1, it also 
needs more studies between strategies A and B. Units in series are usually significantly different, they should be 
considered to be tested according to different test interval [12].  
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ABSTRACT 

A derivational type of case-based reasoning system for job shop scheduling problems with the objective of 
minimizing makespan has been developed in this work. The case base is initially seeded with near-optimal 
solutions obtained from a genetic algorithm (GA). A metric for determining similarity between new scheduling 
problems and existing cases has also been devised. A derivational strategy has been developed which provides 
quality solutions to new problems based on the existing good solutions. The derivation strategy is based on a 
priority assignment model built from the GA solution to a problem in the case base. The priority assignment 
model was constructed using linear regression and captures the assignment of operations to a particular location 
in the GA solution. Thus the derivational strategy mimics the behavior of the GA when used to solve new 
problems without the computational effort needed by the GA. In this work, the GA is used as it provides good 
solutions, but the proposed methodology can be used with any other scheduling algorithms. Evaluation of the 
performance of the case based system has been undertaken with comparisons of its performance to solutions 
obtained by the genetic algorithm and popular dispatching rules. 

1. INTRODUCTION 

Scheduling is a combinatorial optimization problem that has attracted significant research efforts. The desire to 
find the optimal schedules by minimizing time and cost and, therefore, to increase resource efficiency has initiated a 
large body of research into studying the problem, developing algorithms, and performing experimental studies. 
However, in many industrial settings, the sheer complexity in modeling the real world problem or in dynamically 
adapting the schedule to changing shop floor conditions makes it difficult to apply many of the current methods. 
Typically, in such settings, there exist past cases of good schedules which can be utilized to solve a problem. This is 
the motivation behind the case based approach developed in this work. The chosen application domain is the 
deterministic job shop scheduling problem (JSSP) with the objective of minimizing makespan. In JSSP, a finite set 
of n jobs are to be processed on a finite set of m machines and the problem is denoted as an n x m problem. The 
routing of a job is a predetermined sequence of operations. Each operation is processed on a specified machine and 
has a fixed processing time. The job routings and the associated processing times are determined by a process plan. 
The performance measure makespan is defined as the completion time of the last job in the system [1]. An instance 
of the 3 x 3 JSSP and its solution are illustrated in Figure 1. 

Each data cell in the table at the top of Figure 1 is in the format Machine, Processing Time. The table shows the 
routing of each job as a sequence of operations to be performed on the specified machines with the required 
processing times. A schedule is a feasible solution to the constraints specified in the data table that achieves the 
desired performance measure. It can be represented as an ordered list of operations with a specified starting time 
and can be visualized as a Gantt chart shown on the lower half of the figure. 
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2. A CASE 

The three components of a case are explained below in more detail. 

2.1. PROBLEM DESCRIPTION 

The following features will be included to describe the problem in a case. 

• List of n jobs in the system 

• List of m machines in the system 

• Sequence of operations for each job, a matrix of size n x m 

• Processing times of operations for each job, a matrix of size n x m 

2.2. SOLUTION DESCRIPTION 

There are two parts in describing the solution of a case - the schedule and the priority assignment model. Both 
are initially generated from the near-optimal solution provided by a genetic algorithm (GA). GAs are well known 
stochastic optimization algorithms which have been successfully applied to scheduling problems and are capable of 
providing near-optimal solutions. The GA uses the operation-based representation, in which each gene in the 
chromosome represents an operation (the processing of a job on a machine). For an n x m problem, where n denotes 
the number of jobs and m denotes the number of machines, the size of the chromosome is n x m. The mth repetition 
of a gene (job index between 1 and n) in the chromosome represents the mth operation of that job. For example, in 
the 2 x 2 problem, any permutation of the list {1, 1, 2, 2} would be a chromosome (ex.2112). The advantage of this 
representation is that all permutations result in feasible solutions. To decode the chromosome, a schedule builder is 
used to read operations sequentially from the chromosome and assign them to the designated machine at the earliest 
possible time. The order based crossover proposed by Davis [2] is commonly used with this representation scheme. 
For a pair of parent chromosomes, a randomly chosen substring from one parent is copied to the offspring. The 
remaining positions in the offspring chromosome are filled with genes from the second chromosome not present in 
the substring selected from the first parent chromosome. Mutation involves swapping of two randomly selected 
genes in the chromosome. The flow of the algorithm is depicted in .Figure 2 The algorithm starts with a randomly 

Figure: 1 A 3 x 3 job shop scheduling problem and optimal solution 

Figure 1: A 3 x 3 job shop scheduling problem and optimal solution 
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generated initial population. For the purpose of reproduction, chromosomes from the population are randomly 
paired. Genetic operators, crossover and mutation act upon these pairs to produce an offspring. The application of 
genetic operators is governed by user defined probabities. 

 
 

Figure 2: Flow chart of genetic algorithm 
 

When a new offspring is created, it is evaluated for fitness. A First In, First Out (FIFO) schedule builder is used 
to decode the chromosome to a schedule. The schedule builder reads the operations sequentially from the 
chromosome and assigns a starting time to the operation at the earliest possible time Selection involves choosing 
chromosomes for the offspring to populate the next generation. The roulette wheel selection is used for selection as 
this scheme uses the overall fitness of the population in assigning a reproduction probability to each chromosome. 

 

The case base is seeded with the solutions provided by this algorithm. The GA solution is a chromosome which 
contains the sequence in which the operations need to be scheduled. A schedule is represented as a list of operations 
with their starting times. The GA sequence for the example problem is shown in Figure 3. In this sequence, each 
integer represents a different job. The first occurrence of an integer signifies the first operation of that job, the 
second occurrence denotes the second operation and the nth occurrence denotes the nth operation of the job. The 
length of the sequence denotes the number of operations and is equal to m x n. The derivation strategy used for 
obtaining solutions to new problems is based on a priority assignment model built from the GA solution. 

 

The sequences obtained from the GA contain valuable information relevant to the scheduling process. It is 
important to understand why an operation is located at a particular position in the GA solution in order to mimic it. 
Thus, the task is to predict the operation’s position (priority) in the GA sequence based on its attributes. The 
following attributes of an operation have been identified for building the priority assignment model. 

• Position (P) 

• Processing Time (PT) 

• Remaining Processing Time (RPT) 

Figure 3: Chromosome for the 3 x 3 problem 

1307



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 

 

• Machine Load (ML) 

The Position attribute identifies the sequence number of the operation between 1 and m based on the specified 
precedence constraints of the job. The Processing Time attribute represents the time specified for processing the 
operation. The Remaining Time attribute denotes the sum of processing times for the remaining operations of the 
job. The Machine Load attribute for an operation denotes the total processing time of all operations to be processed 
on the machine which processes the current operation. In this context, the priority (Pr) of an operation can be 
understood as a function of these attributes. Since an operation can be positioned in any one of the n x m locations 
in the GA sequence, it may be difficult to discover an exact relationship between the attributes and the position. 
Hence, the total length is segmented into n sub-intervals of length m and enumerated from 1 to n. For the 3 x 3 
example problem, Table 1 provides the data which is an input to the model building process. 

 

Simple Linear Regression (SLR) was chosen as the tool for building the priority assignment model as it is 
computationally inexpensive and easier to apply than sophisticated tools capable of performing non-linear 
regression such as neural networks. SLR yields a linear function capable of predicting the priority (Pr) based on the 
identified attributes of the operation and the form of the function is shown in (1). 
 

 MLaRPTaPTaPaaPr ∗+∗+∗+∗+= 43210  (1) 

 

In this equation a1, a2, a3, a4 are the regression coefficients which represent the contribution of the four 
independent attributes in estimating the dependent variable, priority. The constant a0 represents the intercept in the 
equation. 

2.3. OUTCOME DESCRIPTION 

The makespan of the proposed schedule and comparison with a well known priority dispatching rule, the 
Shortest Processing Time (SPT) will be provided. This will play an important role in deciding to accept the 
proposed schedule for a new problem. 

3. THE CASE BASE 

The case base in the present system uses a flat memory organization as there is no inherent structure to organize 
or discriminate the cases. A well-known instance from scheduling literature, abz6 proposed by [3] was chosen as the 
benchmark problem. This instance has 10 jobs and 10 machines. The case base was initialized with 20 randomly 
derived sub-problems generated from the benchmark problem. A sub-problem of size n x m is obtained by randomly 
choosing n jobs and m machines from the jobs and machines present in the benchmark instance. The precedences 
between operations and the processing times of operations are consistent with those specified in the benchmark 
problem. A genetic algorithm (GA) was used to provide solutions to the sub-problems so as to seed the case base 
with cases having good (near-optimal) solutions. Details about the design and implementation of the GA are 
provided in [4]. Case retrieval is done by searching serially through the cases in the memory and determining the 
extent of similarity with the input problem. The exact scheme for comparison is described in the next section. 

Table 1: Input data for building the priority assignment model 
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4. THE REASONING 

Given a new problem to solve, the first task is to retrieve a case from the case base which is most similar to the 
new problem. This is done by determining the number of shared and distinct entities (jobs and machines) between 
the new problem (np) and an existing case (ec) as an absolute match score (AMS) computed by Equation (2). 

 

 ))(),((),())(),((),( ecdmnpdmmaxecnpsmecdjnpdjmaxecnpsjAMS −+−=  (2) 

 

In this equation, sj(np, ec) and sm(np, ec) are functions which determine the number of shared jobs and 
machines between the new problem and the existing case. The number of distinct jobs, dj(x) is determined by 
subtracting the number of shared jobs from the number of jobs in the problem, x. The maximum of distinct jobs 
between the new problem and the existing case is used as it uniformly penalizes cases which contain smaller or 
greater number of jobs than those present in the new problem. Table 2 illustrates the computation of AMS. There 
are three cases in the system with the specified jobs and machines indicated in the table. Let the new problem have 
the same jobs and machines as case 2. 

Table 2: Example Computation of AMS Values 

 

Comparing the new problem and case 1, we can see there are 2 shared jobs and machines and 1 distinct job and 
machine. This gives an AMS value of 2 (= 2−1+2−1). Similarly, the AMS value for case 2 is 6 and case 3 is 4. 
Ranking is assigned based on the descending order of AMS values. The best matching case is case 2 with the lowest 
rank. The need for using the maximum of distinct entities in Equation (2) is illustrated by case 3. Even though this 
case contains all the jobs and machines present in the new problem, it has an additional job and machine. This 
corresponds to a significantly higher number of operations, 16 compared to 9 in the problem case. This is likely to 
hinder the derivation of the solution for the new problem as the priority assignment model is sensitive to the size of 
the problem. 

The distinct steps in the reasoning process are illustrated in Figure 4. The case base is initialized and the user is  

 

Figure 4: Flowchart of the case-based reasoning process
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prompted for choosing the jobs and machines in the new problem. The AMS values are computed for all cases in 
the case base and ranks are assigned to the cases. The most similar case is determined by choosing the case with the 
lowest rank. The solution to the new problem is derived by using the active scheduling algorithm proposed by [5]. 
This algorithm chooses from the set of schedulable operations (operations which do not violate the precedence 
constraints), the one with lowest priority. The priority values for all operations in the new problem are computed 
from the priority assignment model of the similar case. 

5. EVALUATION 

The current system is a derivational type of CBR system and hence it is important to judge the quality of 
solutions generated by the employed derivational strategy. For this purpose, solutions have been derived for all 
cases in the case base from their respective priority assignment models. The best solutions were provided by the 
GA. The derivation approach is able to attain this solution for some cases and provides reasonably close solutions in 
all other cases. The average deviation from the GA solutions for the CBR-Derived solutions was 7.79%. The range 
of deviations varied from 0-28.11%. In comparison, the solutions provided by the SPT heuristic had an average 
deviation of 45.35% from the GA solutions. The range of deviations was also significantly larger and varied 
between 24.55-65.37%. Also, the SPT solutions were never better than the CBR-Derived solutions. 

The next kind of evaluation involved one-of-n tests for all the cases in the system. Figure 5 (a) illustrates the 
results of this type of evaluation. A single case is removed from the case base for each test and the solution is 
derived for it based on the remaining cases in the system. The CBR-Derivation process gave better solutions 
compared to the GA for 2 cases and had an average deviation of 5.79% from the GA solutions. The deviations 
ranged from -2.41 to 24.41%. Since the range of deviations is more compact when solutions are derived from 
priority models of similar cases than from the case itself, the AMS metric for judging similarity between cases is 
validated. 

Five new problems were used to evaluate the performance of the system and the results are graphically depicted 
in Figure 5 (b). It can be seen from this figure that the CBR system provides solutions comparable to the GA and 
better than SPT. Further, the system is not computationally intensive like a genetic algorithm but  provides the same 
quality solutions in a significantly shorter time. 

 

(a) (b) 

 
Figure 5: (a) Results from one-of-n tests (b) Results from new problems 
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6. FUTURE WORK 

The current CBR system was tested on JSSP instances with a maximum number of 10 jobs and 10 machines. 
Realistic scheduling instances usually have dimensions of higher order. Further experimentation on bigger problem 
sizes is required to validate the utility of this approach for industrial strength problem sizes. Adaptation of derived 
solutions through hill-climbing methods needs to be explored as there is a definite potential to improve the quality 
of solutions provided by the system. Development of criteria for determining the optimal size of case base, addition 
of a new case to the case base is essential for application of the current system in industrial settings. Also, in this 
work the possible jobs and machines in the system are defined a priori. Though this assumption is realistic for many 
industrial settings, it limits development of a generalized case based system for scheduling problems. A first step in 
this direction is to devise metrics for job and machine similarities which are based on routing and processing time 
information only.  

The current priority assignment model uses simple linear regression. The use of more sophisticated non-linear 
regression tools should be explored if the system is applied for solving complex scheduling problems. Scheduling is 
an operational decision and hence repetitive in nature. A general case based framework for repetitive combinatorial 
optimization problems has been proposed in [6]. Scheduling problems fit in this category and the development of a 
framework for scheduling problems along this direction would greatly enhance the application of CBR for a variety 
of scheduling problems. Another important extension particularly useful in real-world environments would be the 
ability to provide quality solutions when rescheduling is needed. CBR scheduling systems would be a good tool as 
they can start with existing solutions and adapt them to suit rescheduling needs. 

7. RELATED RESEARCH 

Two approaches to solving job shop scheduling problems (JSSP) are the exact and approximate methods. The 
exact methods yield optimal solutions, but cannot be solved in polynomial time. The approximation methods yield 
feasible solutions but their optimality is not guaranteed. A detailed comparison of several elementary dispatching 
rules and their combinations in a job shop simulation environment is provided by .[7]. Search based approximation 
methods include genetic algorithms, tabu search, simulated annealing, etc. There have been several applications of 
genetic algorithms to job-shop scheduling problems. Usually the applications differ by the choice of an encoding 
scheme for the chromosome and the adaptation strategies that are employed to guide the search. In the work of [8], 
the chromosome is an ordered list of completion times of operations. A crossover operator, called GA/GT was also 
developed in this work based on the Giffler-Thomson algorithm. A scheduling approach developed in [9] uses the 
Giffler-Thomson algorithm to generate schedules to JSSP based on the priority indices computed by a neural 
network. The neural network is trained on the near-optimal schedules generated by a genetic algorithm on a 
benchmark problem. It differs from the current work as it is a model-based approach to scheduling. 

There are two primary approaches to case-based scheduling that can be identified in literature. The first of these 
uses a process called derivational replay. Initially a solution strategy/algorithm that has been successfully applied to 
solve similar problems is retrieved from the case base. Then, the algorithm is used to obtain a schedule for the new 
problem. This approach forms the basis for Schmidt’s production scheduling system [10]. Transformation graphs 
built from scheduling knowledge are used for organization and retrieval of similar cases in this system. The 
distinguishing feature of these approaches is that in a case the applied algorithm and not the schedule is encoded in 
the solution. One of the inherent drawbacks of CBR systems based on derivational replay is the need for the 
algorithm to be rerun. The system proposed in this work is a derivational system which overcomes this drawback by 
mimicking the solution obtained by the optimizing algorithm without using the algorithm to solve a new problem. 
The other approach involves reuse of existing solutions. In optimization problems like scheduling, known good 
cases represent optimized structures which can be reused with adaptation. A CBR system for the scheduling 
problem with sequence dependent setup times is proposed in [11]. The authors propose two alternate approaches for 
reusing previous solutions. One involves retrieving a single case and adapting it for the new problem. The other 
alternative is to identify multiple cases which can be used as building blocks for obtaining a new solution. 

8. SUMMARY AND CONCLUSIONS 

A derivational case based system for job shop scheduling problems has been proposed in this work. The case 
base was seeded with near-optimal solutions obtained from a genetic algorithm (GA). A novel derivational strategy 
based on a priority assignment model has been developed. The priority assignment model was constructed using 
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linear regression to capture the assignment of operations to a particular location in the GA solution. Thus the 
derivational strategy mimics the behavior of the GA when used to solve new problems. In solving a new problem, 
the most similar case from the case base is retrieved based on the proposed absolute match score. The solution to the 
new problem is obtained using the Giffler-Thomson algorithm for constructing active schedules which uses the 
priority assignment model for computing priorities of operations. The CBR system was able to obtain solutions 
comparable to those obtained by the genetic algorithm. The computational effort and time are much lower with the 
CBR system. The system also outperformed the shortest processing time heuristic for all the test instances. The 
developed system shows great promise for application in real world settings where there is a great need for 
obtaining quality solutions with little computational cost and time. 

The prototype of the model has been implemented in Java using object-oriented modeling in order to provide 
flexibility and plug-in options for variety of schedule similarity criteria and for several priority ranking algorithms. 
Transparency of the model can be easily achieved by implementing a graphical interface which would be beneficial 
for repetitive application of the algorithm in industrial setting. 
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ABSTRACT 

In the deployment of a cost effective and successful simulation model the ability to automate simulation output 
analysis with a given set of strategies is important.  Limited restrictive optimization/simulation approaches have 
been reported in the literature.  This research illustrates the construction and application of an Inductive 
Classification (IC) model for conducting simulation output analysis as an alternative to the common statistical 
techniques.  The developed IC model utilizes the full range of inductive reasoning techniques and search methods 
in artificial intelligence.  The classifier will assist simulation practitioners in the selection of the best conditions 
during simulation output analysis.  Simulation practitioners can use this methodology to perform simulation 
output analysis by induction. This approach will be illustrated and tested in the context of a manufacturing 
domain to assist the selection of Automated Guided Vehicles (AGV) dispatching strategies. 

1. INTRODUCTION 

The strategic planning and analysis of available alternatives are an essential part of today's decision-making 
process.  Reduced costs of computation provide opportunities for practitioners from different fields to examine 
alternatives through mathematical and computer modeling prior to making decisions.  Simulation is particularly 
popular among various computer modeling techniques, since simulation models accurately represent the actual 
systems.  Additionally, the availability of graphical animation has resulted in greater confidence and use of 
simulation by engineering staff and managers.  

The area of complex manufacturing process modeling continues to benefit greatly from simulation analysis.  
Today, many industries are using simulation to evaluate their manufacturing processes to improve productivity and 
reduce costs. Obtaining the maximum benefit from a simulation study requires analysis of the results by an 
appropriate and cost effective method.  The proposed Inductive Classification (IC) method provides the advantage of 
global model fitting while eliminating the need for implicit assumptions during output analysis as required by 
statistical approaches such as the Response Surface Methodology (RSM) [1]. 

 The focus of the research is on the development of a simulation application with increased robustness as an 
efficient alternative method to existing statistical techniques.  This development goal is achieved by utilizing an 
inductive classification approach to conduct simulation output analysis based on “supervised learning” as opposed to 
“unsupervised learning” method used in neural networks.   The selected approach is conceptually simple, 
computationally efficient, and the results are achieved in a fraction of the time [2].   Additionally, unlike neural 
networks, IC does not require all possible examples to form a training set.    IC's power is also signified by a global 
model fitting capability on a fraction of training cases [3].  

There are several major differences between the developed classifier and one of the most commonly used 
statistical methods such as RSM.  First, the classifier is model-free; secondly, the construction of the classifier does 
not require implicit assumptions such as normality, homogeneity and independence.  Thirdly, the classification is 
achieved by global approximation.  Finally, there is no assumption of “continuity of response” as there is in RSM.  
By using the methodology developed for the construction of IC, the simulation practitioners can perform the output 
analysis by generating an inductive global mode. By using the developed methodology, the time and cost of the 
resources for conducting simulation output analysis are reduced for two reasons:  First, only a limited number of 
randomly selected scenarios are required to be run in order to conduct simulation output analysis.   Secondly the 
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inductive reasoner is capable of generating global rules that predict the output, eliminating the need for analyzing the 
output with a new set of inputs. 

2. LITERATURE REVIEW   

A. In order to develop the necessary background, an overview of literature in the following areas of 1) IC 
classification, 2) simulation output optimization, and 3) manufacturing analysis via Artificial Intelligence (AI) 
application. In the classification area, Carnerio‟s research illustrates that the results of supervised formulation are 
achieved in a fraction of time compared to unsupervised methods [2].  Love et al., have conducted experiments 
showing advantages and disadvantages of the inductive models [3].   Amsheri presents the use visualization 
algorithm in machine learning and reasoning under uncertainty [4].  Ganjeizadeh [5] demonstrated the use of 
alternative methods to statistical approaches for conducting simulation output analysis.  Quinlan presents the 
application of IC via ID3 algorithm [6].   

In the area of simulation optimization via statistical methods, Fu presents the simulation output analysis with the 
following optimization methods:  stochastic approximation (gradient-based approaches), (sequential) RSM and 
random search sample path optimization (also known as stochastic counterpart) [7].  Leguna‟s research is conducted 
by using neural networks in conjunction with metamodels [8].  Barton [1] discusses the generation an inductive 
algorithm and provides guidelines for selecting the best input simulation values.    

In the area of the application of AI to manufacturing, Masmoudi presents the effect of the transfer times in the 
system performance [9].  Liaeo discusses the application of neural networks to material handling system [10].  
Agent-based simulator for evaluating the cassette-based (CT) system and comparing them to a traditional AGV 
system are presented by Vis [11].   None of the practical implications in the reported literature have exploited the 
possibilities of conducting simulation output analysis by generating inductive rules retrieved from global models 
presented in this research.  In this paper we extend the idea of “Simulation Output Analysis via Inductive 
Classification‟ [5] to synthesize the implementation of inductive classification in a manufacturing domain.  

3. THE PROPOSED APPROACH 

This research is based on constructing two fold hybrid modeling approach with discrete event simulation and IC 
modules, as illustrated in Figure 1.  First, a simulation model is constructed using SIMAN software [12] representing 
a manufacturing domain.   Second, Design of Experiments (DOE) is utilized to select a randomized set of scenarios 
to train and test the IC module.  Third, cross-validation of the inductive model and rules is achieved by submitting 
“unseen” simulation scenarios with known results to the IC module.  The methodology in this research enables 
practitioners to evaluate simulation output by inductive classification. The rules generated from the output of 
simulation scenarios are presented in detail in the following section. 

 

 
 

Figure 1. Hybrid Model 

4. REPRESENTATION OF THE SIMULATION MODEL 

The prototype model for conducting simulation experiments within the domain of this research consists of a 
manufacturing system with Automated Guided Vehicles (AGV‟s) used for material handling.   Three types of 
processes are required to complete the specified tasks in this domain.  The model consists of 10 work-cells referred 
to as “CT” in the diagram as   CT1 - CT10 and a PACK station (refer to Figure 2).  

Simulation Model IC Model Cross Validation & Testing 
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Figure 2.  Manufacturing Model Representation 

First the parts are prepared at CT1 (work-cell 1). After preparing the part, jobs are processed according to one of 
three sequences as: Job type I:  CT1 - CT2 - CT3 - CT4 - PACK - EXIT SYSTEM; Job type II: CT1 - CT5 - CT6 - 
CT7 - PACK - EXIT SYSTEM; Job type III: CT1 - CT8 - CT9 - CT10 - PACK – EXIT. The process times for these 
jobs are listed in Table 1.   Mean time between failures is another factor that has a significant impact on meeting the 
targeted time.  

 The calculations of the Mean Time Between Failures (MTBF =total operation hours/number of failures); and 
failure durations are both presented in Table 1. The MTBF is a factor that contributes directly to the system 
performance.  A high value of MTBF is an indication of a better resource performance, i.e., machines do not break 
down as often.  The associated value is represented as “low.”  On the other hand, a low MTBF is an indication of 
low resource performance and its associated value is represented as “high.” If the value of the MTBF is between high 
and low, its associated value is “medium.”  It should be noted that preventive maintenance programs can assist in 
better resource performance and thus result in a high value of MTBF.  

The transportation of the parts, sub-assemblies and finished units is done by AGV‟s and restricted to a network 
diagram composed of arcs and links illustrated in Figure 3. This operation continues until all the parts are processed 
and exits the system and statistics are collected.  

 
 

 

 

 

 

 

 

 

Figure 3.   Arc-Path Diagram of Automated Guided Vehicles 
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Table 1. Process and Failure Time Distributions 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. THE APPROACH TAKEN FOR CONDUCTING SIMULATION EXPERIMENTS 

Once the physical representation of the simulated model was completed, three parameters: AGV quantity, zone 
length (which determines the distance that a vehicle exclusively occupies between two intersections), and MTBF is 
selected based on relevance to output results.  Each parameter could take on one of the three values listed in Table 2. 

Table 2. Parameter selection 

Parameter AGV Quantity Zone Length MTBF 

Input value 6,10,4 5,10,15 High (H), Medium (M), Low (L) 

Twenty-seven scenarios are formed by listing the combination of all the parameter values.  Determination of how 
to select simulation experiments from the 27 simulation scenarios that were formed by combining the parameter 
values listed in Table.  The selected scenarios and their performance results served as the foundation of the IC. This 
selection method was taken to illustrate the application of conducting a fractional experiment to utilize the cost and 
resource requirement.  Nine of the scenarios were selected with a randomized factorial design of experiment listed 
in Table 3.   The first part of the selection procedure lists the 27 combinations of the factor values indicating all 
possible combinations of the parameter values.   Each factor level is assigned a code of (0), (1), and (2).  The three 
factor level codes listed in parenthesis are totaled and given a summation value identified as the “sum code” column 
in Table 3.  For example, for scenario 1 the summation of (0), (0) and (0) will result sum code of “0”. Summation 
Modular 3 Method (SMOD3) was used to randomly select nine cases.  SMOD3 assigns numbers from zero to two by 
calculating the remainder of the summation of code numbers assigned to parameters.   Nine scenarios were selected 
with a value of SMOD 3 marked as„s‟ in scenario column. For example scenario “1” was selected with AGV quantity 

Station Process Time 

(Minutes) 

Resource 

Capacity 

Mean Time Between   

Failures 

(Minutes) 

 

Failure 

Duration 

(Minutes) 

ENTER EXPO (9,2)    

CT1 

Part 1 NORM(20,2) 

Part 2 NORM(13,2) 

Part 3 NORM(8,2) 

2 EXPO(40,2) EXPO (2,1) 

CT2 NORM (36,3) 2 EXPO(42,2) EXPO (2,1) 

CT3 NORM (36,5) 2 EXPO(45,2) EXPO(2,1) 

CT4 TRIA (30,37,40) 2 EXPO(44,2) EXPO(2,1) 

CT5 NORM (45,3) 2 EXPO(47,2) EXPO(2,1) 

CT6 UNIF (44,50,2) 2 EXPO(44,2) EXPO(2,1) 

CT7 NORM (80,2) 3 EXPO(40,2) EXPO(2,1) 

CT8 NORM (70,3) 3 EXPO(42,2) EXPO(2,1) 

CT9 TRIA (71,73,80) 3 EXPO(44,2) EXPO(2,1) 

CT10 NORM (60,5) 2 EXPO(46,2) EXPO(2,1) 

PACK 

Part 1 TRIA (44,46,50) 

Part 2 TRIA (43,49,52) 

Part 3 TRIA (22,24,27) 

5 EXPO(43,2) EXPO(2,1) 

LEGEND:   

(1) CT Work-Cell 

(2) MCH Machine 

(3) NORM Normal Distribution (mean, std dev) 

(4) TRIA Triangular (min, mode, max) 

(5) EXPO Exponential (time between failure, duration) 

(6) UNIF Uniform distribution (a,b) 
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of 8, AVG Length of 5, and low MTBF shown as “L”.  Zero serves as a foundation for the first set of simulation 
scenarios marked as “S” in table 3. 

Table 3.Inputs values for Simulation 27 Scenarios and Output Results 

 

Input parameters &  values DOE Selection Output : MOE 

(random number assignment) Procedure Batch Mean Averages 

Scenario 
AGV 

QTY 

Zone 

Length 
MTBF 

Sum 

Code 
SMOD 3 SDS LDS RAND 

1  S 8 (0) 5 (0) L (0) 0 0 340  A 326  A 325 A 

2 8 (0) 5 (0) M (1) 1 1       

3 8 (0) 5 (0) H (2) 2 2       

4 8 (0) 10(1) L (0) 1 1       

5 8 (0) 10 (1) M (1) 2 2       

6  S 8 (0) 10 (1) H (2) 3 0 366  NA 353 NA 371 NA 

7 8 (0) 15 (2) L (0) 2 2       

8  S 8 (0) 15 (2) M (1) 3 0 978 NA 728 NA 729 NA 

9 8 (0) 15 (2) H (2) 4 1       

10 10 (1) 5 (0) 10 (0) 1 1       

11 10 (1) 5 (0) M (1) 2 2       

12 S 10 (1) 5 (0) H (2) 3 0 319 A 323 A 351 NA 

13 10 (1) 10 (1) 10 (0) 2 2       

14 S 10 (1) 10 (1) M (1) 3 0 373 NA 341 A 375 NA 

15 10 (1) 10 (1) H (2) 4 1       

16 S 10 (1) 15 (2) L (0) 3 0 384 NA 475 NA 417 NA 

17 10 (1) 15 (2) M (1) 4 1       

18 10 (1) 15 (2) H (2) 5 2       

19 12(2) 5 (0) L (0) 2 2       

20 S 12(2) 5 (0) M (1) 3 0 324 A 318 A 339 A 

21 12(2) 5 (0) H (2) 4 1       

22 S 12(2) 10 (1) L (0) 3 0 339 A 350 A 352 NA 

23 12(2) 10 (1) M (1) 4 1       

24 12(2) 10 (1) H (2) 5 2       

25 12(2) 15 (2) L (0) 4 1       

26 12(2) 15 (2) M (1) 5 2       

27 S 12(2) 15 (2) H (2) 6 0 348 A 364 NA 353 NA 

S= Selected Scenario | Batch Mean Averages (minutes) | L=Low, M=Medium, H=High 

5.1. CONDUCTING THE FIRST SET OF SIMULATION EXPERIMENTS 

The first set of experiments are conducted by running nine selected scenarios with three dispatching strategies as 
Shortest Distance to the Station (SDS); Longest Distance to the Station  (LDS) and Random (RAND) dispatching 
strategies.  The Measurement of Effectiveness (MOE) for this model was chosen as “average system flow time of 
350 time units” representing the average time that parts enter and exit the system. A summary of comparing the 
targeted MOE is listed in Table 3. The following is an output summary of the selected simulation scenarios listed in 
table 3.  

(1) SDS dispatching strategy generated five “acceptable” outcomes and four “unacceptable” ones. 

(2) LDS dispatching strategy generated five “acceptable” outcomes and four “unacceptable” ones. 

(3) RAND dispatching strategy generated two “acceptable” outcomes and seven “unacceptable” ones.  These 
results served the foundation for conducting the second set of experiments discussed in the next section. 
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5.2. CONDUCTING THE SECOND SET OF SIMULATION EXPERIMENTS 

Based on the initial evaluation, a decision was made to generate more examples of the “acceptable” and 
“unacceptable” cases with two SDS and LDS dispatching strategies by perturbation of the AGV quantities while the 
other parameters zone length and MTBF values, were kept the same. This approach was taken in order to provide 
sufficient examples with “acceptable” and “unacceptable” class outcomes for training of the IC Engine.  It should be 
noted that Rand was eliminated from further experimentation since the majority of MOE's generated did not meet the 
targeted MOE value.   

By increasing and decreasing the AGV quantities, sufficient training cases were generated.  For example, with the 
following parameter values: AGV quantity of 8, zone length of 5, and MTBF equal to L; initial MOE was 340 time 
units making the outcome as “acceptable”.    By decreasing the AGV quantity to six the MOE value increased to 353 
time units making the outcome “unacceptable”.  Furthermore, when the AGV quantity was decreased to five, the 
batch mean value rapidly increased to 1110 time units.  The conclusion was made that when the AGV quantity for 
this case decreased to six or less, the class outcome changed from “acceptable” to “unacceptable”.  The additional 
experiments with increasing and decreasing AGV quantities were conducted with SDS and LDS strategies.  The 
summaries of these experiments are listed in Tables 4 and 5.  These results indicated that perturbation of AGV 
quantities generated different outcomes as “acceptable” or “unacceptable” for LSD and SDS strategies.  Two sets of 
inputs were necessary to build the training sets of the classifier, one for SDS and one for LDS.  The details for 
modeling these training sets are given in the proceeding sections. 

6.1. Training IC Model 

The cases listed in tables 4 and 5 are used for training of the classifier. Each training case includes the parameter 
values and their associated MOE‟s presented in section 5 which serve as examples for training the IC engine. Once 
training was completed, the IC model was constructed by invoking the algorithm command.    The output of the IC 
model is presented in flow chart format in Figures 4 and 5.  The comparison of the two inductive models reveals that:  

1) The AGV quantity of five or less generates “unacceptable” class for the SDS versus an AGV quantity of six or 
less for LDS.   

2) Branching occurs for AGV quantity of greater than five for the SDS, versus a quantity greater than six for LDS.    
3) The class is “unacceptable” for a quantity of less than or equal to 10 for SDS, versus a quantity of less than or 

equal to eight for LDS.  
4) The branching occurred for an AGV quantity of greater than 10 for SDS versus greater than eight for LDS.  
5) An AGV quantity greater than 12 generated a class outcome of “unacceptable” for SDS.  
6) The LDS model is sensitive to MTBF values of “low”, “medium” and “high”; while these values do not have a 

direct impact on the classification. In summary, material delivery time can be minimized by embedding the 
generated inductive rules into AVG logic for selecting the best dispatch strategy with a given set of input 
values.   

              Table 4. Generating SDS Training cases                                 Table 5. Generating LDS Training cases 

Scenario Attribute 

Values 

MOE 

SDS 

Comparison to 

Targeted MOE 

=350 

  Scenario Attribute 

Values 

MOE 

LDS 

Comparison to 

Targeted MOE 

=350 

1 (S)  (8,5,L) 340 A   1 (S)  (8,5,L) 326 A 

1‟ (P) (6,5,L) 353 NA   1‟ (P) (6,5,L) 342 NA 

1” (P) (5,5,L) 1110 NA   1” (P) (5,5,L) 550 A 

6  (S) (8,10,H) 366 NA   6  (S) (8,10,H) 353 NA 

6‟   (P) (6,10,H) 2360 NA   6‟   (P) (9,10, H) 348 A 

6 “  (P) (10,10,H) 322 A   6 “  (P) (10,10,H) 344 NA 

8 (S)   (10,15,M) 978 NA   8 (s)   (8,15,M) 728 NA 

8‟ (P)  11,15,M) 342 A   8  „ (10,15,M) 406 NA 

12  (S) (10,5,H) 319 A   8  “ (11,15,M) 364 NA 

12‟ (P) (8,5,H) 325 A   8  „‟‟ (12,15,M) 343 A 

12 “ (P) (6,5,H) 338 A   8  „‟‟‟ (14,15,M) 339 A 

12 „‟‟ (P) (4,5,H) 3400 NA   12 (S) (10,5,H) 323 A 
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14 (S) (10,10,M) 373 NA   12‟ (p) (8,5,H) 328 A 

14‟ (P) (2,10,M) 337 A   12 „‟‟ (p) (6,5,H) 353 NA 

16  (s) (10,15,L) 384 NA   14 (s) (10,10,M) 341 A 

16‟ (s) (13,15,L) 362 NA   14‟ (p) (8,10,M) 393 NA 

16”(p) (14,15,L) 379 NA   16  (s) (10, 15,L) 475 NA 

20 (s) (12,5, M) 324 A   16; (s) (14,15,L) 374 NA 

20‟ (6,5,M) 337 NA   20 (s) (12,5,M) 318 A 

20” (4,5,M) 3590 NA   20‟ (6,5,M) 365 NA 

22 (S) (12,10,L) 339 NA   22 (S) (12,10,L) 350 A 

22‟ (p) (10,10,L) 355 NA   22‟ (p) (12,15,L) 355 NA 

27 (S) (12,15,H) 348 A   27 (S) (12,15,H) 364 NA 

27‟ (p) (11,15,H) 367 NA   27(P) (10,15,H) 350 A 

MTBF value: L= Low, M= Medium, H= High | A= Acceptable Outcome, NA= Not Acceptable Outcome 

6.2. Evaluation of the IC Model and Test Cases  

The IC models were evaluated in two phases.  First the training sets were accessed by their fitness to inductive 
models.  During the second phase, the unseen cases with known results are submitted to the classifier for cross-
validation.  The outputs of the evaluations are presented as part of figures 4 and 5. 

For SDS model the evaluation on the training sets consisted of twenty-three cases, using eleven of these cases to 
check acceptable class classification.   One of the eleven was misclassified.   Thirteen cases were used to check the 
unacceptable class. Two of the thirteen were misclassified.   Furthermore thirteen other SDS test cases evaluated at 
known results, but were not included within SDS model training.  All three cases of the acceptable category 
classified correctly.   Within the unacceptable category, one of eleven cases misclassified. 

   

 

 

 

 

 

Figure 4.  Inductive Graph Decision Tree for SDS 

 

 

 

 

Figure 5.  Inductive Graph Decision Tree for LDS 

For LDS evaluation, twenty-three training cases were submitted. Within the acceptable category, nine of ten 
classified correctly, one misclassified.   Within the thirteen unacceptable category cases submitted; ten classified 
correctly, three misclassified. LDS test validation consisted of twelve cases.   The acceptable category classified all 
four correctly; for the unacceptable category one of eleven cases was misclassified.  It should be noted that the 
number of misclassified cases can be reduced by verifying the training cases against the rules.  

 

*A: Acceptable   

 **U: Unacceptable 

SDS Evaluation Output Matrix 

Training  

(22 Cases) 

Test  

(14 Cases) 

*A **U A U 

10 1(M) 3 1 (M) 

(M) 11 0 10 

 

<=6 
U 

>6 AGV 
Quantity 

<=6 
A 
 

>6 Zone 
Length 

<=8 
U 

>8 AGV 
Quantity 

LDS Model Output 

LDS Evaluation Output Matrix 

Training 

(24 Cases) 

Test  

(11 Cases) 

*A **U A U 

9 3(M) 4 1(M) 

1(M) 10 1 6 

 

*A: Acceptable    

**U: Unacceptable 

High 
A 

MTBF 

Low 
U 

Medium  
     A 

<=5 
U 

>5 AGV 
Quantity 

<=5 
A 
 

>5 Zone 
Length 

<=10 
U 

>10 AGV 
Quantity 

SDS Model Output 

<=12 
A 

>12 
U 
 

AGV 
Quantity 
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7. CONCLUSION 

This research makes a significant contribution to the area of simulation output analysis in three ways.  First, an 
innovative simulation output analysis method is introduced. Second, a methodology for the selection of an AGV 
dispatching strategy which meets the targeted performance goal is demonstrated.  Third, the inductive reasoning 
concepts introduced in this research can be applied to other complex manufacturing problems, such as sequencing. 

Additionally, the process of developing a methodological approach for the inductive model allows simulation 
practitioners to organize and focus effectively on the approach rather than running numerous simulation scenarios.  
Instant feedback of the general inductive rules, and their accuracy levels, is an improved alternative method to 
commonly practiced simulation output analysis techniques.  The developed method for conducting output analysis is 
new and noteworthy due to the underlying inductive reasoning.  This inductive reasoning approach allows the analyst 
to expand the description of simulation output analysis in a goal-driven and supervised learning environment. 

Although the goals of this research were achieved, there are several areas that could be investigated in future 
work.  These include factor expansion, additional academic strategy inclusion, comparative strategy analysis, and 
training cases under conditions of uncertainty and incomplete information.  The present research included three 
factors; work can be extended by increasing the number of factors considered. 
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ABSTRACT 

Precision investment casting has been planned in the recent past according to experience. Recently, casting 
simulation software is being increasingly used to predict product quality by implementing ‘what-if’ scenarios. 
Input parameters include relatively simple factors such as mould temperature, melting temperature, casting 
material etc.. They also include factors whose influence is more complex to quantify, such number and location 
of feeding points, diameter and length of inflow channels, angle of channel with respect to the main sprue axis, 
etc. Simulation results cannot help the engineer for workpieces other than the one simulated. In this paper a 
series of feedforward Artificial Neural Network models is presented aiming at this type of generalisation. In 
order to achieve this, a large number of software simulation runs were conducted for a number of different small 
parts, with varying runner geometry and casting conditions. The parameters characterising part geometry are its 
surface area and the volume to area ratio. An evaluation of the different ANN models as predictive metamodels 
is reflected by the respective training and generalisation errors. 

1. INTRODUCTION 

Casting is an ancient manufacturing process with remarkable evolution, especially in the last two decades, owing 
to new materials and control methods. The intricacy of the process is reflected by the complexity of phenomena and 
mechanisms involved in alloy solidification and the multitude of factors influencing them, commonly referred to as 
casting parameters. One way to study such influences is simulation, which, in its plain form, materialises on a what-if 
model, see for instance [1] in the domain of cooling channel analysis in pressure die casting and [2] in the domain of 
investment casting. In fact, it is necessary to study by simulation as many scenarios as possible for as many critical 
parameters as possible in order to formulate a certain process planning logic, general enough to be useful in casting 
cases other than those simulated. Case-based reasoning has been used to this end for retrieval of a previous case 
(solution) that is closest to the current case under consideration [3]. The algorithm is driven by product attributes 
related to geometry (size, shape complexity, section thickness, etc.), quality (surface finish, tolerance, maximum void 
size) and production (order quantity, production rate, lead time). Shape complexity is quantified based on geometric 
parameters of the casting model. Weights to attributes are determined using analytic hierarchy process (AHP). 
Another methodology for manufacturability evaluation uses factors such as shape complexity, die complexity, cycle 
time, machine size and processing parameters [4]. In a more general approach, multi-response quality design 
techniques are used to identify favourable settings of process parameters which, in many situations, are imprecise to 
some degree and induce imprecise functional relationships. A die casting example is used to illustrate the approach 
[5]. Expert systems are a good method to capture expert logic on casting defect diagnosis and prevention linked to 
mould and feeding systems design [6-8]. 

Efficient and robust optimisation is sought after in mould filling, heat transfer, solidification and microstructure 
evolution [9], thermal controls and casting shape[10]. Intelligent optimisation usually entails a casting process model 
in terms of an artificial neural network trained through real or simulated results and a simulated annealing [11] or 
genetic algorithm [12-13]. 
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Artificial Neural Networks seem to provide a good alternative to simulation in building manufacturing process 
models, provided that there is enough data to train the networks [14]. For instance, a neural network is used in [15] 
to limit gate locations to be tried by simulation and another one is used to generate the process parameters for the 
pressure die casting process [16]. The degree of success of a neural network model as a predictive model in casting 
is higher the narrower the domain modelled. In addition, there are inherent difficulties in incorporating in the model 
geometric factors associated with the feeding system and the actual shape of the mould. These issues are discussed 
next in the context of investment casting. 

2. SOLID INVESTMENT CASTING SIMULATION 

The casting method simulated is a variant of the lost-wax method employing plaster moulds. The mould is 
produced by surrounding the wax tree with plaster slurry that sets at room temperature. The plaster mould is then 
burned out leaving the mould cavity ready to accommodate the molten alloy in a vacuum casting machine. 

Jewellery moulds are used in this study. The wax tree has a number of casting parts, see Figure 1, attached on the 
runner with one or two ingates each. Note the inclination of the runners with respect to the vertical direction to 
facilitate inflow of the molten alloy. The casting material was 14K gold alloy (58,5% Au- 20%Ag- 21,5%Cu) with 
liquidus temperature at 850oC. The molten metal flows into the vacuum casting machine at 960oC. A single heat 
transfer coefficient number was calculated, for three different periods during solidification as: h=950 (W/m2K), 
0sec≤t≤1sec, h=10 (W/m2K), 1sec<t≤16sec, h=40 (W/m2K), 16sec>t using an trial-and-error procedure employing 
as reference the experimentally measured temperature at four points on the mould walls [2].  

Simulation was performed on the Procast system [17]. The results obtained from a simulation run pertain to 
mould filling evolution including velocity and pressure fields and to solidification evolution including temperature 
fields as well as porosity in the casting. It was chosen to evaluate quality of a casting by four factors: first, earliest 
solidification time (EST) pertaining to the region that solidifies first, second, solidification time range, pertaining to 
the difference in solidification start of the two regions of the casting that solidify first and last, respectively, third, 
mean porosity (MP) across all areas of the casting and fourth, filling time (FT). In general, low solidification time is 
desirable in order to achieve fine microstructure in the casting, low solidification time range leads to high 
homogeneity (HMG=1) and avoids defects such as hot cracks and pores, low mean porosity is an indicator of high 
quality and low filling time is a pre-requisite for homogenous solidification. 

(a) (b) (c) (d) 

(e) (f) (g) (h) (i) 

Figure 1. The artefacts used in casting trees. Number of feeding points varies in individual cases. 
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(a) (b) (c) (d) 

Figure 2. Characteristic trees (upside-down) of cast parts. 

3. ARTIFICIAL NEURAL NETWORK METAMODELS 

An artificial neural network is a computational model of the human brain where information processing is 
distributed over several interconnected processing elements, called neurons or nodes, structured in layers (input, 
output and hidden), which operate in parallel [18] The outputs of the nodes in one layer are transmitted to the nodes 
in another layer through connections that amplify or attenuate the outputs through weight factors. The net input to 
each node, except for the input nodes, is the sum of the weighted output of the nodes ‘feeding’ that node. Each node 
is activated in accordance with the input to the node, the activation function (modification to the input, e.g. sigmoid, 
normal distribution etc.) and the threshold (bias) of the node. Thereby the network provides a mapping through 
which points in the input space are associated with corresponding points in the output space.  

Neural networks can capture domain knowledge from examples, do not archive knowledge explicitly, can handle 
both continuous and discrete data and have a good generalisation capability. Knowledge is built into ANNs through 
training with typical input patterns and the corresponding output patterns. In supervised training the error between 
actual and expected outputs is used to modify the weight of the connections between neurons. Back-propagation 
algorithms for training refer to the way the error ‘alert’ is propagated from output to input thus modifying the 
weights. The number of examples processed together in training characterises the algorithm as incremental learning 
or epoch learning. Back-propagation follows the standard (delta-rule) algorithm, or faster variations ‘quickprop’, 
‘rprop’ preferred for linear problems. Weight decay facilitates the generalisation ability of the network in as much as 
high weight values before output neurons can cause instability when the input range is varied. Cross-validation and 
boot-strapping are methods for estimating the generalisation error based on re-sampling with input sub-sets. 

The specification of network topology (layers, neurons per layer) activation functions and bias, see Fig. 3, have 
been claimed to be a matter experience or art; however, thorough understanding of the problem ‘mechanics’ does 
restrict any guesswork. In this paper ANN models were constructed for different purposes and with varying scope. 
They are named metamodels because the intention is to use them as generalised simulation models, i.e to replace the 
simulation models in making decisions as to planning the casting process and to designing the feeding system of the 
mould cavity. 

The best ANN architecture in each case was judged by referring to the training error and to the generalisation 
error. The lowest these two figures the better ANN. The training error is given in equation (1). A similar formula is 
used for calculating the generalisation errorm except that it refers to the testing data and not to the training data set. 
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where Etraining: training error,: YOi target value of the i-th training data vector (the one the ANN must learn), Yi: 
ANN’s response to the i-th training data vector (the one the ANN has learned) and n: number of training data.  

Enumeration of all possible architectures in a predefined range according to the number of neurons in the hidden 
layer and evaluation of each architecture in terms of training and generalisation error achieved was programmed in 
Matlab Neural Toolbox. The Levenberg-Marquardt training algorithm and the tansig activation function were used 
throughout, because they gave the best results among all other choices of training algorithms and activation functions 
(e.g. hyperbolic tangent function, sigmoid etc.) available in the Matlab platform [19]. 

Note that training of each ANN was conducted for a number of times (10-15) in order to take into account the 
stochastic nature of the training procedure, and the best training was kept. A separate ANN was created for each of 
the four casting quality characteristics constituting the output of the respective ANN, see Fig. 2. Of the available data 
vectors 80% was used for training and 20% for testing. In order to improve performance, data preprocessing was 
performed in order to normalise values in the range [-1,1]. 

 

Figure 3. Typical feedforward ANN architecture. 

As far as homogeneity of the casting is concerned, the training values of this binary characteristic (1 or 2) are 
assigned after comparison of the ratio of solidification time range to the earliest solidification time to a certain 
threshold value (say 0.3). The values predicted by the ANN models as described next were rounded to these values 
and the failure rate in approximating the given data was calculated as mean training and testing errors. 

4. ARTIFICIAL NEURAL NETWORK MODELS CONSTRUCTED 

The ANNs presented in this section try to give answers to ‘what-if’ questions, concerning a particular casting part 
(narrow scope) and a range of casting parts (wide scope) in which there are variations in the number and nature of 
input parameters acting as restrictors of the model scope. 

The first set of ANNs aims to give the process planner a good idea of the variation in casting quality caused by a 
change in any of three parameters. The scope is restricted to one particular artefact, yet, because of that, it is possible 
to include in the training data a relatively dense array of parameter values. 

The second set of ANNs uses very few data vectors, on purpose, to study performance of the ANNs built. The 
scope is wide, since a variety of casting shapes and sizes are considered, yet with commonly used runner parameters, 
in order to study the difference in the arrangement of runner branches. 

The third set of ANNs considers a variety of shapes and sizes of castings and focuses on number of feeding 
points and angles of the runner branch. However, it does not consider the actual position of the feeding point with 
respect to the casting, thereby assuming that this is selected in an ‘optimum’ way. Actually, modelling the position of 
feeding points with respect to the mould cavity in a simple yet ANN-compatible way is quite a challenge. The same 
issues pertain to the fourth set of ANNs examines the influence of runner dimensions on casting quality.  

4.1 MOULD TEMPERATURE AND RUNNER DIMENSIONS FOR SPECIFIC CASTING 

The first set of ANNs constructed, refer to a specific part, see Figs 1(a) and 2(a), therefore the scope of the 
metamodel is restricted to this particular artefact. The influence of one process variable and two design variables is 
studied, namely temperature of the mould (MT) (values tried: 500,550, 600 and 6500C), runner diameter (RD) 
(values tried: 2, 2.5, 3, 3.5, 4 and 4.5 mm) and runner length (RL) (values tried: 20, 25, 30, 35, 37.5 and 40 mm). 

1324



The scope of Artificial Neural Network metamodels for precision casting process planning 
 
Runner angle is fixed at 600. The results in terms of best architectures and training and generalisation errors are 
shown in Table 1. It can be stated that errors, perhaps with the exception of homogeneity prediction, are tolerable. 

Table 1. ANN models constructed for ring artefact 

Data vectors 144 
Input variables MT, RL, RD 
Output variable EST HMG MP 
Hidden neurons 6 3 1 
Mean training error % 2.19 18.97 6.88 
Mean testing error % 2.81 17.86 5.87 

4.2 PART ARRANGEMENT IN TREE 

The second set of ANNs constructed, examines mainly their arrangement in the tree. The classic arrangement is a 
distinct number of levels on each of which a number of branches are stuck. The spiral arrangement, by contrast, each 
branch starts at a different level, see Fig. 2(b). Five different parts are used in simulations, see Fig. 
1(b),(d),(e),(g),(h), with surface area ranging from 924 mm2 to 2803 mm2 and volume to area ratio ranging from 0.59 
to 1.50 mm. The influence of four design variables is studied, i.e arrangement (spiral or classic) in a separate ANN 
each, surface area (SA), volume to surface ratio (VSR) and runner angle (RA). All other parameters are assigned 
default values. The outputs of the ANN models are filling time (FT) and mean porosity (MP). The results in terms of 
best architectures and training and generalisation errors are shown in Table 2. It is obvious that the number of data 
vectors is not high enough to enable reliable ANN construction. This is the reason for mean training error being zero 
in three models combined with high testing error, i.e. too few training vectors lead to easy memorisation and hard 
generalisation ability. 

Table 2. ANN models constructed concerning part arrangement 

Data vectors Classic – 5 Spiral – 5 Classic – 5 Spiral – 5 
Input variables SA, VSR, RA 
Output variable FT FT MP MP 
Hidden neurons 9 11 12 1 
Mean training error % 0.000 0.00 0.00 0.20 
Mean testing error % 40.53 51.87 6.03 2.69 

4.3 RUNNER ANGLE AND NUMBER OF FEEDING POINTS 

The third set of ANNs constructed, refer mainly to the runner angle with training data from seven parts, see 
Figure 1(a), (b), (c), (d), (f), (h), (i) with surface area ranging from 564 mm2 to 2670 mm2 and volume to area ratio 
ranging from 0.59 to 1.04 mm. The influence of four design variables is studied, namely surface area (SA), volume 
to surface ratio (VSR), runner angle (RA) (values tried : 0 to 650 ) and number of feeding points (FP) (values tried: 1 
or 2), see Fig.2(c). Mould temperature is fixed at 6000 and runner diameter and runner length are also fixed at 3mm 
and 30 mm respectively. The results in terms of best architectures and training and generalisation errors are shown in 
Table 3. Errors are well within the acceptable range. 

Table 3. ANN models for runner angle and feeding points 

Data vectors 41 
Input variables SA, VSR, RA, FP 
Output variable EST HMG MP 
Hidden neurons 2 3 1 
Mean training error % 5.78 3.12 6.08 
Mean testing error % 13.04 11.11 10.29 

4.4 RUNNER DIAMETER 

The fourth set of ANNs constructed, refer to the runner diameter with training data from seven parts, see Figure 
1(a), (b), (c), (d), (f), (g), (h), with surface area ranging from 564 mm2 to 2366 mm2 and volume to area ratio ranging 
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from 0.59 to 1.5 mm. The influence of four design variables is studied, namely surface area (SA), volume to surface 
ratio (VSR), runner diameter (RD) (values tried : 2, 2.5, 3, 3.5, 4 and 4.5 mm), runner angle (RA) (values tried : 20 
to 400) and number of feeding points (FP) (values tried: 1 or 2) , see Fig. 2(d). Mould temperature is fixed at 6000C 
and runner length is also fixed at 30 mm. The results are shown in Table 4. Exhibited errors are acceptable.  

Table 4. ANN models constructed for runner diameter, runner angle and feeding points 

Data vectors 38 
Input variables SA,VSR,RD,FP 
Output variable EST HMG MP 
Hidden neurons 2 3 2 
Mean training error % 5,33 0,83 4,47 
Mean testing error % 7,73 10,91 16,57 

4.5 RUNNER LENGTH 

The fifth set of ANNs constructed, refer to the runner length with training data from the parts of section 4.4. The 
design variables are the same, except that runner diameter is replaced by runner length. Runner diameter is fixed at 3 
mm. The results are shown in Table 5. Errors are generally high, with the exception of solidification time prediction. 

Table 5. ANN models constructed for runner length, runner angle and feeding points 

Data vectors 35 
Input variables SA,VSR,RL,FP 
Output variable EST HMG MP 
Hidden neurons 1 1 1 
Mean training error % 9.70 7.41 4.17 
Mean testing error % 21.68 37.5 8.49 

5. DISCUSSION 

Numerical simulation of the casting process is perhaps the most demanding among all main manufacturing 
processes, because of the multiple phenomena occurring simultaneously in different areas of the mould, i.e. flow 
until the mould fills up, solidification, phase changes and mechanical stress.  

Simulation is good as a tool for building casting models of for a specific mould (part) and experiment with it. 
However, it does not allow generic insight into the influence of casting parameters for a larger range of parts and 
casting parameters. In addition, numerical simulation is cumbersome to set up and time consuming to run. Therefore, 
it is tempting to execute a few simulation scenarios and try to generalise them in order to avoid execution of new 
scenarios as the need emerges. Statistical techniques are good at generalising from a set of data by effectively 
interpolating between the data vectors available. However, they are of limited value because first, the number of 
vectors can never be large enough to allow for safe extrapolation, rather than interpolation, especially because the 
number of input (free) parameters is usually large, leading to high combinatorial complexity. A solution to this 
problem is the use of ANN metamodels. 

A casting simulation program is required in order to generate the ANN training and testing databases. Typically, 
each data vector requires anything between 1 and 20 hours execution time depending on the complexity of the 
casting part and the casting conditions.  By contrast, building any of the ANNs presented above using the software 
developed on MATLAB in order to determine the best architecture requires a few minutes execution time on a 
current generation PC. Execution of the ANN in order to obtain an output value requires less than 1 sec.  

However, to make the software independent from MATLAB, a program in Visual Basic was created to simulate 
an ANN. The program imports the topology and weights of the ANN as trained in MATLAB and implements 
forward propagation of the input data towards the output node. An appropriate GUI was also created, see Fig. 4. 

Note that LVQ networks [18] were tried instead of Feedforward ANNs in predicting homogeneity of 
solidification. However, their performance was markedly worse compared to the latter, with prediction failure rate of 
the order of 30-50%, therefore they were abandoned. 
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(a) 

 
(b) 

Figure 4. Part of the GUI for running the ANN models developed (a) Selection of appropriate ANN (b) ANN input / output form. 

6. CONCLUDING REMARKS 

From one point of view, the scope of an ANN is defined by the number of parameters whose value is assumed 
constant and the number of parameters whose value is considered as variable. However, there are parameters which 
are inherently more generic than others, for instance volume and surface of a casting represents casting geometry 
which may vary enormously considering the variety of casting artefacts. Taking into account these parameters in an 
ANN is an attempt to make the ANN output / decision independent of casting size and shape, which is quite 
ambitious. Conversely, leaving such parameters out, narrows the scope of the ANN to the particular casting used to 
generate the training data. By contrast, runner diameter is a much more ‘concrete’ parameter and it is much easier to 
take into account in relevant ANN models. 

The ANNs developed can be expanded by generating new data vectors and using them for training the respective 
ANNs from the beginning. This is easily achieved by means of the software developed that enumerates all possible 
architectures and trains the respective ANNs in order to select the architecture that performs best. For instance, the 
simulation results referring to spiral arrangement, see Table 2, need such additions and retraining. In general, adding 
more training vectors should enhance ANN predictive accuracy, where necessary. The only drawback perceived is 
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that a number of additional data vectors needs to be generated before training and generalisation error results are low 
enough to render the ANN practical and trustworthy as a replacement to simulation models. Therefore, it is feasible 
to add many more simulation results in the training database in order to populate sub-spaces of the process and 
design parameters hyperspace as uniformly as possible, which will make for better ANN models and, ultimately, for 
unified ANNs replacing singled-out ANNs. 
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ABSTRACT 

The very hard competition between companies have resulted in an increased outsourcing of many activities that 
are not considered to be core activities, or main business processes. This has created an emerging business 
opportunity attracting many new actors, companies, to enter the market and fill the demand for new services. 
Logistics is one example of activities not seen as a core competence in many companies; it has increasingly been 
outsourced to Third-party logistic providers (3PL). These actors can be categorized as standard logistic service 
providers, or highly customer-oriented service providers (also known as Customer Adapter). In this paper we use 
a descriptive case study approach to illustrate the requirements to succeed as logistics service provider. The 
case-study is based on a customer-oriented service provider, LBC, with a focus on their services and the view on 
the customer relationship. Findings reveal that such an actor needs to have a clear focus on the customers with 
highly customized service offerings and continuously develop their service range with improved/new services. 
Primarily this requires a close relationship between the actor and their customers since the effective flow of 
material plays a central role in most customer’s operations often directly influencing their profitability. Thus the 
type of relationship, the exchange of information, the nurturing of trust and the service of information systems 
has to be solved. We have found that LBC has developed from a traditional 3PL to become a service developer, 
as supported by six criterias, and provide customized services according to each customers need.  

1. INTRODUCTION  

Today many companies compete in an environment that is characterised by turbulent and dynamic markets and 
the customers are increasingly requiring customisation of both products and services. These have to be provided 
faster, better and cheaper than before [1, 4-5]. Companies that want to stay competitive have to compete with both 
service and cost [2]. To meet and live up to these requirements the ability to participate in networks of business 
relationships is of vital importance [3]. This will require an increased cooperation through the supply chain and its 
actors to a higher extent than today. Factors like these are known to motivate outsourcing of processes and activities 
that are not the core competence of a company [7]. Earlier the outsourcing was based on reducing costs and to 
release capital, while the driving forces today have a more strategic thrust. This also leads to increased market 
coverage, improved level of service, or increased flexibility towards the changing requirements of customers [3]. IT 
as an enabler to integrate the companies in the supply chain has become more important to gain competitive 
advantage [8-12]. One important step to complete before a company is able to participate in a network is to 
coordinate its internal processes and make them efficient [1]. It is also very important that the customer is a qualified 
customer, they know what to require, and the provider also has an obligation to inform what specific kind of service 
is their core competence. This is followed by a discussion on what kind of relationship, exchange of information, and 
services do the customers require and if the provider is able to fulfill these.  

The long-term purpose of this research is to study, and increase understanding of different logistics actor, from 
traditional 3PL to so called logistics integrators. In this research, of which parts are presented in this paper, the actors 
are studied over a longer period to study changes over time. The purpose of this study is to explore and describe the 
environment of a logistics actor who acts as a Service Developer, what requirements they meet, and what the key 
issues are. The research is based on a qualitative case-study [13-14], with an inductive approach to increase 
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understanding of existing 3PL theories and different forms of 3PL businesses. Since the phenomenon of modern 3PL 
is new and still changing, there is a value in adding to the theoretical base. The case study focuses on how a Service 
Developer has to act, if and how, to meet its customers’ requirements for the purpose of growing and staying 
successful in the highly competitive logistics service marketplace. The criteria chosen to distinguish a Logistics 
Service Provider from a standard 3PL Provider are: 1) provide services apart from transportation, cross-docking, and 
distribution, 2) have a clear customer focus with an emphasis on expected service, 3) allow customers to choose from 
standardized solutions, 4) clear focus on IT-development, and 6) have a large storage capacity. 

Empirical data were collected from several sources to enhance understanding, and by examining the research 
object from several perspectives. The study builds on primary data, internal documents and in-depth interviews with 
key persons representing senior management in the case company, and several visits during five years (until 2007). 
Interviews have been carried out with the Managing Director, Head of administrative Department, and employees 
responsible for in- and outgoing goods and information. The interviews have been unstructured, digitally recorded 
and for validity purposes the respondents have been able to confirm the correctness of the transcriptions. Length of 
interviews has been from 30 minutes to 2 and a half hours.  

This paper is structured as follows: In section 2 a literature review of third party logistics is made with highlights 
of how some important actors in this field have evolved. The research perspective is European, rather than Asian/US, 
since the empirical material comes from a Swedish company. Section 3 describes the study of the case company LBC 
who provides warehousing, inventory management, distribution, and other services. The case study show that new 
logistics actors, in form of innovative companies provide an increased number of services and can take care of 
outsourced functions of their customers. The actors also use other 3PL´s to satisfy their customers. In section 4 the 
research results are discussed, and finally in section 5, a conclusion of the research work is made. 

2. L ITERATURE REVIEW – LOGISTICS SERVICE PROVIDER  

The relationship with customers and other logistics actors is a very important part to succeed in the logistics area. 
To understand the relationship development among external actors the theoretical framework has its base in the 
network approach, i.e. about logistics partners and their participants and how they act together [15]. Also the 
logistics literature and Supply Chain Management is used for the understanding of the logistics actors, what they 
provide and their role in the business. The actors are assumed to work in both chains and networks. The supply 
chain, seen from an external perspective, means suppliers, the company, and customers and can involve first tier of 
suppliers, second tier of suppliers, first tier of customers (wholesaler), second tier of customers (retailer), and end 
customer. Based on the definition a company is a part of this straight forward type of chain. The network perspective 
of a logistic system involves the same actors, but these are described using a more complex structure where 
companies can be cross-linked (e.g. customers and suppliers simultaneously) and there are two-way exchanges [16]. 
Networks are often described over time, and due to changing business environments, they change considerably 
during the observation periods (a good analogy can be found with internet). 

More and more companies who take care of their own logistics network begin to outsource parts or all of their 
logistics function to 3PL companies. These providing companies are often experts in solutions of logistics systems, 
inventory management, warehousing, distribution, transportation, and logistics information systems [17-18]. There 
exist several definitions of what a 3PL-provider is; in this study we will use a European definition: “Third-party 
logistics (3PL) are activities carried out by an external company on behalf of a shipper and consisting of at least 
provision of management of multiple logistics services” [19]. These activities are offered in an integrated way, not on 
a stand-alone basis. The co-operation between the shipper and the external company is an intended continuous 
relationship.” There is also the concept of fourth-party logistics (4PL), they provide more extensive services than 
3PLs, and they can have very low investments in infrastructure. 4PLs often use a 3PL to supply service to customers, 
owning only computer systems and intellectual capital. 4PL was first defined by Andersen Consulting (now 
Accenture) as “an integrator that assembles the resources, capabilities and technology of its own organization and 
other organizations to design, build and run comprehensive supply chain solutions”. 4PL can therefore be seen as a 
refinement of the concept 3PL. When the idea was first formulated, Andersen conceived a neutral 4PL that did not 
own any logistics assets itself but only managed various logistics providers [20-21]. A more specific description 
divides the services into four categories [22]: (1) Service Developer, (2) Customer Developer, (3) standard 3PL 
provider and (4) Customer Adapter (Figure 1). Service Developers offer value-added services, which could be, in 
addition to transportation, cross-docking, forming specific packaging track & tracing etc. These actors provide rather 
advanced services and involve several sets of more standardized activities to create economies of scale and scope. 
The services are often turned into modules and can be combined according to each specific customers demand and 
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needs. IT systems are an enabler for the service developer to fulfill the requirements of the customers [22]. The 
customers are many and can be very different in size and type of business. Customer Developers are the actors who 
offer the most advanced and difficult services involving a high integration with their customers and often the actors 
taking over the whole logistic process. The number of customers is then often limited and they often work very 
intensively in the relationship with the few customers. A Customer Developer can, for example be called “logistics 
integrator” [22-23]. Among standard 3PL providers there are the actors that provide standardized 3PL services such 
as warehousing, distribution, picking and packaging (even assembly, as argued by [24]). These actors are of a more 
traditional nature but offer new services besides the old ones. Finally, the Customer Adapter manages a company’s 
process, operates and improves the process in an efficient manner, but usually do not develop any new services. Even 
these actors have few customers they work for, often very closely [22]. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: 3PL firms classified by general problem solving ability and customer adaptation [22]. 

These actors can be engaged in both supply chains and supply networks, the latter is a newer way, and possibly 
more correct, to describe the cooperation between partners. It is very important that the collaborations are developed 
on all levels, including the strategic [21]. This new way to manage the networks is based on the customer as a starting 
point and therefore this view has to be taken into consideration from strategic to operational level. Every activity 
starts with a customer request, which has to be shared throughout all the participating companies. Acting in this way 
the companies can achieve a long-term competitive advantage through developing strengths and competences with 
network partners [21]). But why do companies choose not to develop services in-house and instead use external 
partners, a logistics actor? The reasons are several, but one noteworthy is that it is difficult to maintain all the 
competences needed. The need of competence also changes over time and the customer can acquire competence, and 
flexibility, from an external partner existing in their network. Another reason can be that the company lacks the 
resources required. A third very important reason can be that an external partner much easier can implement some 
changes that the company is not able to [21]. Companies even argue that the firm can release capital investments tied 
up in trucks and warehouses and invest this capital in their core business instead [19]. To implement and use all these 
advantages it is necessary to have a tight and close relationship with partners/customers. The relationship in a supply 
chain or network has to be based on trust, mutual dependence, mutual commitment to customer satisfaction, and open 
lines of communication [25]. The relationship also has to be of a long-term character, which should be longer than 2-
3 years. Trust can be defined as reliance on, and confidence in, another party [26] and becomes a key issue in 
relational exchanges. The relationships are not only regarding customers, but also to suppliers, partners, customers’ 
customer etc.. The exchange can involve technology, knowledge, information, physical, and social exchange [22]. 
The openness in the relationship is conclusive and it is also very important, to be able to develop the dynamic 
competencies in the collaboration that even customer-company performs as a qualified and competent partner and 
opponent [27].  

IT can be regarded as an enabler for the service developer to fulfill the requirements of the customers. But IT 
systems often create great expectations to solve most of a company’s problems and unfortunately these expectations 
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are seldom fulfilled. IT can be a facilitator among many others in a relationship to share information and data and can 
help to achieve shorter response time and better service [28]. It is however important for companies to understand 
that only to use IT systems does not mean that all problems are gone. IT provides the help needed but persons have 
to meet, discuss and decide in a personal way. The great potential with IT is that people can access the same 
information from different locations and decisions can be based on facts, even when people are far away from each 
other in different organisations. Furthermore, information in e.g. ERP-systems can be used for feedback, follow-up as 
business ratio, learning about the processes, and for future planning. Although an information system can provide a 
framework and means to achieve integration another key issue is the coordination between employees of the alliance 
partners [29]. Meeting between persons from both partners, in all levels, are therefore very important. Both 
individual and group meetings are necessary and many contracts are made upon personal knowledge and relations. 

3. CASE STUDY:  LBC  SWEDEN AB 

LBC Sweden AB (Lastbilscentralen Sweden AB, further on just LBC) is an independent service provider within 
distribution and storing of furniture. Their main focus is to act as a hub in the Scandinavian furniture industry. LBCs 
core competence is transportation of new furniture between producer, importers, customers (not end-users but shops 
of furniture) and exporters. LBC provides services for distribution and storing of furniture to large parts of Europe. 
The services must be performed in a very reliable way, both in time and in terms of non-damaged goods. The 
turnover of LBC was 2004 164 million SEK, 2005 188 million, 2006 222 million and 2007 it was 240 million. In 
three years LBC has had an increase in turnover of nearly 80 million SEK. The employees have, during this time 
increased with roughly 40 persons with permanent positions, in times of extra high demand LBC hire temporary 
workers. LBC has about 500 customers and 10 % of the customers represent 66 % of the total sales along with 90 % 
of the total volume. There are some large customers to who LBC pay most attention. These are approximately 15 
who LBC serves with storing their products these are picked and sent every week. The largest customer represents 17 
% of the total sales. These large customers are interested in more and more services from LBC which leads to the 
development of LBC, custom storage is just one example of this. 

3.1 HISTORY 

During the last decades LBC has developed from an independent carrier delivering gravel and macadam to 
become one of the largest actors in Sweden transporting and storing furniture over large parts of Europe. LBC was 
founded and has all the time regardless of ownership had the main office in Tibro (Sweden). One strong reason for 
this is that Tibro always has had a strong position in furniture production in Sweden.  

LBC started to transport gravel and macadam in the beginning of 1940 and furniture transport commenced in the 
beginning of 1950, however only in the immediate surroundings. This implies that LBC has more than 50 years of 
experience in the transportation of furniture. LBC transported most of the furniture from factories in Tibro to the 
railway station; most furniture was delivered by railway (3000 wagons per year). This was in the middle of the 
1960’s and today all deliveries are carried out by trucks, there are no plans on railway transportation today. In the 
beginning of 1970 LBC came in contact with MIO, an organisation for buyers of furniture and their purchase 
function (today MIO is a furniture chain of stores). At the time transportations by trucks increased and LBC wanted 
to develop their services in this area while MIO wanted to distribute furniture, from Helsingborg, by railway to Tibro 
and from there to the customers. This collaboration was built on personal contacts and no contracts were written, all 
was based on trust and confidence. This was the way of collaboration until 1995 but from that time the collaboration 
was also formalised in written contracts, today all cooperation are based on written contracts. In the middle of the 
1970’s transportations were extended outside Sweden to Norway and England.  In 1978-79 the existing terminal was 
built, later this building has expanded. LBC has transformed as type of enterprise over time, from the beginning LBC 
was based on independent transporters in union with LBC which remained till the beginning of 1980. 1990 LBC was 
formed as a joint-stock company and after that some of the activities were sold to ASG. ASG has, for a long time, 
been a dominating transportation firm and freight forwarder in Sweden. Later LBC was sold to Danzas 1995, owned 
by the German Post, in turn owned by the German Government. They also owned DHL and 2001 there was a merge 
between DHL and Danzas, which led to LBC becoming owned by DHL. 2005 LBC was sold by DHL to the joint-
venture company Litorina Kapital, who also acquired the Danish subsidiary to LBC, GM-ITM. Through these 
acquisitions a leading group of furniture logistics in Scandinavia was a fact. The turnover of the group then was 
about 500 million SEK and 2007 it was 550 million SEK. The group has the main office in Tibro. 
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3.2 THE SERVICE ORGANIZATION 

Earlier LBC owned a terminal in Tibro which was sold in 2007 and today LBC rent it. DHL has their terminal 
activities in the same building because the terminal is modern and appropriate with a strategically good geographical 
position.  

LBC employs the workers in the terminal and the administrative personnel, the terminal employees unload trucks 
and sort the goods to the right place. On the other hand LBC does not own any trucks or employ personnel loading 
and transporting the goods, this done by independent road carriers in contract with LBC. These can be one driver 
who owns his own truck to road carriers owning 60-80 truck with employed drivers. Every independent transporter 
has the responsibility of a certain area, usually a county. The truck drivers are also responsible for loading their own 
trucks and trailers. The driver gets all information from LBC about the delivery; it is a list of every customer and the 
products each customer should receive. The driver also has to report every single item if it is OK or missed. Every 
town or area has a delivery gate, the goods is placed at the right gate on special squares on the floor. 

Every day lots of deliveries arrive, about 2 600 m3, to LBC and equal lots of outgoing deliveries leave LBC. 
Every customer is served according to a timetable, the largest customers can have deliveries every day while other 
customers may have once a week. When the suppliers (producers) want to deliver products they call LBC and inform 
about the type of delivery. This information can be sent by mail, fax, or letter; two of the largest customers send their 
orders directly to the storing application of LBC. Even a consignment note can be handled as an order. Customers 
can deliver in different forms and some customers sort their deliveries, LBC calls it “customer for customer”, and 
these are promised that their products will leave LBC the next day. Other customers, who do not sort, can have to 
wait some days to have their goods delivered. This is very clearly pronounced from LBC who wants the customer to 
change their way of work towards sorting their goods. The most difficult task to handle for LBC is goods that is 
received and have to leave the same day because of the timetable presently used, though one main goal is to deliver 
in right time to customers.  

1985 the storage area was 3 500 – 4 000 m2, 2004 it was 17 000 m2, and today LBC has a storage area of 95 000 
m2 and handles about 13 000 m3 every week. Three years ago, in 2004, about 9 000 m3 packages was handled every 
week. LBC does not own any of the storage areas but rent areas according to the demand. 

3.3 THE SERVICE ASSORTMENT 

LBCs service assortment is storing, order picking, labelling, loading, co-loading, and distribution according to 
timetables of furniture in Scandinavia. The company also provide assembly services by customer request, but this is 
not services that LBC normally offer. The products are so called general or mixed cargo which is the core 
competence.  

LBC strives to be an active partner in the strategical work of their customers, .e. g. they often take part in their 
customers’ plans, campaigns and drives and adjusts how they handle storing and transportation for the customer 
based on this. LBC needs to be attentive in listening and understanding what the customers want but also flexible in 
the way they work. Short times for decisions are an important issue to the company and quality in the way of 
handling the goods is also a key issue. All deliveries in the right time and a minimum of damages are other of the 
company’s goals. Statistics from LBC show that they only have 1.5 damages per thousand opportunities of packages, 
but they still work to become better. According to the company most of their customers have selected them based on 
these factors. The company has a service called full service and this comprises import, storing, stock-keeping, 
inventory accounting, order handling, stock-taking, customs clearance outwards, and distribution in Scandinavia, 
European and other parts of the world.  

The service is tailored for each customer’s requirements and needs, the need of the customer and what the 
customer is prepared to pay for are also the activities LBC carries out. They also provide temporary storing; the 
customer rents storage area on a daily, weekly, or monthly basis. The most common additional services for this type 
of inventory service are goods addressing and customs handling. To some customers with import and export outside 
EU LBC provides custom inventories, where they take care of documents needed for home transportation customs 
clearance inwards, and export declarations. LBC also can distribute other products than furniture, e. g. parquet 
flooring or other goods appropriate to be placed in the same truck or trailer, but furniture is the core competence of 
the company. They also provide a service called Project Logistics, this is a new service that focus on deliveries to 
hotels and public establishments. This service started 2007 and the performance is analyzed to decide if LBC should 
continue with this service. The ideas for future development also include service for end customers as another 
business opportunity.  
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Today, two of the largest customers can place their orders directly in the warehouse management system (WMS) 

of LBC. In the spring 2008, LBC is going to use an ERP-system and the WMS and the new ERP-system will 
communicate with each other. When this system is started all customers will have the opportunity to place orders via 
a web interface. The customers will also have access to information regarding the inventory level in the same way. 
Today the store application can “place” the goods in an area of 50 m2, but the new one will place it more correctly in 
2-3 m2. This will be helpful for the drivers when loading their trucks but even for the employees unloading and 
sorting incoming goods. 

4. DISCUSSION 

In the literature review we discuss characteristics of different types of logistics service provider. Case study 
findings reveal that our case company could be classified as a Service Developer. As such they provide value-added 
services in addition to transportation, cross-docking, forming specific packaging track & tracing. The services are 
rather advanced and involve sets of more standardized activities to create value for the customer. The services are 
often turned into modules and can be combined according to each specific customers needs.  

LBC has been found to provide all the traditional services of a 3PL, such as transportation, cross-docking and 
warehousing, as well as a business segment with more customer-focused service. When the study of LBC first started 
in early 2004 it mostly resembled a traditional 3PL. Today LBC also takes care of some of the customers’ inventory 
and all activities needed for a proper order- and inventory handling and inventory accounting. They can provide 
customers with both long and short term warehousing; some customers can also place their orders directly in LBC’s 
inventory management system. Today every customer has a specific contact to assist customers. For many customers 
the globalization have led to increased transactions with countries outside EU and LBC can also provide custom 
inventories, handling the documents needed for home transportation, customs clearance (import), and export 
declarations. In the spring 2008 a new ERP-system (Microsoft Dynamic Axe, earlier Axapta) will be introduced with 
the possibility for all customers to place orders and have access to inventory status using web services. Also the 
Project Logistics service shows the intention of LBC to continually work to meet customer needs. 

The relationship with their customers is mostly on an operational level but one example of the opposite is their 
largest customers with which LBC can share information about coming sales and campaigns. This is a step towards a 
closer relationship signified by more trust, openness with a more strategic focus than earlier. One apparent critical 
aspect is the use of IT, many activities have previously been carried out manually which increase the risk of mistakes 
and decreases efficiency of work. At present the inventory account has been computerized but no ERP system is 
used. LBC has been aware of this and today they are very near a solution of this problem and this spring they start to 
use Movex ERP system. Additionally they are working on a web solution to advance their customer communication.  

During this study, starting in 2004, LBC has developed from a traditional 3PL to a Service Developer and the 
question is what requirements are needed to go from Service Developer to Customer Adapter, and is this 
advantageous? One very important issue to consider is the customer base; today LBC has about 500 customers and 
50 of these customers represent 66% of total sales and 90% of total volume of goods. The largest customer 
represents 17% of total sales and if LBC were to decrease their customer base the company could manage more of 
the remaining customers’ activities. As an example LBC could take the orders directly from the furniture retailers, 
relieving the suppliers from that responsibility and other activities. This way LBC could become a more valuable 
partner for their customer. However, the tradition to serve many customers may be difficult to break; LBC could still 
increase the effectiveness and efficiency with the ambition to only partly become a Customer Adapter. LBC has the 
potential to develop the services for their customers. What the study also has shown, however not explicitly in the 
matrix, is that the services are mostly of operational nature. 

5. SUMMARY  

3PL actors take care of other companies’ logistic processes and are often experts in one or more areas like 
inventory management, warehousing, distribution and logistics information systems. The 3PL companies can also be 
divided in different categories, which in this paper are Service Developer, Customer Developer, standard 3PL 
provider and Customer Adapter. In this study we have found that LBC has developed from a traditional 3PL to a 
Service Developer since LBC: (1) apart from common services as transportation, cross-docking, and distribution, 
also provide inventory management, stock-holding, inventory accounting, custom inventories, documentation for 
home transportation, customs clearance (import), export declarations etc.; (2) have a customer focus and an emphasis 
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on activities that the customer is prepared to pay for; (3) provides every customer with a personal contact to choose 
the best service for their organizations; (4) provides different customized service solutions, which are standardized in 
service packages. This means that customers may choose from standardized solutions deciding what they need, and 
to what extent they need a special service; (5) focuses on IT development; and (6) has a great large capacity which 
open possibilities for larger customers with need of storage area. This also opens up for more logistic activities such 
as inventory accounting. We have also seen that most of the activities and relations are on an operational level and 
according to theory a Service Developer mostly acts on this level, but is this the best way to serve customers?  

We argue that the requirements to succeed as a Logistics Service Provider, as concluded from this study, are: a wider 
assortment of services (apart from transportation, distribution also e. g. inventory management, stock-holding, IT-
system services) with the ambition to develop further according to changing customer needs, a clear customer focus 
with the aim of providing customer adaptation for fewer customers rather than mass customer standard services, an 
understanding of the importance of developing IT beneficial for customers, and strategic as well as operational skills 
in logistics.  
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ABSTRACT 

Purpose of this paper examines the role of relationship-specific investments for creating strategic partnership 
and facilitators for external economies in the context of logistics services. Research is based on the transaction 
cost economics and behaviorally oriented theories, a conceptual model is developed and tested with structural 
equation modeling using empirical data from Finnish industrial companies in 2005. The results show that 
partnership is positively associated with the external economies when relationship includes relationship-specific 
investments. Response rate of survey was 27,4 (N=161) and all respondents was from Northern Finland, which 
may limits research’s generalizability. A number of implications to practitioners and researchers are suggested 
in this study. Furthermore, several research opportunities are also suggested. This study unites two theoretical 
approaches to understand external economies and shows that theories complement each other. As theoretical 
conclusions, a model how relationship-specific investments may produce external economies was found. 
Structural equation modeling has been proved to be a strong tool for studying the latent variables related to 
external economies. From a managerial point of view the study suggest that logistics service providers should 
consider relationship-specific investments to develop trust to gain external economies and strategic partnership 
with shipper.  

1. INTRODUCTION  

In this paper, a model for organizational structure in relation to external economies is developed. External 
economies are explained by relationships between asset specificity, transaction costs and economies of scale. The 
model is based on two lines of research. Firstly, there is a well-established tradition of organizational economics 
that has shown the vital role of the asset specificity to the transaction costs. Secondly, there are inter-organizational 
theories that serve to identify the behavioral factors and more precisely how the relationship-specific investments 
affect trust and hence transaction costs. 

The purpose of this paper is to identify how the relationship-specific investments affect partnership and to test 
their impact on the external economies with SEM (structural equation modeling) using empirical survey data from 
Finnish industrial companies. The paper delineates the conceptual underpinnings of external economies and shows a 
tentative model that is tested with the Lisrel analysis package. The paper ends with theoretical and managerial 
conclusions and continuing research suggestions. 

2. THEORETICAL UNDERPINNINGS 

External economies is quite an old concept; already Marshall [11] described external economies as those which 
depend on the general organization of the trade, the growth of knowledge and appliances common to the trade and 
on the development of subsidiary industries. In addition, Chipman [3] uses Adam Smith’s pin factory example to 
illustrate the beneficial relationship between specialization and external economies. Hence, an external economy 
through specialization is not a new notion, although external economies are not a commonly used concept in the last 
decades. In this study, external economies means the external possibility to improve firm’s performance through 
cooperation with other firms. Meade [12] argues that external economies exist whenever the output of a firm 
depends not only on the factors of production utilized by this firm but also on the output and factor utilization of 
another firm or group of firms. On the other hand, Scitovsky [14] argues that external economies have one of the 
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most elusive definitions in economic theory and hence definitions of external economies are few and unsatisfactory. 
According to Scitowsky [14], it is agreed that external economies mean services (and disservices) rendered free 
(without compensation) by one producer to another; but there is no agreement on the nature and form of these 
services or on the reasons for their being free. He continues that it seems that external economies are invoked 
whenever the profits of one producer are affected by the actions of other producers. 

Stockfisch [16] offers a good example concerning external economies. If new investment in industry A expands 
its capacity and output, the price of its product falls. If A's product is an input for industry B, the Industry B now 
enjoys extra profits, which would justify new investment in it and consequential expansion of industry B may 
further increase the demand for A's product and create more profit possibilities and investment opportunities in 
industry A. Of course, numerous interactions and repercussions are possible. Adams and Wheeler [1] also found 
that when a circular interdepence exists inside of an industry, the industry supply curve may be either more or less 
steep than the supply curve of the typical firm in industry, depending upon whether external diseconomies or 
external economies exist. The productivity of the individual producer possibly will depend not only on his input of 
productive resources but also on the activities of the supplementary firms [14]. He continues that this might be 
called "direct interdependence among producers" but it is better known under the name of external economies. 
Additionally, as Alchian and Demzets [2] argue, better competitiveness is possible through cooperative 
specialization. Therefore, cooperation in a supply chain may increase investments and profits of all the firms in the 
supply chain. Furthermore, Dyer [5] argues that high asset specificity and low transaction costs are possible if the 
different safeguards which can be employed to control opportunism have different set-up costs and results in 
different transaction costs in different time horizons. With different time horizons, Dyer [5] divides time to finite 
time horizon where contracts are useful and indefinite time horizon where self enforcing safeguarding (i.e., 
goodwill trust) is effective. Therefore, when easy contracting is a dimension of external economies, confidence is an 
important facilitator to external economies. Dyer [5] gives an example: while legal contract may minimize 
transaction costs in the short run, the safeguards used in Japanese car manufacturing industry alliances result in 
lower transaction costs over the long run. 

Cooperative specialization can increase productivity through economies of scale [15], for example. Economies 
of scale are characterized by the classic ratio of volume per unit cost, decreasing unit cost by volume and seeking 
growth by concentrating on core competence. Mallen [10] argues that if we compare cost curve of each input to 
firm’s average cost curve over all inputs, we will probably find some inputs with increasing costs in production 
volume whereas average costs are decreasing. According to Stigler [15], firms should focus on functions with 
increasing economies of scale themselves and outsource functions with decreasing economies of scale, which leads 
to Stigler’s hypothesis that growing industries start to specialize. Hence, possibilities to external economies are 
more probable in growing industry than in a diminishing industry. This is strongly supported by evolutionary 
theory, which is one point of view in organizational economics. In evolutionary theory it has been noticed that only 
large populations have specialized castes [6]. Hence, specialization offers possibilities for the use of external 
economies especially in growing industries. 

Based on Stigler’s [15], Alchian and Demzets’ [2] and Mallen’s [10] arguments, it is reasonable to say that 
economies of scale have positive correlation with specialization, and thus with asset specificity. For example, from 
the strategic point of view smoothing business cycles might be an important dimension of external economies; 
subcontracting change fixed costs to variable costs and provides agility and flexibility to production. On the other 
hand, if an increase in output is seen as always giving rise to a reduction in unit costs, it becomes necessary to ask 
why specialization is not everywhere pushed to its limits so that the economy is made up of highly specialized 
monopolies rather than competitive industries with large numbers of identical firms [13]. Answer to the question 
might be transaction costs, because when asset specificity increases, more complex governance structures (i.e., more 
complex contracts) are required and thus transaction costs are presumed to increase with an increase in asset 
specificity [17]. Deepen [4] presents relationship between transaction costs and asset specificity as a function of 
different types control mechanisms (figure 1). 
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Figure 1: Organization structure in relation to transaction costs and asset specificity [4] 

Because from traditional point of transaction cost theory [17] markets mean outsourcing and hierarchy vertical 
integration, it is easy to see that transaction costs limit outsourcing and thus specialization to core competence. On 
the other hand, Dyer [5] argues that investments in relation-specific assets lower the transaction costs in the long run 
(figure 2). These relation-specific assets become possible only when there is enough confidence between partners. 

 

Figure 2: The relationship between asset specificity and transaction costs [5] 

When thinking of relation-specific assets as a governance form of partnership [5] it is possible to combine the 
traditional relationship between transaction costs and asset specificity as a function of governance structure (figure 
3). Cooperation is similar to traditional case in low asset specificity, but with high asset specificity, transaction costs 
in cooperation go down, as Dyer [5] argues, if partners can establish relation-specific investments through 
confidence in partnership. Economies of scale have a concave form as usually assumed in microeconomics. With 
low asset specificity there is much economies of scale but it diminishes at the end when asset specificity approaches 
shipper’s core competence related functions.  
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Figure 3: Partnership in transaction cost – asset specificity relationship 

With the statement that asset specificity has positive correlation with economies of scale [2]; [10]; [15], it is 
possible to subtract transaction costs from economies of scale and so get the external economies in relation to asset 
specificity (figure 4). Because economies of scale is result of lowering average cost per unit while increasing 
volume of production, another possible way to see this same issue is cost perspective. It is possible to lower average 
unit cost via specialization and at the same time lower transaction costs via partnership. In respect to external 
economies, there are three different situations. First, with low asset specificity using market option is the best 
solution. Second, when asset specificity increases one should move towards hierarchy as Williamson [17] stated. 
Third step is to combine Dyer’s [5] and Deepen’s [4] work and choose partnership with very high asset specificity. 
Of course relationships between using markets, hierarchy or partnership are situation dependent. Functional markets 
move external economies with market options toward partnership and hierarchy, skillful leaders may raise external 
economies with hierarchy, partnership is probably tied to culture, etc. 

 

Figure 4: Organizational structure in relation to external economies and asset specificity. 

One problem could be medium level of asset specificity; partner’s commitment may still be inadequate for win-
win cooperation and may thus lead to opportunistic behavior and external diseconomies. This could be the case 
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especially if relationship specific investments are asymmetric in early stage of cooperation. Other problem can be 
several optimums close to each other with medium asset specificity. If principal, for example, can not find an agent 
who is willing to make relationship- specific investments with high asset specificity or markets are bad, principal is 
forced to stay in medium asset specificity. Because there are several optimums, best organizational form could be 
difficult to find, and maybe this is in practice the factor behind blurred optimal borders of the firms.  

3. TENTATIVE MODEL AND MEASURES 

Based on the conceptual overview, a tentative model was developed for describing relationship between 
relation-specific investments and external economies (Figure 5). In this model, relationship- specific investments are 
seen as a central facilitator affecting external economies.  

 

Figure 5: Relationship-specific investments and external economies 

The concepts in the model can be seen as latent variables (or factors) that are not directly observable but are 
inferred from other measurable variables. In practice, the operational measures were presented in a questionnaire as 
attitudinal statements based on the 7-point Likert scale (strongly agree … strongly disagree). The descriptions and 
the operational measures of the concepts are presented in Table 1. The operational measures for the relationship-
specific investments factor described how highly individualized investments shippers demand from LSP (logistics 
service providers), how specialized relationship-specific assets shippers have with their LSP and how much shippers 
trust their LSP. External economies was measured by the shippers´ belief  of how cooperation affects their 
competitiveness, is shipper’s industry growing business and how dedicated shippers are to change their fixed costs 
to variable costs. 

Table 1: Latent variables and their operational measures 

Latent variable Explanation and operational measures in the 
questionnaire 

Label 

Relationship-specific 
investments 

Refers to the relation specific assets and quality 
of the relationship between the organizations. 

RSI 

 
• Our resources committed to logistics 

services are only suited for the present 
relationship. 

AssetSpe 

 
• Logistics service providers have to develop 

tailored solutions to do business with us. 

Tailor 

 
• Our logistics providers would never 

behave deceitfully. 

Trust 

External economies Refers to the belief how cooperation affect to 
competitiveness and how dedicated shippers are 
change their fixed costs to variable costs 

ExtEco 

 
• We can strengthen our competitiveness by 

outsourcing logistics. 

Competit 

 
• Our goal is to change fixed costs rapidly to 

variable costs 

CostStru 
 

 
• Our industry is characterized by rapid 

growth. 

Growth 

1341



 Flexible Automation and Intelligent Manufacturing, FAIM2008, Skövde, Sweden
 

 

4. EMPIRICAL ANALYSIS 

This chapter presents an empirical test of the model by using structural equation modelling (SEM) [7] with 
survey research data from Finnish industrial companies that buy logistics services. The first step was testing of the 
tentative model. As the data did not entirely support the tentative model, the final model was formed by reducing 
statistically insignificant relationships from the tentative model. 

4.1. DATA DESCRIPTION AND ESTIMATION METHOD 

The data were collected from northern Finnish industrial companies during November 2005 in connection with a 
regional logistics development programme. The survey was administered in the Internet using the Webropol online 
survey package. The questionnaire included various sections intended for mapping the business conditions for 
logistics in Northern Finland. The questionnaire was pilot tested before sending it to the respondents. 

The target group consisted of 587 companies and there were 161 acceptable responses (response rate 27.4 %). 
The respondents had filled the questionnaires accurately and the filling rate of responses was 98.2 %. Missing data 
were completed with SPSS software’s EM (expectation maximization) function (Little’s MCAR test: Chi-
Square = 2322, DF = 2212, Sig = 0.051). 

The estimation was made with the Lisrel software [7]; [8]. The estimates were calculated using the ML 
(maximum likelihood) method based on covariance matrix. The normality of the variables was studied with Prelis 2 
software [9]. 

4.2. DATA ANALYSIS 

Using the operational measures described above, the tentative model was tested and the results are shown in 
Figure 6. It can be seen that direction from relationship specific-investments to external economies appears similar 
to the tentative model. Even though the model is acceptable, measure AssetSpe is statistically insignificant and the 
next step was to remove that operational measure.  

 

Figure 6: Relationship specific investments and external economies 

The final model provides a very good statistical fit (see Table 2). All relationships in the final model are 
statistically significant and their directions are similar to the tentative model. Factor loadings are good. Some 
alternative and complementary measures were tested for these factors, but they resulted in an unsatisfactory overall 
fit of the model. Generally, however, it seems reasonable to say that the independent factor in the model provide an 
adequate validity for testing the model. The dependent factor (External economies) has two good measures and 
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hence the validity is also good. Further, with Finnish data, it is justified to argue that relationship-specific 
investments explain external economies. 

 

Figure 7: Final model 

Table 2: Fit indeces of final model 

Test Value P-value 
chi-square (df) 4.23 (4)  0.376 
RMSEA 0.019  
CFI 1.00  
GFI 0.99  
SRMR 0.031  
normed chi-square 1.058  

5. CONCLUSION 

It has been observed in the empirical study that relationship-specific investments explain external economies as 
theoretical underpinnings and the tentative model predicted. As managerial conclusions the results of the empirical 
survey indicate that LSP’s relationship-specific investments and trust are important measures of partnership. 
Shipper’s own asset specificity was not important measure of partnership as they see it. From a managerial point of 
view, this means that LSP should consider relationship-specific investments to develop trust to gain external 
economies and strategic partnership with shipper. As theoretical conclusions, a model how relationship-specific 
investments may produce external economies was found. 

In this study, structural equation modeling proved to be a strong tool for studying the latent variables related to 
the external economies. Despite some weaknesses in one operational measure of the concepts, the model as a whole 
seems to offer a sound basis for evaluating relationship- specific investments influence to external economies. 

This study was limited to northern Finland and a broader national or international empirical data would be 
needed for continuing model validation and also for comparing the results between different populations. 
Continuing theoretical and empirical research is also needed to further develop and test the model also in other 
contexts besides logistics. Qualitative research would also offer a useful complement for studying the proposed 
concepts and their relationships in greater depth. 
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ABSTRACT 

Outsourcing of functions related to non-core competencies has been a major trend in manufacturing since 1980s. 
After early 90’s also outsourcing of logistics functions was very common as it usually involves rather large 
capital investments. Main drivers of outsourcing have been identified being reducing costs, adding options to 
strategic considerations (focusing on core competencies, developing partnerships, increase flexibility) and also 
development of the enabling factors, such as IT systems. Nowadays it is known that in Europe about 91 percent 
of the companies have outsourced at least their domestic transportation to logistics service providers.  

In this study we are examining what is the level of outsourcing concerning different logistics activities in 
Finnish and Swedish companies. As a research method we are using web based survey, firstly consisting of 
descriptive questions regarding the company, and the latter part consists questions concerning logistics, IT and 
outsourcing of operations. Our research results indicate that more traditional areas of logistics outsourcing are 
driving factors in company’s performance measurement priority. In contrary to previous research, our results 
indicate that the scope of outsourcing is not that wide in logistics area, and companies are not planning to 
outsource more in the near future. 

 

1. INTRODUCTION 

Outsourcing of functions, which are not related to firm’s core competencies, has gained a lot of popularity since 
their introduction in 1980s (all is dated back to introduction of IBM compatible PC). It was just a matter of time that 
this trend would reach capital intensive logistics functions. In 1990s logistics activities outsourcing started to gain 
ground and main drivers for this development as identified from literature by Lau and Zhang [1] are: reducing costs, 
adding options to strategic considerations (accelerating business-process re-engineering, concentrating on core 
competencies, creating partnerships, enhancing flexibility) and environmental factors (such as IT development, 
globalization, capabilities of suppliers). Recently Cap Gemini [2] concluded in their annual third-party logistics 
survey that in Europe about 91 percent of the companies have outsourced their domestic and 87 percent their 
international transportation. Other often outsourced logistics activities are warehousing (68%), forwarding (51%) 
and customs clearance and brokerage (58 %) [2]. Our interest in this research work is to examine if these drivers 
and level of adoption outsourcing are similar in Finnish and Swedish companies compared to European level, e.g. 
presented before mentioned study. Or do Finnish and Swedish companies differ in some significant manner from 
the general situation in Europe?  

2. LOGISTICS OUTSOURCING IN MANUFACTURING CONTEXT 

Usually global Original Equipment Manufacturers (OEMs) of logistically convenient end-items (it is economically 
and within time dimension sensible to move items around) follow the principles of focused factory, which was the 
main proposal for productivity improvement of Skinner during 1970’s [3]. Using the principles of this approach, 
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low amount of manufacturing sites (quite often below 10) will take care of the entire worldwide production each 
focusing to a small number of different product families – some cases geographical issues force to establish regional 
focused factories. This focus will foster the local supplier network also to be developed to serve high volume 
challenges, and tight delivery schedules. However, as responsiveness of the supplier network as well as the focused 
manufacturing unit increases (which results to significantly lower inventory levels), the management of global 
distribution becomes quite troublesome. Most often OEMs will experience high changes of demand (including both 
volume and mix) in different markets due to the demand amplification effect (described e.g. [4], [5], [6]), and 
therefore their efficiency of outbound logistics operations suffers. Specialization among companies (also within 
inside of these), availability of low cost transportation and new emerging economies, has resulted into situation, 
where we are currently transporting more than ever, as transportation growth is compared to global GDP growth 
[7], [8]. 

Due to the challenges related to distribution, OEMs have started increasingly to favor the use of services offered 
by Third Party Logistics (TPL) operators. In practice TPL solution will contain some kind of integrated logistics 
service package, which is taking care by external operator (e.g. [9], [10], [11], [12]). Most often third parties will 
have joint responsibility of e.g. inventory management in distribution centers as well as all needed transportation 
services of distribution. It is not so rare to find out that TPL operators will customize products (quite often OEMs 
are using postponement) in their distribution centers, and therefore services could also include some amounts of 
assembly and packaging. Also administrative functions of order management could be outsourced (e.g. typing of 
customer and purchase orders) as well as logistics process optimization (4th party logistics). In these administrative 
functions, there might exist need for decision-making, e.g. purchase orders, which in low cost items could be given 
for external partner. Reverse logistics (product returns and repair service) has recently been reported to be one part 
of TPL provider portfolio. Basically in all of the outsourcing alternatives economics of scale is emphasized (e.g. 
through higher volumes of transports for certain regions and needed warehousing space, personnel etc.) as well as 
flexibility. Most often benefits are driven by simplification and centralization of own processes, and eventually by 
“merging” them together with other customers of TPL provider (e.g. [13], [14]). In recent decade time TPL 
providers have considerably increased their size, e.g. FedEX employs more than 260 thousand people with annual 
revenue of 35 billion USD, while DHL employs 460 thousand persons with respective revenues of 60 billion Euros. 
Most of the growth has occurred because of acquisitions of small TPL providers into these conglomerates (e.g. dealt 
within [15]), or through outsourcing decisions of OEMs (e.g. distribution centers are sold to outside, to 3PL 
operators).  

As an OEM is using focused factory principles, its manufacturing operations could also quite easily be 
outsourced from contract manufacturers (more about contract manufacturing, please see [16] & [17]). Usually OEM 
in the beginning establishes and owns all the facilities, inventories and needed resources, but after completed 
outsourcing decision it will sell everything for contract manufacturer. However, it is not unusual situation either that 
OEM will not have any manufacturing operations at all – this has been the case with Apple iPod as well as 
Microsoft Xbox, or cell phones of Skype, Palm and Sony-Ericsson. Most often outsourcing decisions are not so 
extreme as in these cases, and contract manufacturers will take care of manufacturing of lower margin products in 
maturity phase of product life-cycle (either locally for some number of countries or having global delivery 
responsibility), while OEM tries to handle efficiently higher margin products as well as new product introductions. 
Thus, contract manufacturing size, especially in electronics, has increased during the last five years considerably – 
currently largest contractors employ altogether 1 million employees, and mostly the growth has appeared in Asian 
low-cost countries. For increasing number of OEMs question of using contractors in manufacturing is not anymore 
an option, it is a must, since they have all the needed capacity in their hands. Some of these contract manufacturing 
organizations have grown as OEMs (e.g. Lenovo, BenQ and Acer). 

3. RESEARCH METHODOLOGY 

In this study, in order to examine the current status of outsourcing relation to SCM, an online survey was conducted 
from the 17th of December 2007 until the 21st of January 2008. The survey itself was located in Internet and 
respondents were able to answer with three different languages (in Finnish, Swedish, and English). Contact to 
companies was made by email. The questionnaire was composed of two main sections. Section A was descriptive 
questions in order to gather company profile and information. The latter part of the questionnaire, section B, 
concerned logistics, IT and outsourcing in their strategy and operations.  

Altogether survey was sent to roughly 650 companies, including 371 companies from Finland and 286 
companies from Sweden. Altogether there were 546 letters that were able to reach the target companies’ email 
systems. All of the companies had approximately four weeks time to respond. At the first survey round, the letters 
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were sent to all of companies on 17th of December 2007. During the four weeks time two reminder emails (on 4th 
and 14th of January 2008) were sent to all of those companies who had not responded to the survey. As a result 
there were, in total 45 responses from the population of 546 companies adding up to response rate of 8.2%. Among 
the 45 responses there were 34 valid answers; five answers were submitted with empty forms, three of the answers 
were double responses from companies and another three answers did not have correct identification code typed in 
the answer. 

Respondents of the survey were either manufacturers (62 %) or trading companies (18 %), while the remainder 
of the companies were from logistics and others sectors. Respondents were usually multinationals (59 %) and most 
of the companies employed more than 300 employees (74 %). 

4. SURVEY RESEARCH FINDINGS 

Our survey results revealed that large part of the companies have outsourced some logistics activities (see Figure 1), 
but surprisingly small number of these have given responsibility for external parties in inventory control, order 
processing, product assembly/labeling as well as product returns. In contrary, transportation is in nearly all of the 
cases outsourced and significant levels of outsourcing could be found from warehousing/terminaling and customs 
brokerage. One particular interest area of this research work, IT outsourcing, is with equal amounts outsourced or 
produced in-house. Another interesting remark was that only handful of companies are “planning to” outsource 
activities among these sub-items of logistics process, which indicates that outsourcing issues have been discussed in 
companies, and strategies are set already some time of ago. This leads to conclusion that in respondent companies 
outsourcing is not going to increase. Of course this would not mean decreasing volumes for outsourcing providers, 
since growth of the volumes is dependent on single companies and their development, not on the whole sample.  

Interestingly, based on our sample data outsourcing seems to be total only in handful of cases, as only one 
respondent company reported to have outsourced all the other functions except production/labeling. However, three 
companies reported totally opposite situation; any of the proposed functions were not outsourced in these 
companies. Quite often transportation outsourcing is the starting function to be purchased from outside, and we 
found only one respondent, who was having this function produced in-house even though company had outsourced 
its warehousing. In other cases, where respondents have not outsourced their transportation function, did not have 
those kind of decisions made in elsewhere either. 

Compared to the results on European level [2] according to this sample Finnish and Swedish companies seem to 
be more or less lagging behind, when measured by the level of outsourcing. Only outsourcing of transport and order 
processing are on somewhat same level with the whole Europe, while outsourcing of warehousing, production 
(including labeling etc.) and product returns are much rarer than in Europe in general. 
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Figure 1: Scope of logistics outsourcing in the respondent companies (n = 32-34). 

Figure 2: Most important performance drivers of logistics in whole data as well as four most frequently outsourced (OS) logistics 
functions sub-groups (Warehousing / Terminaling, Information technology, Customs brokerage and Inventory control). 
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Based on the initial results of our outsourcing effects analysis, we found that outsourcing of warehousing, 
customs brokerage and inventory control gives less emphasis on the on time delivery than what is the case in whole 
data as well as when IT is being outsourced (however, on time delivery is in all of the cases driver of the 
performance – see Figure 2). Especially in warehousing, as well as inventory control, outsourcing situations 
companies were also interested about (1) return on investment, (2) accurate, complete and damage-free delivery and 
(3) inventory turnover. So, it could be argued that outsourcing of these functions leads to more diverse use of 
performance drivers, and logistics is more like value-adding and source of profitability rather than process, which 
ensures that products are delivered on time.  

In addition to these analyzed measures, three companies said to use some other logistics measures – one of them 
argued the quality of electricity to be the most important, while two others placed risk management as the second 
most important and capacity utilization as the third most important measure of performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Warehousing / Terminaling outsourcing (WH OS) and its connection to more distant markets and more global supply. 

We divided companies into two groups by whether they have outsourced their warehousing and examined if it is 
connected to their overseas activity (see Figure 3). It was found out that the companies who are outsourcing their 
warehousing also seem to have more often their major markets overseas. Another interesting find was that supply 
network seems to be more international when company has outsourced its warehousing. This could be seen as sign 
of 3PL services being used more, not only in distribution, but also with inbound material flows. 

6. CONCLUSIONS 

This study was an attempt to shed some light to logistics outsourcing choices made in Finnish and Swedish 
companies. It was found that, with the exception of transportation and order processing, the level of outsourcing of 
logistics is lower than for example found in the recent study by Cap Gemini [2]. It also seems that very few of the 
companies are actually planning to outsource more of their activities in the future. Additionally, we found out that 
those companies who outsource consider on-time delivery to be the most important performance measure, but also 
return on investment, inventory and accurate complete and damage-free delivery were considered as important by 
some of the companies. Companies who are outsourcing their warehousing operations also seemed to have more 
suppliers overseas and their major markets were often located overseas. 

As this particular study was rather small in sample size, for further research it would be very interesting to 
complete similar but more thorough study with bigger sample size concerning Finland and Sweden, and maybe even 
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include whole Scandinavia and some of the Baltic States, to receive more clear view on the logistics outsourcing in 
Northern European context. 
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ABSTRACT 

Supply chains are important in bringing consumers a broader set of product options at low cost. A key element 
in lowering costs is outsourcing, especially to organizations in countries with lower costs. Application requires 
clearly stated specifications the many potential vendors can meet.  This paper reviews some of the risks that need 
to be managed in supply chain outsourcing, and demonstrates tools of Monte Carlo simulation, multiple criteria 
analysis, and balanced scorecard to help manage these risks.  

1. INTRODUCTION 

Supply chains have proven instrumental in improving efficiency within many industries, to include retail (witness 
Wal-Mart) and computers (witness Dell).  Supply chains can take on a spectrum of relationships.  Wal-Mart and Dell 
both closely control their supply chains through highly structured contractual relationships.  Other supply chains 
involve looser control.  Many Chinese manufacturing organizations participate as independent agents, to which core 
organizations such as original equipment manufacturers like Nike outsource responsibilities.  Given that many 
manufacturers operate in different countries than their core supply chain customers, outsourcing is the only way to 
take advantage of the attractive costs they offer. 

Supply chain organizations involve many risks.  Research into supply chain risk has compared policies of risk 
transfer versus risk mitigation [1, 2]. Other research has considered the extra risk inherent in supply chains dealing 
with small enterprises [3].  Contemporary information technology systems to aid supply chains have also been well 
studied [4], and alternative contractual mechanisms have been considered [5].  Supply chain risk can involve 
disruption [6], product failure [7], or other forms of risk.  While these risks can be daunting, doing business requires 
acceptance of some level of risk within the organization’s area of expertise.  This paper addresses three tools that are 
available to aid supply chain organizations in measuring, evaluating, and assessing risk involved with supply chain 
outsourcing.. 

2. OUTSOURCING RISK CATEGORIES 

One published framework for supply chain risk management included a process including identification of risk 

sources, consequences, evaluation of management responses, and measurement of performance outcomes [8].  Risks 

in supply chains can come from a number of sources.  The first step of the process is to identify risks associated with 

a specific operation.  These can arise from the environment, and can be specific to particular industries.  Supply 

chain features involving risk include how a supply chain is configured.  There are many definitions of outsourcing 

[9].  In this paper, supply chain outsourcing is viewed as contracting with an external supplier to perform a task that 

usually has been performed within the organization itself. Specifically, we are interested in outsourcing as it relates 

to information systems within supply chains. Outsourcing involves greater opportunities to take advantage of low 

cost solutions, but may well involve riskier supply chain participants.  Organizations can adopt different strategies, 
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some of which involve more risk than others.  Each problem will have specific risks associated with it.  

 Those risks having significant impact on likelihood or consequences are risk drivers.  Product technology, 

security needs, and experience of both the core supply chain entity and outsourcing organizations have been labeled 

creators of risk [10].  Risk drivers are those sources of risk with higher probability and/or impact.  Risk performance 

of course includes financial performance, but also includes nonfinancial factors, to include avoidance of disruption, 

quality of products, and avoidance of highly publicized events such as lead paint on toys. 
 

2.1. SUPPLY RISK CATEGORIES 

Supply chain risks have been categorized into internal and external categories [11].  Internal sources of 

uncertainty include capacity availability, information delays, and regulatory compliance.  External sources include 

competitor actions, political environment, market price fluctuations, uncertain costs, and supplier quality.  

Outsourcing increases some external uncertainties for core supply chain entities (for instance reliability of supply, 

compliance with quality) and reduces others (outsourcing will be expected to yield lower costs, which reduces the 

probabilities of losing customers in all likelihood).   

Table 1 is based on supply chain risks gleaned by Cucchiella and Gastaldi [11], selecting those risks that are 

expected to have impact in supply chain outsourcing. 

Table 1: Supply Chain Risks Assessed for Outsourcing Impact 

Supply Chain Risk Elaboration Outsourcing Impact 

Accounting risk Risk of ruin High 

Asset impairment risk Utilization of assets Increased risk to core entity 

Characteristics of supplier  Can select most innovative outsourcing organization 

Country Risk propensity can 

vary by country 

Outsourcing opportunities with low cost tend to be in 

riskier locations 

Competitive risk Need to differentiate 

products 

Outsourced products available to competitors 

Customer risk Customer likelihood 

of placing orders; 

product obsolescence 

Low quality products may drive away customers; 

Outsourcing may reduce risk of product obsolescence 

Downside risk Risk of negative 

outcome (failure) 

Outsourcing vendors can be replaced 

Financial risk Loss due to financial 

markets 

Core entity less likely to be brought down by outsourcing 

vendor failure than by subordinate failure 

Interaction Communication 

coordination 

Outsourcing vendors are more independent; can impose 

requirements for shared systems 

Legal risk Litigation exposure Risk lower for core entity, as  burden shifted to 

outsourcing vendor 

Product risk Product technical 

complexity 

Core entities should make sure outsourcing organization 

is competent 

Regulatory risk  Core entity risk lower, as outsourcing vendors assume 

local risk 

Reputation risk Customer confidence Higher to core entities, as customers will hold core entity 

responsible 

Shared risk  Outsourcing allows access to all potential vendors in the 

market 

Supplier risk  Smaller organizations have greater risk of performance 

Supply disruption  If outsourcing supplier fails, can be replaced 

 

2.2. RESPONSES TO RISK 
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Risk response is an important element of a risk management process.  We present models to evaluate suppliers, 

focusing on risk identification and analysis.  The response to risk is also very important, as outlined by Dey [12].  

Supply chain organizations have a number of responses available to manage and mitigate risk.  Insurance is risk 

mitigation by definition.  But other means can be used, to include information sharing schemes [13].  With respect to 

outsourcing, different levels of coordination can still be applied, although the term outsourcing implies a looser 

degree of control.  Still, organizations such as Wal-Mart require their supply chain participants to have compatible 

information systems [14].  Wal-Mart also has worked toward greater use of technology such as radio-frequency 

identification.  Other responses can include development of closer relationships with outsourcing agencies, 

imposition of performance standards, joint training, joint strategy development, and marketing initiatives [8].  Recent 

trends include more independent responses, such as insurance and contractual standards, to more cooperative efforts 

(such as shared information or development of closer relationships) [15]. 

Outsourcing reduces many risks to core organizations.  Outsourcing benefits by reducing financial exposure and 

overcoming limits of productive capacity on the part of core organizations.  Outsourcing can also make compliance 

with local regulations easier.  It also can improve reaction to market timing, as core organization could be more agile 

in terms of response to market demand than they would be if they had to construct all facilities needed throughout the 

supply chain.  Outsourcing organizations could also avoid many political problems. 

2.3. RISK PERFORMANCE MEASURES 

The effectiveness of risk management measures can be measured.  These measures include not only financial 

aspects, but other risk factors as well.  Shareholders care about return on capital.  Lenders care about lending security 

assurance.  Suppliers care about assurance of being paid, as well as about future opportunities.  Employees care 

about future employment.  An effective system needs to take care of risk issues in all of these areas, as well as other 

aspects of supply chains that can become problems.  

We will demonstrate three analytic approaches useful in supporting risk management using a scenario involving 

selection of outsourcing supply vendors.  We will consider five available alternatives for delivery of a small product 

component.  These alternatives represent hypothetical suppliers from China, Taiwan, Vietnam, Germany, and 

Alabama.  Each of these outsourcing options have expected characteristics over a number of features.  We will 

demonstrate how simulation can be used to better understand uncertainties involved in price (and vendor survival 

probabilities).  We will demonstrate how multiple criteria analysis can be used to focus on multiple aspects of 

decision problems, and trade-off analysis to rationally select preferred options.  We will finally demonstrate how 

balanced scorecards can be used to monitor operations once outsourcing vendors are selected.  Note that the data 

used is purely hypothetical, and does not imply relative performance for specific organizations in any country. 

3. MONTE CARLO SIMULATION FOR ANALYSIS 

Simulation models are sets of assumptions concerning the relationship among model components.  Simulations can 

be time-oriented (for instance, involving the number of events such as demands in a day) or process-oriented (for 

instance, involving queuing systems of arrivals and services).  Uncertainty can be included by using probabilistic inputs 

for elements such as demands, inter-arrival times, or service times.  These probabilistic inputs need to be described by 

probability distributions with specified parameters.  Probability distributions can include normal distributions (with 

parameters for mean and variance), exponential distributions (with parameter for a mean), lognormal (parameters mean 

and variance), or any of a number of other distributions. A simulation run is a sample from an infinite population of 

possible results for a given model.  After a simulation model is built, the number of trials is established.  Statistical 

methods are used to validate simulation models and design simulation experiments. 

Many financial simulation models can be accomplished on spreadsheets, such as Excel.  There are a number of 

commercial add-on products that can be added to Excel, such as @Risk or Crystal Ball, that vastly extend the 

simulation power of spreadsheet models [14].  These add-ons make it very easy to replicate simulation runs, and 

include the ability to correlate variables, expeditiously select from standard distributions, aggregate and display 

output, and other useful functions. 

In supply chain outsourcing decisions, a number of factors can involve uncertainty, and simulation can be useful 

in gaining better understanding of systems.  We begin by looking at expected distributions of prices for the 

component to be outsourced from each location.  China in this case has the lowest estimated price, but it has a wide 

expected distribution of exchange rate fluctuation.  These distributions will affect the actual realized price for the 

outsourced component.  The Chinese vendor is also rated as having relatively high probabilities of failure in product 
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compliance with contractual standards, in vendor financial survival, and in political stability of host country.  The 

simulation is modeled to generate 1000 samples of actual realized price after exchange rate variance, to include 

having to rely upon an expensive ($5 per unit) price in case of outsourcing vendor failure.  Table 2 gives these 

simulation parameters, which were used in a Crystal Ball model. 

 

Table 2: Simulation Distributions and Probabilities Used 

 Outsourcing 

Vendor 

Quoted 

price 

Exchange 

distribution 

Product 

failure 

Organizational 

failure 

Political 

failure 

Expected 

price 

A China 0.82 Normal (1.3,.2) 0.10 0.15 0.05 2.13 

B Taiwan 1.36 Normal (1.03,.02) 0.01 0.01 0.10 1.81 

C Vietnam 0.85 Normal(1.1,.1) 0.15 0.25 0.05 2.51 

D Germany 3.20 Normal(1.05,.02) 0.01 0.02 0.01 3.43 

E Alabama 2.05 1 0.03 0.20 0.03 2.78 

 

Monte Carlo simulation output enables identification of the distribution of prices for modeled outsourcing vendors.  

In this case, the Chinese vendor had a higher probability of failure (over 0.25 from all sources combined, compared 

to 0.12 for Taiwan).  This raises its mean cost, because in case of failure, the $5 per unit default price is used.  There 

is a cluster around the contracted cost of $1.07, with a minimum of $0.54 and a maximum of $1.57, given survival in 

all three aspects of risk modeled.  There is a spike showing a default price of $5.00 per unit in 0.253 of the cases.  

Thus while the contractual price is lowest for this alternative, the average price after consideration of failure is $2.06, 

which turned out to be higher than the average expected price of $1.84 for the Taiwanese outsourcing alternative.  

The Vietnamese outsourcing vendor had a lower expected cost given that they didn’t fail ($1.40 per unit), but had a 

correspondingly higher risk of failure, driving their overall expected cost up to $1.84per unit.  Table 3 shows 

comparative output.  Simulation provides a more complete picture of the uncertainties involved. 

 
Table 3: Simulation Results 

 

 Outsourcing Vendor Mean cost Minimum cost Probability of failure Probability low 

A China  2.06 0.54 0.253 0.406 

B Taiwan 1.84 1.30 0.123 0.103 

C Vietnam 2.60 0.58 0.410 0.479 

D Germany 3.43 3.14 0.040 0.003 

E Alabama 2.05 2.05 0.254 0.009 

 
Probabilities of being the low-cost alternative are also shown.  The greatest probability was for Vietnam at 0.479, with China 

close at 0.406.  The expensive (but safer) alternatives of Germany and Alabama both had probabilities below 0.01 of being low.  

But Germany had a very high probability of survival. 

4. MULTIPLE CRITERIA ANALYSIS FOR SELECTION 

Recognition that real life decisions involve high levels of uncertainty is reflected in the development of 

multiattribute models.  The basic multiattribute model is to maximize value as a function of importance and 

performance [17]: 

K

i

ijij xuwvalue
1

  (1) 

where wi is the weight of attribute i, K is the number of attributes, and u(xij) is the score of alternative xj on attribute i. 

Multiple criteria analysis considers benefits on a variety of scales without directly converting them to some 

common scale such as dollars. The method (there are many variants of multiple criteria analysis) is not at all perfect.  
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But it does provide a way to demonstrate to decision makers the relative positive and negative features of 

alternatives, and gives a way to quantify the preferences of decision makers. 

Perhaps the easiest application of multiple criteria analysis is the simple multiattribute rating theory (SMART) 

identifies the relative importance of criteria in terms of weights, and measures the relative performance of each 

alternative on each criterion in terms of scores [18, 19].    

The first step is to identify criteria.  Here we use the seven criteria given in Table 4.  The next step in the SMART 

process is to rank-ordering the criteria.  A possible ranking for a specific decision maker might be as given in Table 

4.  Swing weighting could be used to identify weights.  Here, the scoring was used to reflect 1 as the best possible 

and 0 as the worst imaginable.  Thus the relative rank ordering reflects a common scale, and can be used directly in 

the order given.  To obtain relative criterion weights, the first step is to rank-order criteria by importance.  In order to 

give the decision maker a reference about what exactly is being compared, the relative range between best and worst 

on each scale for each criterion should be explained.
 
 Two estimates of weights can be obtained.  The first assigns the 

least important criterion 10 points, and assesses the relative importance of each of the other criteria on that basis.  

This process (including rank-ordering and assigning relative values based upon moving from worst measure to best 

measure based on most important criterion) is demonstrated. 

 
Table 4: Multiple Criteria Weight Development 

Criteria Base 100 Base 10 Divide by 435 Divide by 260 Weights 

Quality 100  60 0.2299 0.2308 0.23 

Experience 90 55 0.2069 0.2115 0.21 

Cost 85 50 0.1954 0.1923 0.19 

Flexibility 60 40 0.1379 0.1538 0.14 

Technical 50 30 0.1149 0.1154 0.11 

Exchange 30 15 0.0690 0.0577 0.06 

Capital 20 10 0.0460 0.0385 0.06 

 435 260    

 

The next step is to score each alternative on each criterion, as demonstrated in Table 5.  These scores range from 

0 (for the worst case) to 1 (for the best case), with any value in between representing relative performance on a 

continuous scale.   

 
Table 5: Multiple Criteria Ratings 

  Quality Experience 

(years) 

Cost 

(dollars) 

Flexibility Technical 

capability 

Exchange 

risk 

Capital 

A China Problems 2 0.82 High Average High Weak 

B Taiwan High 17 1.36 High High Moderate High 

C Vietnam Concerns 1 0.85 Low Low Moderate Weak 

D Germany High 5 3.20 Low High Moderate High 

E Alabama Good 7 2.05 Low High None Average 

 

Finally, a value function is obtained by multiplying weights by scores for each alternative, and adding these 

products up.  Table 6 shows these value functions for the five alternatives in the hypothetical case. 
 

Table 6: Multiple Criteria Scores and Value Functions 

 Quality Experience Cost Flexibility Technical Exchange Capital Score Rank 

weights 0.23 0.21 0.19 0.14 0.11 0.06 0.06   

A China 0.20 0.30 1.00 1.00 0.60 0.00 0.20 0.52 4 

B Taiwan 1.00 1.00 0.50 1.00 1.00 0.50 1.00 0.88 1 

C Vietnam 0.40 0.10 0.95 0.20 0.20 0.50 0.20 0.39 5 

D Germany 1.00 0.70 0.00 0.20 1.00 0.50 1.00 0.61 3 

E Alabama 0.70 0.90 0.30 0.20 1.00 1.00 0.50 0.64 2 

 

In this case, the Taiwanese outsourcing alternative has the highest value function, and would be recommended.  

The Alabama and German options are close to each other as possible alternatives.  While the Vietnamese 

outsourcing option had the lowest expected cost after consideration of exchange rates, it scored lowest of the five 

alternatives due to poor ratings on other criteria. 
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5. SCORECARD FOR MEASUREMENT 

The use of scorecards has been popularized by Kaplan and Norton [20, 21] in their balanced scorecard, as well as 

in works of other seeking to measure performance on multiple attributes [22, 23].  In the Kaplan and Norton 

framework, four perspectives are used, each with possible goals and measures specific to each organization.  Table 7 

demonstrates this concept: 

Table 7: Balanced Scorecard Perspectives, Goals, and Measures 

Perspectives Goals Measures 

FINANCIAL Survive 

Succeed 

Prosper 

Cash flow 

Quarterly sales, growth, operating income by division 

Increase in market share, increase in Return on Equity 

CUSTOMER New products 

Responsive supply 

Preferred suppliers 

Customer partnerships 

% sales from new products, proprietary products 

On-time delivery (by customer definition) 

Share of key accounts’ purchases, ranking 

# of cooperative engineering efforts 

INTERNAL 

BUSINESS 

Technology capability 

Manufacturing experience 

Design productivity 

New product innovation 

Benchmark vs. competition 

Cycle time, unit cost, yield 

Engineering efficiency 

Schedule: planned vs. actual 

INNOVATION & 

LEARNING 

Technology leadership 

Manufacturing learning 

Product focus 

Time to market 

Time to develop next generation 

Process time to maturity 

% products equaling 80% of sales 

New product introduction vs. competition 

 

This framework of measures was proposed as a means to link intangible assets to value creation for shareholders.  

Scorecards provide a focus on strategic objectives (goals) and measures, and have been applied in many businesses 

and governmental organizations with reported success.  The use of balanced scorecards in the context of risk 

management has been proposed [24, 25].   

Specifically, looking at Table 1, the financial perspective can be used to monitor performance of selected 

outsourcing vendors in terms of their financial and market share measures.  This would require agreements that 

would allow the core supply chain vendor to have access to outsourcing vendor internal data, which may be 

problematic.  However, large organizations such as Wal-Mart [14] and Dell [26] have obtained such intrusive access.  

This is an issue that needs to be addressed.  It seems preferable to leave internal operations to the outsourced vendor, 

and if they fail, to return to the outsourcing market and obtain a replacement.   

With respect to customer perspectives, the performance of the outsourcing vendor can be monitored in terms of 

service delivery.  Cooperative efforts can be pursued to expand lines, as well as to identify methods improvement.  

The core supply chain organization can also monitor the share of their volume given to each outsourced vendor.  It 

would be prudent to keep the proportion of volume to each vendor within prescribed maximum limits to avoid the 

risk of the outsourcing vendor failing.  Again, in that contingency, the market can be resorted to in order to find 

replacement sources. 

Measurement of internal business operations of the outsourcing organization also involves potential intrusion.  

The same issue exists as with the financial perspective.  Sometimes close contractual relationships can be developed 

to allow the core supply chain organization to measure detailed technological and manufacturing aspects of the 

outsourcing vendor.  In general, it seems preferable to leave these matters to the vendor. 

The last business scorecard perspective is innovation and learning.  These factors seem reasonable to measure 

from the core supply chain organization’s perspective.  Cooperative efforts to work with outsourcing vendors would 

benefit both members of the extended supply chain. 

6. CONCLUSIONS 

Outsourcing within supply chains has grown in importance, as the Internet opens communications around the 

globe, and as international business rapidly develops.  Outsourcing offers many cost advantages as low-cost 
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producers anywhere can compete.  There is greater risk in outsourcing, but this risk is reduced with the ability to 

communicate in real time, and as international production standards are expressed and outsourcing vendors comply 

with them. 

This paper considered three tools to support enterprise risk management in supply chain outsourcing.  Monte 

Carlo simulation provides a tool to consider uncertainties.  Simulation models should use objective input where 

possible, although subjective modeling has been accomplished as well.  Simulation gives a more complete picture of 

the probabilistic aspects of decisions.  Multiple criteria analysis supports decisions (to include outsourcing vendor 

selection decisions) involving multiple, potentially conflicting objectives.  Business scorecards can be used in 

evaluating existing supply chain outsourcing arrangements.  However, the idea of outsourcing is to retain provider 

independence, which precludes core supply chain organizations from access to some of the information needed to 

apply business scorecards.  Financial and internal operations measures probably would be available only to the 

outsourced vendor.  However, customer and innovation and learning factors could be measured by the core 

organization. 

These tools can be applied at least in part to aid in better analysis, selection, and monitoring of supply chain 

outsourcing relationships.  Thus they can play a role in better managing enterprise risk in supply chain environments.  

The models presented here were for demonstration only, and the numbers used are not intended to imply any more 

than that. 
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