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Abstract
Introduction

Frame of reference and literature
review
Current state analysis and data
collection

Simulation model

Experimental design

Results

Discussion

This project has been initiated in cooperation with a Swedish
manufacturing company. Due to increased demand and
competition, the company wants to streamline its production
process, increase the degree of automation and visualize
specific workflows.
By creating a frame of reference and a literature review, a
theoretical basis for methods and concepts which has been
utilized throughout the project has been obtained.
With the help of the identified methods and methodologies, a
current state analysis was performed. Using traditional Lean
tools such as Genchi genbutsu, Ishikawa diagram and a 5why analysis, in combination with time studies and
interviews, the current state of the studied system was
successfully mapped and analysed.
With the help of the current state analysis, which served as a
conceptual model, a simulation model of the current state was
created in order to handle the large variety and the
complexity of the system. The simulation model was
validated and verified in order to ensure that it was “good
enough” for the purpose of this project in depiction of the
real world system.
During the experimental design, several improvement
suggestions were created by utilizing methods such as
brainstorming, Ishikawa diagram and a 5-why analysis. In a
Kaizen event, onsite personnel had the opportunity to decide
which suggestions that was fit for experimentation using
simulation.
With the result from the Kaizen event, experiments were
performed in order to evaluate the proposed improvement
suggestion. As a result, several new insights regarding
improvements could be obtained, which provided several
suggestions for an improved future state. Including a
proposed automated cell.
The analysis of the results did not entirely satisfy the aim of
the project, since certain factors could not be analysed,
therefore the authors recommend that further studies are
needed if proposed improvement suggestions are to be
implemented.

Disclaimer: All data related to the company has been modified or censored.
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1 Introduction
This chapter contains an introduction to the project. It provides the background as well as the
problem description. The method used in the project is also detailed along with both the aim and the
delimitations. Sustainable development is also introduced.

1.1 Background
Swedish manufacturing companies have historically been successful and Sweden has been a major
competitor internationally due to the manufacturing and export of goods. In order to meet increased
international competition, increased customer demand and simultaneously respond to increased
environmental requirements, it is important to be a leader in the development of environmentally
friendly and efficient processes. In order to maintain this leading position, it is crucial to minimize
waste, energy consumption and emissions. Methods and philosophies, such as Lean Production and
Discrete-event simulation (DES) can be used as instruments to secure Sweden’s place in the world
economy. This project has been developed in collaboration with a Swedish manufacturing site which
is being introduced in the following sub-chapter.

1.1.1 Partner company
The partner company has one of its main manufacturing sites located in the south of Sweden and it is
one of the leading corporations worldwide in their field. The company is devoted to develop
innovations and solutions for humans all over the world. The products and services provided by the
company, such as technological and environmental solutions, create opportunities for people,
companies, commercial buildings and agriculture. This is made possible by extensive expertise
regarding adaptable and sustainable solutions among the company’s thousands of employees. The site
in Sweden has several workshops performing machining and assembling operations. The motivation
of this project is presented in the following sub-chapter.

1.2 Problem description
In the main workshop at the site, mainly small- and midrange units are manufactured. In regards to
high volumes, a large product flora and the utilization of two different materials, one manual station
and multiple semi-automated stations are currently required for the production.
The partner company intends to streamline the production process and increase the degree of
automation in the specified workflow; the company has expressed particular concerns regarding the
manual station’s presence in the system. A detailed study of the current state is needed in order to be
able to determine how to increase efficiency in a future state. To be able to analyse the workflow, a
simulation model is needed to explore the current state of the flow, identify constraints and the
existing waste according to Lean Production. The partner company has also declared an interest in a
simulation model containing different future state scenarios. With the problem description in mind, the
aim and objectives for this project could be set; more information is available in the following subchapter.

1.3 Aim and objectives
The aim of the project is to analyse the manufacturing workflow and propose a more effective future
state scenario. The proposal will be based on the knowledge obtained during the project and with the
support of the simulation models regarding the current and future state of the workflow. Additionally,
a basic cost analysis will be provided. The different objectives to achieve the aim of the project are
presented here:
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Create a clear picture of the present product workflow with the total throughput (TH) and
waste visualised
Perform a bottleneck analysis
Define an improved future state scenario with increased TH and decreased lead time (LT),
increased use of resources, a higher degree of automation and a more efficient workflow,
which can stand the increased production volumes planned for 2019
With results obtained through simulation, perform a basic cost analysis regarding the
production cost per hour

The objectives summarize the different main steps that have to be followed during this project.
However, some delimitations and assumptions are defined in the following sub-chapter.

1.4 Assumptions and delimitations
In this project, certain assumptions have to be established in order to evaluate the studied system. The
assumptions table can be found in Appendix A – Assumptions Table. The assumptions were made in
agreement with the partner company. In order to manage the project within the time-frame, the
following delimitations have been established for the project:






The cost analysis will only be performed using estimates unless accurate data is provided by
the company
The foundry and the final assembly of the workflow are not included in this project
No external impact on the studied system will be included in this project, such as the impact of
other manufacturing processes, operators or workflows
Possible solutions will only take into consideration the current system unless otherwise
mentioned
No analysis regarding stock level will be performed

After a discussion regarding the assumptions and delimitations, several concerns was brought to the
surface, these are presented in the following sub-chapter.

1.5 Risk assessment
In the early stages of a project, it is important to discover and asses the different risks that may
jeopardize the project’s chance to succeed (Tonnquist 2018). One method that can be utilized to
achieve this is the SWOT-analysis (strengths, weaknesses, opportunities and threats). The most
important advantage of such analysis is that the project members at an early stage become aware of
potential risks and weaknesses that are present in the project. A method often utilized to evaluate the
potential threats and weaknesses identified in a SWOT analysis, seen in Appendix B – SWOT
analysis, is the mini-risk approach, where the probability of a risk or weakness is multiplied by the
consequence of a risk or weakness. Both parameters are valued on a scale of 1 to 5, where 1 is low and
5 is high. If the result is above 10, the problem should be addressed. The results are often visualised in
a matrix (Tonnquist 2018). The results from the mini-risk analysis are visualised in Figure 1.

Figure 1: Risk Assessment
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The results from the risk assessment indicate that special efforts regarding planning and development
of the data collection process have to be conducted. A close follow up of the proposed time plan for
this project is therefore performed. The method for this project has been developed with the risk
assessment in mind, in order to try to prevent the issues; the method is presented in the following subchapter.

1.6 Project methodology
A method was developed in order to complete the objectives set for this project. The foundation of the
method is based on the simulation methodology described in chapter 2.2.2 - Simulation methodology.
However, it is adapted to fit this specific project. The use of various Lean tools and the LeanSMO
framework complements the creation of the simulation models throughout the project. LeanSMO is
detailed in sub-chapter 2.11.7 - LeanSMO.
As presented in Figure 2, the project starts with the problem formulation, which is defining objectives
and delimitations. It also includes the writing of academic work, which includes the frame of reference
and the literature review. A risk assessment is also included in order to increase the project's chance of
success.

Figure 2: Method visualisation

Next, the current state needs to be evaluated by data collection and the construction of a conceptual
model. In this stage, several Lean tools will be used, such as Genchi genbutsu and Spaghetti diagram.
A simulation model will be created with input from the gathered data and the conceptual model, it is
also important to perform verification and validation of the simulation model at this stage. A
bottleneck analysis is also included in order to detect the bottleneck of the system.
A future state scenario will be defined, using a Kaizen workshop, where parameters set in the project
start needs to be evaluated. When a future state is defined, experimentation and optimization will be
performed in order to detect the best possible configuration.
In the finishing stage of the project, a cost analysis of the chosen solution will be presented along with
a final report and a presentation.
The method is generic and can be used in similar projects. An important aspect for this and future
generations is that projects and organizations strive to contribute to sustainable development, which is
presented in the following sub-chapter.
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1.7 Sustainable development
The term Sustainable development was first used in 1987 by the Brundtland commission, which was
created by the United Nations (UN). In the report "Our common future", the Brundtland commission
describes sustainable development as the “development that meets the needs of future generations
without compromising the ability of future generations to meet their own needs” (World Commission
on Environment and Development 1987, p.16). Gröndahl and Svanström (2011) state that the
definition is widely accepted as a common goal for development across the globe; thus, many
countries have taken a political stand for such development as described by the commission.
One example is the Society 5.0 concept, which is a vision established in Japan, often referred to as the
next evolution from the current information society (Shiroishi, Uchiyama & Suzuki 2018). It attempts
to accomplish a “super smart society”; where a digital society is connected by digital technologies,
which in detail support the various needs for members of the society. Thus, providing its citizens with
high-quality services, which provides them with the opportunity to live active and comfortable lives.
As stated by Shiroishi, Uchiyama and Suzuki (2018), it is necessary to pursue transformation through
a collaborative ecosystem, which combines ideas from industry, academy and citizens, in order to
achieve a global scale sustainable society.
In order to assess and analyse sustainable development, models that describe the world and its
different values and parameters are needed. Therefore, sustainable development is often described by
using three dimensions: social, ecological and economic sustainability (Gröndahl & Svanström 2011).
A visualization of sustainable development can be seen in Figure 3; it is achieved and maintained
when the three dimensions interact.

Figure 3: Social-, Economic- and Ecologic dimensions interaction

As stated by Gulliksson and Holmgren (2015), in a global perspective, social sustainability concerns
governments' will to establish laws and regulations which promote a democratic society based on
justice for all citizens. Members of the society should also have access to social services, such as
healthcare and education. In order to finance community-building, residents must be entitled to an
employment free of discrimination, where equal pay for equal work is granted. Solutions to problems
should also be socially sustainable for future generations.
In order to achieve a sustainable society, it is of utmost importance that the different contexts that
apply in nature, as well as the role of human beings, are well understood. In order to understand the
limit of how much nature is able to tolerate, our view of the environment, nature and the earth is
critical. To be able to achieve ecological sustainability, certain measures must be achieved, such as
efficient utilization of resources, conservation of biodiversity and reduced consumption (Gulliksson &
Holmgren 2015).
Gröndahl and Svanström (2011) state that in order to achieve economic sustainability, economic
growth has to be achieved without increasing the strain on nature and humans. Economic growth is
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crucial if a higher level of welfare is to be obtained for people living in poverty. However, economic
growth is often linked to environmental degradation in forms of extraction of natural resources, waste
and emissions. Achieving economic growth and sustainability at the same time is therefore a
challenging task.
The dimension of sustainable development and manufacturing is presented in the following subchapter; together with an introduction to the concepts of Industry 4.0. This project's contribution to
sustainable development is also addressed.

1.7.1 Sustainable development and manufacturing
In recent years, research on green and environmentally friendly solutions has increased significantly.
However, increasing populations and rapidly expanding economies cause a great strain on land, water,
forests, minerals and energy resources (The World Bank 2016). Another factor that is contributing to
the high pressure on the environment is increased expectations from customers regarding variety,
quality and faster deliveries (Koren & Shpitalni 2010). This result in companies struggling to compete
if they fail to reduce costs, product life cycle and development time for new products (Laugen, Acur,
Boer & Frick 2005).
The fourth stage of industrialization, Industry 4.0, is based on the establishment of smart factories,
smart products and smart services supported by the internet of things (IOT) (Stock & Seliger 2014).
The concepts of Industry 4.0 connect achievements made in the past with vision of a future, more
intelligent and automated production system; where a real-world system is connected with a virtual
system, ensuring more efficient use of information (Gorecky, Schmitt, Loskyll & Zuhlke 2014). As
stated by Stock and Seliger (2016), Industry 4.0 reveals several opportunities for adding value and at
the same time contribute to the three dimensions of sustainable development. Business models,
networks, organizations, humans, products and processes are all able to provide opportunities for a
better, future and more value-adding (VA) manufacturing processes. One of the tools listed by
Moktadir, Ali, Kusi-Sarpong and Shaikh (2018) as a crucial part of Industry 4.0, is simulation. As
simulation is an imitation of a real-world system that can include machines, humans and products, it is
already used in a variety of different fields, such as optimization, design-processes, safety engineering
and system security (Moktadir et al., 2018). With these characteristics, it becomes evident that the
utilization of simulation in Industry 4.0 can provide the opportunity to decrease downtime, waste and
failure rate, thus contribute to sustainable development.
Mass customization (MC), where individual customer- or client requirements are in focus, is one
important aspect of Industry 4.0 (Zawadzki & Żywicki 2016). By combining the advantages of single
piece production and mass production, MC is attractive from a customer's point of view; however, it
can be vastly challenging for manufacturing companies. MC can increase the competitiveness if the
manufacturer has the ability to handle large amounts of data, create flexible manufacturing systems
and utilize smart product design. Fast implementation of new and improved processes is also crucial
(Zawadzki & Żywicki 2016).
This project will not directly affect the company's sustainable development, as virtual simulation
models will be created. However, the simulation models and the Lean manufacturing tools will likely
be able to provide potential future, more sustainable solutions for the company. Other possible results
are the discovery of new, more ergonomic tasks for operators and increased utilization of resources,
transports and storage space. More information regarding this project and sustainable development are
discussed in chapter 10 - Discussion.
In this chapter, the background and the partner company has been introduced. A problem description,
the aim, the assumptions and the delimitations have also been defined. A method has been visualized
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and a risk analysis has been performed. Information regarding sustainable development has also been
given. The obtained knowledge and definition of factors will act as a foundation for the progress of the
project. The following chapter, the frame of reference, contains information about concepts and
methods utilized throughout the project.
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2 Frame of reference
The following chapter presents the frame of reference. It contains information regarding several
instances that are a significant part of the project. The purpose is to obtain a better understanding of
the methods and tools used in the project.

2.1 Systems
In order to work with simulation, it is significant to understand what a system is. Banks, Carson,
Nelson and Nicol (2010) describe a system as a group of defined objects that interact or work
independently toward a defined purpose. It is possible to regard a production line as a system, where
machines, components and operators contribute towards a joined purpose (Banks et al., 2010). Law
(2015) declares that there are two different types of systems, the discrete- and the continuous system.
In a discrete system, objects can change instantly, independent of both time and other objects in the
system. The continuous system is defined, as an opposite to the discrete system, where components
change in regards of time. Almost all real-life systems are a combination. However, it is possible to
determine the behaviour of a system by studying the system (Law 2015).
Law (2015) also states that in the lifespan of a system, a closer scrutiny will be needed in order to
obtain insights or to predict future performance. Almost all systems are parts of a main system,
making them sub-systems. Therefore, it is important to understand that when a change is done in a
sub-system, the main system will also be affected. For example, in the car industry, all workflows are
connected and at the end of the system, a car is completed. Simulation can be a useful tool when
evaluating current and future systems, more information is presented in the following sub-chapter.

2.2 Simulation
“A simulation is the imitation of the operation of a real-world process or system over time” (Banks et
al., 2010, p. 21). A simulation model can be carried out either by hand or be computer-aided;
regardless, the methods creates an artificial history. The history can be used to draw conclusions of the
studied system as well as predicting future needs. To create the artificial history, a simulation model is
necessary; built on historical documentation and a certain degree of assumptions, combined with
delimitations. To ensure “good enough” accuracy and insights, validation is necessary. If and when the
simulation model is validated, it can be used to perform different experiments without interfering with
the real system; creating a cost-efficient alternative to the conventional method. The conventional
method base is to apply the changes directly in the real system, creating a disruption in the processes.
If a simulation model aims to analyse a complex system, with high variability; a DES model is
suitable, DES is further explained in the following sub-chapter.

2.2.1 Discrete-event simulation
DES is based on the modelling principle that the state variable only changes at a discrete time. The
analysis of the data from the model is a numerical method and not analytical; the numerical method
uses a calculation to solve the problem in the system (Banks et al., 2010). The run phase of a
simulation consists of a predetermined amount of time, during this time numerical data and
assumptions create a simulated history. The history obtained from the simulation-run becomes the
simulation models output, which can later be analysed. A simulation of a real and existing system is
often rather comprehensive and the data is often quite massive; simulation of these systems often
requires aid from computers (Banks et al., 2010). Due to the complexity of simulation studies, it is
important to have a methodical approach in order to be successful; a well-known simulation
methodology is presented in the following sub-chapter.
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2.2.2 Simulation methodology
Banks et al. (2010) have developed a well-known simulation methodology, illustrated in Figure 4. By
following the flowchart, a simulation study can be performed with a satisfying end result.
Problem
formulation

Setting of
objective and
overall
project plan

Model
conceptualiza
tion

Data
collection

Model
translation
NO

Verified?
NO

NO
YES

Validated?

Experimental
design

Production
runs and
analysis
YES

More runs?

Documentation
and reporting

Implementa
tion

Figure 4: Steps in a simulation study, inspired by Banks et al. (2010)

Following paragraphs gives insight in each of the different steps in Banks et al. (2010) simulation
methodology.

8

2019-01-15

Arvid Antonsson
Gustaf Hermansson

School of Engineering Science

Step 1. Problem formulation, before the start of the project, a description of the issues at hand should
be documented in a project specification. It is important that everyone involved in the simulation
project agree on the issues formulated in the problem description.
Step 2. Setting of objectives and overall project plan, both the owner and the persons conducting the
simulation study should know what is expected from the simulation. At this step, a decision regarding
the suitability of using simulation as an appropriate tool should be taken. A timeframe and a plan
regarding how many participants that will conduct the study should also be documented.
Step 3. Model conceptualization, the development of a simple model of the system in order to create a
better understanding of what needs to be simulated. It is advisable to involve the owner and the person
that is going to use the finished model at this step in order to reach a desirable outcome.
Step 4. Data collection, the data collection is subject to change during the project time-plan. The
problem formulation determines what data should be gathered, during the following step the collection
may be added because of unforeseen needs, more can be read in the chapter about input data.
Step 5. Model translation, almost all real-world systems require a large amount of data and storage.
Therefore, a computer-aided simulation is often preferred compared to a simulation done by hand. The
person who is conducting the study should decide together with the owner and the person who is going
to use the model which language or special-purpose program that should be used.
Step 6. Verification, the computer-aided model should be verified in order to make sure it works
properly. Some debugging of the system is recommended before the verifying start. During the
verification, the model’s input parameters and logic should be debugged.
Step 7. Validation, compare the simulation model with the real system. Perform a calibration of the
model in order to reduce discrepancies between the model and the real system, repeat the calibration
until the model replicates the real system “good enough”.
Step 8. Experimental design, make decisions regarding which alternatives that should be simulated
and how experiments should be performed. The length, number of runs and replications should be
determined.
Step 9. Production runs and analysis, measurements and estimations regarding the performance of the
simulation model. The layout and the output data should be documented.
Step 10. More runs, an analysis of the completed runs should take place, based on the analysis a
decision regarding if the runs are adequate or if more runs should be conducted needs to be taken. If
more runs are needed, the design of these runs should be decided.
Step 11. Documenting and reporting, both program and process need to be reported. Documentation
regarding the program is essential for future work to gain insights and understanding about the
program. Process reporting gives the history of the simulation study which increases the credibility of
the study. All results of the study should be included in the final report.
Step 12. Implementation, the simulation model should be taken in to use. If the documentation and the
user of the model have been involved during the whole process this step is more likely to proceed fast.
Regardless if the model is valid or not, the documentation has to contain enough description about the
program, model and underlying assumptions to enable usage.
By following the different steps in the methodology the chances of a successful simulation study will
likely increase. In the following sub-chapter, advantages and disadvantages with simulation is further
explained.
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2.3 Simulation as a tool
There are several benefits with simulation when the goal is to gain insight in certain system
behaviours, however, in some cases; it is not appropriate to use simulation. Before a simulation study
is started it has to be considered if it is necessary or not. If the problem can be solved with the use of
common sense or by analytical methods, the simulation would not be the preferred approach (Banks et
al., 2010).
Simulation as a field is moving forward, with a decreasing cost per simulated operation; the
methodology of computer-aided simulation is used in a broad spectrum across the world (Banks et al.,
2010). If the system is complex or a sub-system of a larger and more complex system; a computeraided simulation is the preferred approach. Simulation can also be preferred as a verification of
common sense and analytical solutions. Simulation has evolved with the area of usage, making
simulation a popular tool for evaluating existing systems as well as trying to predict a future state.
Simulation has also made it possible to better understand the need to rebuild existing systems with
more innovative procedures to maximize the capacity of the system (Banks et al., 2010).
Simulation has several advantages, Banks et al. (2010) state that new hardware such as design, layout
and transportation methods can be modified by experimentation with a simulation model. In order to
analyse different solutions before they are implemented in the real system. The use of simulation as an
instrument for analysis and predictions about future outcome allows companies an advantage in the
decision-making process. If used properly, simulation gives insight into how a system operates rather
than how people think it operates (Banks et al., 2010).
There is however a couple of disadvantages with simulation; Banks et al. (2010) state that simulation
requires special training, mainly regarding the usage of the analysis tools. The time it takes to learn the
required skill-set, gain an understanding of the system and the simulation software limitations may
vary. The construction of a simulation model and proper usages is time-consuming; which, in some
cases, makes a simulation study expensive. As computer-aided simulation is the preferred approach
when dealing with complex systems; appropriate simulation software needs to be selected, information
about simulation software can be found in following sub-chapter.

2.3.1 Simulation software
When a simulation study begins, a decision regarding the software is due; the decision should be
founded on the user’s perspective and the area of application (Banks et al., 2010). The decision should
contain a primary intention; should the simulation be conducted by pre-programmed software of
written in a programming language. Law (2015) states that simulation software can be more expensive
and slower than the use of a traditional programming language; nevertheless, it is easier to implement
modifications and find possible flaws in the simulation model.
When a project has a limited time-frame, the obvious choice is to use a software package; due to the
company and the author’s previous knowledge about a simulation package, the choice landed on
Factory Analyses in Conceptual phase using Simulation, or better known as FACTS (Ng, Urenda,
Bernedixen, Johansson & Skoogh 2007). FACTS was developed with the principle of being an illusion
of simplicity and system neutrality. An optimization application is integrated into the software, which
creates the opportunity to focus the optimization on a specific task.
Once a simulation software tool is selected, the data collection and conceptual modelling phase
commence, before the building of the simulation model. More about conceptual modelling can be read
in the following sub-chapter.
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2.4 Conceptual modelling
According to Robinson, Brooks, Kotiadis and Van der Zee (2011), modelling of a conceptual model is
not well understood. Due to this statement, this chapter attempts to further describe this step of the
simulation methodology by Banks et al. (2010).
When creating a conceptual model, an abstraction from a real or proposed system is being composed.
Typically, the creation of a conceptual model provides the opportunity to advance from a problem
description to a definition of what is going to be modelled. The conceptual model is a simplified
representation of the real system, where the perspective of all included members of the project is
important; the use of tables and diagrams are useful in order to achieve this. In complex systems with
a high degree of uncertainty, the conceptual modelling is crucial when creating a simulation model
(Garcia, Zúñiga, Bruch, Urenda & Syberfeldt 2018). Some of the uses for a conceptual model
according to Robinson et al. (2011) is summarised below:







Minimize the risk of incomplete, unclear or wrong requirements
Increase the credibility of the simulation model
Guide the creation of the simulation model
Act as a basis for model verification and validation
Guide experimentation by defining objectives and responses
Provide a basis for model documentation

In Figure 5, which is a simplified figure inspired by Robinson et al. (2011), the synergies of a
conceptual model in a simulation study are visualised.

Real world
problem situation
Conceptual model

Modeling and general
project objectives
Solutions &
understanding
Experimental factors

Scope and level of
detail

Responses
Output

Input

Computer model

Figure 5: Visualisation of synergies for conceptual modelling

As seen in Figure 5, conceptual modelling is a process that may be subject to change throughout the
simulation study. During the creation of a conceptual model, data collection can also be performed.
Input data is further explained in the following sub chapter.
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2.5 Input data
When conducting a simulation study, it is significant that all aspects of the model are founded on
knowledge, experience and historical data (Bokrantz, Skoogh, Andersson, Ruda & Lämkull 2015).
They state that there are large amount of research articles about the design and structure of a
simulation model, unfortunately only a few articles concerns the subject how to conduct the data
collection. “The essence of collecting data for various purposes is to be able to provide the right
information to the user with the right quality at the right time” (Bokrantz et al., 2015, p.2090). There
exist success factors and pitfalls during the collection phase, Bokrantz et al. (2015) gives the following
examples:





Lack of data and operation procedures; to avoid it, collect data from numerous sources and be
cautious for altered or incorrect data.
All assumptions should be documented; discuss the issues about the data with the owner of the
project. It is important that an agreement is reached.
Variation in the simulated system has the most effect on the system; therefore, it is significant
that no distribution regarding these variations is replaced with its mean value.
The data gathering should start early in a simulation study, before the simulation starts. All
data should go through extensive scrutiny to enable the detection of faulty- and unusable data.
All data should be questioned to prevent built-in flaws.

While working with DES, one of the most time-consuming tasks at hand is the input data collection
and how to manage it. According to Skoogh and Johansson (2008), there is a consensus that the input
data management is possibly the most crucial part of a simulation project; in regards to the time it
takes to gather. Banks et al. (2010) state that it is significant that the gathered data is correct; if the
data somehow is incorrect, it impacts the validation regardless if the model structure is valid. The
output from the model will not coincide with the output from the real system. Skoogh and Johansson
(2008) state that the gathering of input data, on average, consumes up to 33% of the time-frame of a
project.
There are three different categories of data, category A, B and C. Category A is easy data, data that is
available. Category B is data that is unavailable, although, it can be gathered. Category C is data that is
not available and not gatherable. Category C is typical data that turns in to assumptions about the
system (Skoogh & Johansson 2008). One way of collecting data is by conducting a time study as
described in the following sub-chapter.

2.5.1 Time study
Time study is commonly used to determine time standards; the observer usually uses a stopwatch to
measure the time certain moments or processes consume (Freivalds 2014). There are two different
methods for recording time during a time study, continuous and snapback. If the continuous method is
used, the stopwatch runs during the entire study; the analyst notes the reading of the stopwatch after
the breakpoint of each element. In the snapback method, the time is returned to zero after the watch is
read at the breakpoint of each element. The continuous method is superior when a complete time of
the process is desired (Freivalds 2014). To properly predict the behaviour of a real system, statistical
methods such as probability distributions can be utilized, an introduction is given in the following subchapter.
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2.5.2 Probability distribution
When conducting a simulation study, there are few situations where all actions in a real system can be
predicted. This means that a large part of the collected data needs to be customized using probability
distributions; where the simulation model can generate approximations from given input data (Law
2015). In a manufacturing process the typically sources of variation are: processing times, mean time
before failure (MTBF) and mean time to repair (MTTR). If the random data ends up under category B,
as mention in chapter 2.5 - Input data, Banks et al. (2010) state that it is possible to specify the
distribution with help from software; where it is possible to determine how well the gathered data fits
the different distributions.
When the available data is limited, three distributions are most commonly used: uniform distribution,
triangular distribution and the beta distribution. The uniform distribution is suitable when a certain
variable is frequently randomized, with inadequate information regarding the distribution. The
triangular distribution is suitable when assumptions regarding minimum, maximum and the modal
value are necessary, due to inadequate available data. The modal value represents the value that most
frequently occurs; a plotted triangular distribution is illustrated in Figure 6.
Example of Triangular Distribution Plot
Triangular; Lower=5; Mode=10; Upper=50
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Figure 6: Example of a triangular distribution plot

The beta distribution provides several distribution forms on the unit interval, where intervals can be
altered to fit the desired interval (Law 2015). When a simulation model is built, a verification process
is required to ensure that the implemented logic is adequate. The verification process is presented in
the following sub-chapter.

2.6 Verification
Banks et al. (2010, p. 408) claim that "the purpose of model verification is to assure that the
conceptual model is reflected accurately in the operation model". To enable verification, Banks et al.
(2010) recommend the following approach:





Review the model by external experts
Create a flow diagram over the model
Examine the models output
o Confirm plausibility
Control the models input data after completed simulation
o Ensure that no unintentional changes occurred
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During the verification process, assumptions regarding the modelled system should be verified (Law
2015). Several techniques are available to verify the model; debugging is one of the techniques.
Debugging helps the inspector to find eventual faults and programming issues in the simulation model.
Other examples of verifications techniques according to Law (2015) are:




Continuously check the main and sub-programs during the development phase
More than one person should examine the model
Use an already existing simulation software tool; the software could be relatively new and it
should have gone through extensive scrutiny to extinguish eventual errors

After verification, a validation process commences, which is a crucial part in a simulation study; it is
described in the following sub-chapter.

2.7 Validation
Law (2015, p.247) states that; "Validation is the process of determining whether a simulation model is
an accurate representation of the system, for the particular objectives of the study". Banks et al. (2010)
advocate that the validation of a simulation model is to confirm that an accurate representation of the
real system has been developed.
The validation process often depends on two types of comparisons, namely subjective- and objective
tests. Subjective tests involve people with knowledge about the real system and the system outputs
(Banks et al., 2010). The output data from the model has to be validated by at least three persons to be
considered as a valid simulation model (Banks 1998). Objective tests require raw data from the real
system; a comparison of the simulation model output and historical data from the real system is
required. Banks et al- (2010) mean that a validation of the model is conducted during its development
phase; not when the model already is built, as represented in Figure 7.
Compare model to
the real system
Inital model

REVISE MODEL

Compare model to
the real system

REAL
SYSTEM

First revision of
model

REVISE MODEL

Compare model to
the real system

Second revision of
model

REVISE MODEL

Figure 7: Visualisation of the validation process

Validation should also be performed during the creation of the conceptual model; where theories and
underlying assumptions in the simulation model should be validated, with objectives for the project in
mind (Sargent 2011). This process should determine if the detail and aggregated relationship fit the
models intended purpose; the primary validation techniques are the face- and trace validation. During
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a face validation, experts on the problem (e.g. the real system) evaluate the conceptual model; usually
done by an examination of flowcharts or graphical representations of the real system. The trace
validation is utilized to track and monitor the moving entities in the model; to determine the logic is in
line with the real systems behaviour (Sargent 2011).
Together with the validation process, it is important to remember that assumptions are needed. These
assumptions should according to Law (2015) be wisely documented together with the validation
process to increase the credibility of the simulation results. Robinson (2014) states that it is impossible
to prove that a model is valid, instead the aim should be to increase confidence in the model up to a
point where it satisfies the objectives of the study. Furthermore, a validation of the assumptions made
could be performed in order to establish which impact they have on the results. Each set of data should
be carefully analysed and when problems arise, they should be addressed.
Before conducting experiments on a simulation model, the steady state needs to be evaluated in order
to get accurate results; this procedure is described in the following sub-chapter.

2.8 Steady state analysis
Hoad, Robinson and Davies (2007) claim that in order to properly use a simulation model, three key
components have to be analysed: length of the warm-up period, length of the simulation run and the
number of replications needed. These components require statistical knowledge that the simulation
software does not provide guidance or help with.
Steady state analysis is a method utilized to find a stable model, where the TH is stable over time.
Robinson (2014) states that the TH from the model is constantly varying around a constant mean
value, in correlation to the steady-state distribution. Before a steady state is achieved, there is a period
that creates in-accurate output, namely the warm-up period.
The warm-up period creates a fault in the output data, which lowers the mean TH value; therefore, the
data before the system reaches the steady state should not be included in the mean TH value (Currie &
Chang 2013). Law (2015) states that the length of the simulation should be significantly longer than
the warm-up period; this is because there might be some bias in the output data from the model. To
decide what is enough run length, Banks et al. (2010) state that the run length should at least be the
warm-up time multiplied with ten. It is not a specific or measured length, just as a rule of thumb; to
always use the factor ten may cause excessive run lengths. Another factor that is required to run a
simulation model and the experiments is the number of replications; the replication analysis is
described in the following sub-chapter.

2.9 Replication analysis
The aim of determining the number of needed replications is to “ensure that enough output data have
been obtained from the simulation in order to estimate the model performance with sufficient
accuracy” (Robinson, 2014, p. 182). There are three different approaches to determine the number of
replications. First, there is the rule of thumb. Robinson (2014) states that the rule of thumb
recommends the use of three to five replications. No calculations are needed. This makes the rule of
thumb an estimation and therefore it is not very reliable. The rule of thumb creates understanding
regarding the reliability of one replication. But the rule of thumb does not take the variation of the
output data into consideration. The more stable a model output is the fewer replications are needed.
Secondly, there is the graphical method, which does take the variation of the output data in to
consideration, by analysing a plotted graph of the cumulative mean value from the output data.
Robinson (2014) recommends to start with 10 replications and use the output in the graph, as more
output data is plotted, the line should become flatter. The flat line indicates that there are slim to zero
variation in the output; the point to where the line is flat indicates that there are enough replications.
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Finally, there is the confidence interval. The method asks the user to make a judgement on what is
“good enough”, namely how large margin of error that is acceptable in the model’s estimation of
mean. The confidence interval is constructed around the sequential cumulative mean until the output
reaches the desired precision (Hoad, Robinson & Davies 2007). The confidence interval is illustrated
in Figure 8, which gives a plot of the cumulative mean value with a certainty of 95% confidence
interval.

Figure 8: Illustration of the confidence interval from Robinson (2014)

The confidence interval gives both a measure of accuracy as well as a plot over the cumulative mean
average line. As a result, it is the most precise approach regarding the decision of choosing a number
of replications (Robinson 2014). Once the number of replications is defined and the model is verified
and validated, it is possible to start analysing the performance of the system. A specific type of
analysis is the bottleneck analysis, more information can be found in the following sub-chapter.

2.10 Bottleneck analysis
Bottlenecks in a system are something that a company always want to prevent or erase; Bicheno,
Holweg, Anhede and Hillberg (2006) describe a bottleneck as the limitations that prevent a company
from earning money or developing. In a manufacturing scenario, the bottleneck is typically the
operation that limits the desired utilization of other operations or the overall performance of the
system. Furthermore, Bicheno et al. (2006) describe how bottlenecks can be counteracted by levelling
out the production and creating a continuous and synchronized flow. It is also important to realize that
a bottleneck is the controlling operation in a flow or an entire factory, which means that a saved
production hour at a non-bottleneck operation has little value for overall system productivity.
There are several ways of detecting a bottleneck, Lima, Chwif and Berretto (2008) state that there are
three different types of bottlenecks; Simple, multiple and shifting bottlenecks. The differences between
these types of bottlenecks are similar to their name: Simple bottleneck is one machine that causes the
bottleneck. Multiple bottlenecks are when there are at least two machines that are bottlenecks in the
workflow. The shifting bottleneck is when the bottleneck is in different machines depending on the
situation; Table 1 describes some of the methods for detecting the bottleneck.
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Table 1: Different types of bottlenecks

Method
Utilization

Waiting time

Shifting bottleneck detection

Characteristics
The percentage of time the machines is working
is measured. The machine with the highest
percentage of working time is most likely to be
the bottleneck.
Analysing the system, the predecessor to the
machine with the highest grade of waiting time is
most likely the bottleneck.
Uses the same data as the utilization method, but
instead of looking for the highest percentage, it
looks for the duration a machine is active without
interruption. It gives a more accurate and reliable
bottleneck detection.

As mentioned in Table 1, the shifting bottleneck detection method gives the most accurate bottleneck
and because of that, it is the preferred method dealing with complex systems (Lima, Chwif & Berretto
2008). As a complement to the simulation study, the project implement Lean production, Lean
production is introduced in the following sub-chapter.

2.11 Lean production
When working with Lean production, Groover (2015) states that the main goal is to be able to perform
more labour while utilizing fewer resources. Lean production captures the essentials from ordinary
mass production while combining resources in a smaller space with fewer workers. At the same time,
it manages to achieve a higher final quality; giving the customers what they desire, at a time that is
satisfying for them (Groover 2015). To achieve the desired goal, it is important to not consider Lean
production as a tool; instead, it should be considered to be a philosophy (Bicheno et al., 2006). One of
the key elements in Lean production is the concept and elimination of waste, which is described in the
following sub-chapter.

2.11.1 Waste
According to Bicheno et al. (2006), Lean production is centred on the elimination of waste. It states
that there are two types of waste; type 1 is a process that a customer is not willing to pay for, although
it is required to maintain production, making it a necessary non-value-adding (NNVA) process. Waste
type 2 is a process that is not required in order to produce; it is a non-value-adding (NVA) process.
Instead of adding value, it will increase production cost, which makes the elimination of type 2 wastes
a priority. Bicheno et al. (2006) declare that there are seven types of waste:
Overproduction, when the production exceeds the demand or when the company decide that it is
going to produce to have "just in case". It is costly to bind up material and have operators monitor and
serve the machines if the product is not going to be sold in the near future. The goal should be to
produce just what is needed, no more and no less. To make sure that overproduction does not occur the
easiest way is by establishing a time frame with short-term goals included.
Wait, when a machine or operator is waiting for material and is not able to proceed with the
assignment, it is considered to be a waste. When an operation is considered to be a bottleneck in the
production, created by a difference in time regarding the other operations in the workflow, it is one of
the most common reasons why wait occurs.
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Redundant movements, when an operator or a machine needs to move out of its way to be able to
reach or increase its visibility it is classified as a waste. In regards to operators, the ergonomic aspect
of the operations layout has to be considered. For a machine, it is about the layout and redundant
movements to reach each target in its path. This is called micro movements and can easy happen 50
times a day. To eliminate redundant movements the layout of each operation should be examined and
made as ergonomic and effective as possible.
Transportation, a product movement and transportation inside of the production site is costly and not
something a customer is willing to pay for; therefore, all transportation should be minimized. The
number of transportations can be directly linked to statistics regarding damages on the product. The
routing needs to be taken in to account to be able to keep a high quality and a low TH time.
Faulty processes, when the operation utilizes a machine that is not suitable for the operation, it might
create reluctance for the operator and the control over the station could be decreased. It can also
damage the product and decrease its value. A common mistake is to purchase a machine that is too
comprehensive, and can do several different tasks. A machine that has many moving parts makes it
more difficult to detect bottlenecks and customize the layout if the requirements change.
Housing of material, there are three different types of stock for products. First, the finished goods
inventory, where the company stores already finished products. This is sometimes referred to as the
"wall of shame", meaning that the manufacturing is insecure and cannot produce in time. Secondly,
the raw material inventory, where the company stores raw material. This is sometimes necessary to
avoid waiting time in the production, often depending on the quality of the supply chain. The third
type is the work in progress (WIP). Sometimes a buffer is needed to make up for a bottleneck in the
workflow; however, the main objective should always be to keep the WIP as low as possible.
Defects, are an effect of inadequate quality-controls during the manufacturing of the product. It can be
divided into two different areas, in-house defects where the problem is detected at a quality-gate and
the product needs re-work or goes to scrap. This is the least costly defects that can be fixed before
leaving the site. The other one is extern defects, when a defective product has left the site and arrived
at a customer. This can cause reclamations and is way more expensive for the company. It can also
damage the appearance of the brand and cause long-term damage in reduced sales.
Bicheno et al. (2006) also state that there is one more waste, named the plus one; which is concerning
the under-utilization of personal creativity. When a person's creativity or knowledge is not encouraged
or utilized, it may create a lack of partnership; which might make the person feel unappreciated. Lack
of appreciation can also make the productivity decline, which might increase the rate at which quality
errors occur. To be able to understand and analyse a system, a commonly used method is Genchi
genbutsu, which is further explained in the following sub-chapter.

2.11.2 Genchi genbutsu
One of the tools considered to be crucial when creating a basis for problem-solving is Genchi
genbutsu. Liker and Meier (2006) describe how the method is based on the idea that no problem can
be solved without visiting the source of the problem, observing, analysing and truly understanding the
circumstances. In short, by observing the problem yourself, a greater understanding of the true
problem can be achieved. Thus, a problem cannot be resolved in an optimal way by sitting behind a
remotely placed computer screen. It is also important that those involved in a project, in which a
change has been carried out, performs Genchi genbutsu in retrospect of the change; in order to ensure
that no new problems have arisen. Another tool in the Lean toolbox is the Spaghetti diagram; more
information is given in the following sub-chapter.
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2.11.3 Spaghetti diagram
By utilization of a Spaghetti diagram, the route taken by an operator, product, or a transport vehicle
can be studied. With the information gathered, new routes can be proposed in order to minimize waste.
Bicheno et al. (2006) claim that the optimal way of creating a spaghetti-diagram is to use a map of the
area, commonly a blueprint of the layout, on the blueprint the observer draws lines, which marks the
route of the object or person that is being studied. Optimally, the study is performed in a predefined
time period. To use a colour scheme makes it easier to visualise the different transports or movements
regarding the final destination or departure (Bicheno et al., 2013). In the following chapter one of the
most utilized Lean tools, the value stream map (VSM) is described.

2.11.4 Value stream mapping
Lin, Chan and Kwan (2017) state that VSM might be the single most important tool in Lean
production. VSM creates the opportunity for organizations to achieve a strategic overview of their
processes, with the customer focus in mind. The value stream consists of all actions and processes,
both value-adding (VA) and NVA processes, which is performed in order to manufacture a product.
Utilization of VSM can also lead to continuous improvements, by making it possible to identify and
eliminating waste in order to reach a desired future state (Lin, Chan & Kwan 2017). The purpose of
VSM is not to improve the process; instead, it should ensure that the desired future state is adjustable
with a continuous flow, corresponding to the organization's objectives and simultaneously meeting the
needs of external customers (Rother 2010).
Traditionally, the VSM is created with a pen and paper, where standardized icons represent the
different operations. While creating a VSM, there are three steps according to Abdulmalek and
Rajgopal (2006), which have to be performed in sequence. The first step is to choose one product or a
group of products which depends on the same resources. The second step is to draw a map of the
current state, to make the map as close to reality as possible, it is proposed to walk along the system
that is being studied. In the third step, the creation of a future state map is performed. After performing
a VSM, a root cause analysis can be used to pinpoint the origin of the possible faults in the system.

2.11.5 Root cause analysis
Root cause analysis is a method often utilized for gaining a better understanding for potential flaws in
a system; this can be performed by the usages of an Ishikawa diagram, which sometimes is better
known as a cause-and-effect diagram (Bergman & Klefsjö 2012). The cause-and-effect diagram is
constructed by describing different relations between the main cause for the concern and deeper root
causes. Start by listing rough causes that possible can create the main concern. Secondly, more
specific sub-causes for every main cause should be identified (Bergman & Klefsjö 2012). This is a
structured way of creating a diagram over the causes, creating the opportunity to further investigate the
real root cause. An example of an Ishikawa diagram can be seen in Figure 9.

Sub-cause
Sub-cause

Problem
formulation
Sub-cause

Sub-cause

Figure 9: Ishikawa diagram structure

19

2019-01-15

Arvid Antonsson
Gustaf Hermansson

School of Engineering Science

When an Ishikawa diagram is created, a 5-why analysis can open up for a discussion and pinpoint to
the reason behind potential flaws. According to Bergman and Klefsjö (2012), the 5-why analysis
consists of at least 5 why questions, where the aim is to find to the root cause. The reason for the 5
why questions is because most of the time, it is possible to find a cause after two to three questions.
But if that concern is fixed, it will happen again. Therefore, the extra time put in to ask the questions
five times creates the opportunity to find the main root cause and prevent it from happening again
(Bergman & Klefsjö 2012).
The following sub-chapter gives information about Kaizen and Kaizen event, which is often used in
order to obtain a broader spectrum of knowledge and to pinpoint the most viable future strategy.

2.11.6 Kaizen & Kaizen event
Kaizen is a Japanese expression, meaning continuous improvements (Liker 2009). The aim when
utilizing Kaizen is to perform improvements, which take the organization one step closer to achieving
the Lean philosophy. Kaizen also teaches how to effectively work in small groups, with a focus on
problem solving, improvements and autonomy work. Kaizen enables people that are in constant
contact with the process to better understand and think according to the organization's aim (Liker
2009).
Bicheno and Holweg (2016) describe Kaizen events as a popular tool, often utilized to fill the gap
between individual, local and larger improvements, such as value stream improvements. Usually, a
Kaizen event takes place over a very short amount of time, allowing people that are usually busy to
attend. Before the start of a Kaizen event, the area of interest needs to be decided and mapped, an
appropriate time, as well as an appropriate team also needs to be selected. The team usually consists of
people with different professions, as well as the stakeholders for the project. During the Kaizen event,
a short introduction describing the aim, scope and background should be conducted. If information
about the system (routing, time durations etc.) is available, it should be presented for the group. This is
part of the idea generation, where different ideas should be discussed, with solutions to different
problems in mind. The result of the discussions should later be implemented and checked in order to
make sure that the new process is working as intended (Bicheno & Holweg 2016). Lean
manufacturing can be used in combination with other engineering methods. The combination of Lean
tools, simulation and optimization are described in the following sub-chapter.

2.11.7 LeanSMO
LeanSMO aims to combine the Lean philosophy with both simulation and optimization. All three
instances are aiming towards support in the decision process; mainly regarding design and
improvements of a system. Combining the three methodologies makes it possible to beforehand test
different scenarios and harshly decreases the area of trial and error (Goienetxea, Urenda & Ng 2018).
Lean and optimization alone, without simulation, creates a grey-area, where the learning process arises
from applying different tests, without the possibility to visualise the target condition. The inclusion of
simulation and optimization within the Lean philosophy makes it possible to make decisions based on
facts rather than on guesses, intuition and personal experience. In Figure 10, a visual comparison
between the different approaches are given, the visualisation is inspired by Goienetxea, Urenda, Ng &
Oscarsson (2015). Lean tools will strengthen the implementation phase of the chosen solution.
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Gray Zone - Unknown

Traditional Lean approach

Target
Condition

Current State

Gray Zone - Unknown
Lean and Simulation
combined

Target
Condition

Current State

Set of optimal solutions based on
given inputs and constraints
Lean, simulation and
optimization combined

Target
Condition

Current State

Figure 10: Comparison of approaches to reach a target condition

Goienetxea, Urenda and Ng (2018) state that LeanSMO has three main purposes, with sub-steps, on
how Lean, simulation and optimization can be connected to the company:
Education purpose, a simulation model can be used as a learning tool to comprehend the concepts
regarding Lean. The simulation model can also be used to teach personnel in different standardization
procedures that are present in the organization.
Facilitation purpose, simulation can be used as a visualisation tool during the discussion regarding
Lean improvement events, such as Kaizen or VSM. The simulation model helps create an
understanding of the process, on a basic level, a natural next step to a VSM.
Evaluation purpose, the evaluation step is the main concept regarding the LeanSMO framework. It is
divided into three different steps.
1. Evaluate the current state, a visualisation of how the system is performing in a current state
and how it will perform in a future state.
2. Evaluate a future state/target condition, a simulation model offers the possibility to analyse
how different changes impact the system. Simulation also has the benefit of being able to
predict future performance from a non-existing system and give insight on how it will
perform. Analysing the impacts of different Lean principles can also be evaluated with
simulation.
3. Evaluate the implementation, both Lean and simulation have important roles in the evaluation
of the implemented solution. Simulation is mainly used to analyse why the target condition
does not perform as expected. Optimization is also used to find a new optimal state, where the
target condition can be reached.
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Presentation to management and decision making, the gathered information from the previous
three steps should be thoroughly documented and presented to the management and decision-group
within the organization. The document and presentation lay the ground work for the best possible
future state, where all aspects are reviewed and analysed, therefore it is necessary to have complete
documentation and a well-conducted presentation (Goienetxea, Urenda & Ng 2018).
As a summary, this chapter contains a fact-based foundation regarding the methods and methodologies
included in this project. By creating the frame of reference, the members' theoretical knowledge has
been developed in order to reduce the risks and pitfalls that may arise during the course of the project.
A better understanding of the utilization of studied methods has also been obtained. In the following
chapter, the literature review, previous work that has been done is presented and analysed.
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3 Literature review
The following chapter present the literature review, which includes case studies with similar
objectives, methods and methodologies that are proposed for this project.

3.1 Introduction for literature review
This project aims at investigating and visualizing the current state of a manufacturing process, as well
as proposing future solutions that satisfy the project's aim and objectives; which are to create a clear
picture of the current state, perform a bottleneck analysis and propose a future state, with a higher TH,
lower LT, reduced waste and better utilization of resources. In order to create a basis, as well as
acquiring knowledge about different approaches, previous work with similar and relevant objectives
has been studied. Since the manufacturing industry is constantly developing, the literature review
focuses mainly on recent studies, the articles are published from 2006 to 2019. In the following subchapters, articles covering different aspects of DES, Lean as well as the combination of the subjects
together with optimization are presented. In total, 23 articles have been used in this literature review.
The following sub-chapter provides information regarding previous work with DES.

3.2 Discrete-event simulation in manufacturing systems
A manufacturing system can be defined as a discrete production system in which materials are
considered to be discrete entities. This is making DES a suitable tool when modelling manufacturing
systems as the dynamics of the model depends on discrete events, such as arrival or departure of
products or the breakdown of a machine (Campos, Seatzu & Xie 2014). DES has become a tool that is
increasingly used in various manufacturing and logistics processes where it can map and in a faster
and more visual way, provide information about the current state; it can also visualize and evaluate
suggested solutions for future processes (Bokrantz et al., 2015). One of the major advantages are the
use of advanced logic which are able to handle variation to a much greater extent than conventional
methods, which is often required in complex manufacturing systems (Banks et al., 2010).
The purpose of using DES in manufacturing processes is often to gain knowledge regarding the
system, giving the opportunity to increase or decrease one or several key factors (Rybicka, Tiwari &
Enticott 2016). A typical goal is to produce more details in less time with better utilization of
resources, creating a more cost-effective process. With the use of a DES-model, Rybicka, Tiwari and
Enticott (2016) were able to demonstrate different options regarding configurations in a flexible
manufacturing system, as configurations could be analysed depending on which objective currently
were prioritised.
When evaluating different investment proposals for manufacturing systems, the decision process
affects the long-term success, competitiveness and profitability of a company (Freiberg & Scholz
2015). They utilized DES when comparing existing methods of manufacturing with new proposed
investments in equipment, which were designed for a defined product mix, demand and product flow.
The simulation model was primarily utilized to estimate operation characteristics such as idle time,
utilization, LT and productivity. The estimates were later used to assess the financial impact of
proposed investments.
In manufacturing processes with increased demand, industries must scale up their businesses while
creating profitability. This applies to the biopharmaceutical process that was addressed in a case study
by Sachidananda, Erkoyuncu, Steenstra and Michalska (2016). By utilizing historical data, production
data and literature, the authors created a model that could be used to discover improvement areas and
potential gains in terms of cost, risk, usage of time and usage of the crew. In conclusion, the authors
state that DES is a very useful tool for investigating "what if" scenarios, which makes it easier to

23

2019-01-15

Arvid Antonsson
Gustaf Hermansson

School of Engineering Science

defend different decisions for stakeholders. Their model has also been utilized to make rational and
objective decisions regarding proposed investments.
On the topic of evaluating if a factory can manage future production goals, Smith (2015) found several
different beneficial areas of application for DES. With the help of visualization, the current state
regarding test equipment could be evaluated, making it possible to present several proposals regarding
under-utilized equipment. By utilizing the model, a future and improved state which would manage
increased production goals could be presented.
As previously shown, DES has multiple areas of utilization. This is further proved by the case study
performed by Gárriz and Domingo (2017), where the theoretical production capacity could be
obtained, as well as critical variables and deficiencies, which proved to be crucial when maximizing
future production. A present and a future state were evaluated successfully and relatively cheaply
compared to conventional methods.
When trying to find an improved future state, conventional methods can give good results; however,
with the use of DES, the opportunity to examine different "what if" scenarios is given (Zupan &
Herakovic 2015; Aqlan, Ramakrishnan, Al-Fandi & Saha 2017). This was utilized in combination with
conventional line balancing tools in a case study by Zupan and Herakovic (2015), resulting in greatly
increased productivity of a production process. In a case study performed by Aqlan et al. (2017), the
targeted process was an improvement project selection at a server manufacturing site, where the
environment was characterized by fast introduction cycles of new products, extreme demand skews
and high inventory cost. The construction and utilization of a DES-model greatly improved the
process as project scenarios could be tested before initiation.
As described in chapter 2.10 - Bottleneck analysis, a bottleneck is the operation or process preventing
a manufacturing company of increasing profit, thus it is closely connected to investment proposals,
increased demand and the evaluation of future state scenarios. Jamil and Razali (2015) performed a
case study on a manufacturing company facing increased customer demand. With the help of a
simulation study, the objective was to evaluate TH and monitor the production line in terms of
resource utilization, blockage and idling time. By utilizing the simulation model, the root cause of the
imbalance could be identified and several improvements could be suggested. As a result, the
bottleneck was reduced and TH was increased.
Velumani and Tang (2017) investigated the current state of a batch-manufacturing process, where
several different variants of tires were being produced. Various key elements of the process were
analysed in order to increase TH and reduce unnecessary waiting time and unnecessary movements.
Their simulation model also provided a major understanding of the operations status and buffer
allocation, which enabled suggestions for improvements, focused on reducing bottlenecks, tardiness,
WIP and overall increased production efficiency.
By using a similar approach on a production line, which is manufacturing headrest support work
pieces, Gingu, Zapciu and Sindile (2014) successfully discovered the bottleneck of the system. A
simulation was also used to highlight the cost and the expected performance for suggested
investments; as a result, adding one machine proved to increase productivity with 30%; with further
utilization of optimization, the most useful configuration could be obtained. The use of optimization
after completion of a simulation study on a complex system, where several configurations are
available, is stated by Persson, Anderson, Grimm and Ng (2007) as a natural step; as gained insights
can be optimized, which will further increasing performance.
Following sub-chapter describes how Lean manufacturing has been used in previous work. It describes
several tools and concepts regarding how the Lean philosophy has been utilized.
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3.3 Lean manufacturing
Conducting process improvements is crucial for any organisation that wants to be a competitor in an
increasingly completive world, where companies always need to find solutions to more cost-efficient
processes (Sutari 2015). The key, however, is not the process itself, instead it is important to initiate
process improvement projects where they are needed the most (Sutari 2015). By utilizing tools such as
the Ishikawa diagram and Kaizen during a case study, Sutari (2015) were able to find and target the
root cause for several independent issues which were reducing TH and causing rework of products. A
Kaizen workshop in combination with optimization was utilized successfully by Zhuravskaya,
Michajlec and Mach (2011) when optimizing a production line in terms of waste and flexibility, as
participants with different professions and knowledge were able to provide valuable input, which
resulted in a more rationalized and efficient process.
Process improvement can be divided into several phases, where different lean concepts can be applied
in different stages (Nee, Juin, Yan, Theng & Kamaruddin 2012). When analysing a production system,
they utilized Genchi genbutsu, which proved to be useful when gaining an initial overview about the
performance of a system, which later made it possible to identify deficiencies, resulting in finding the
bottleneck of the system. In order to find the root cause of the identified problems, brainstorming was
successfully utilized, resulting in numerous improvement suggestions.
In a similar case study performed by Neves et al. (2018), the use of Ishikawa diagrams in combination
with a 5-why analysis and a brainstorming session proved to be useful in finding the root cause of
several quality issues. In conclusion, their work proved to be beneficial since it gave the opportunity to
perform continuous improvements, which decreased the NVA-time.
In order to aid a manufacturing company to reduce waste, maintain better inventory control, improve
product quality and simultaneously create better control over operations, Rahani and Ashraf (2012)
decided to utilize various Lean tools. Genchi genbutsu was utilized during the data collection, which
provided the opportunity to gain an improved understanding of the manufacturing process, which
made it easier to identify waste. It also gave the opportunity to conduct interviews with operators and
technicians, which further clarified the current state. The data gathered provided important input for
the creation of a VSM of the current state, but also for suggestions for continuous improvements.
Nguyen and Do (2016) performed a case study similar to Rahani and Ashraf (2012), where Lean tools
such as Spaghetti diagrams, brainstorming, VSM and line balancing were utilized; with the aim of reengineering an electronic assembly line. Their suggested methodology begins with the creation of a
current state VSM, which enables the creation of a future state VSM. As described by the authors, the
main challenge was to fill the gap between the current- and the future state map. By using the
previously mentioned tools, LT was more than halved; the workforce could be reduced with 40%
along with a decrease in average cycle time and a higher utilization of the available area.
The aim of a case study performed by Rohani and Zahraee (2015) was to apply one of the most
utilized Lean tools, the VSM, in order to increase productivity at a manufacturing site. As a result, LT
was reduced from 8.5 days to 6 days and the process time decreased from 68 minutes to 37 minutes.
Based on their results, the conclusion could be drawn that by utilizing several Lean tools, significant
improvement can be achieved. It is also concluded that more investigation can be done by combining
VSM and computer-aided simulation; where a more comprehensive evaluation of different factors
could be performed, which could have a significant positive effect on TH and the reduction of waste.
Lean manufacturing has the ability to substantially improve the performance of production sites;
however, the implementation is likely to require customisation (Álvarez, Calvo, Peña & Domingo
2007). A key factor to be able to fully utilize the various Lean tools is routing flexibility, where parts

25

2019-01-15

Arvid Antonsson
Gustaf Hermansson

School of Engineering Science

are able to be produced via alternative routes, which often require a versatile material handling system
and the ability to rearrange machines (Álvarez et al., 2009). In cases where the layout cannot be
changed, supply systems where small supermarkets are supplied by dedicated personnel have proved
to be useful if the logistic planning can handle it (Álvarez et al., 2009).
Following sub-chapter describes the different synergies between Lean, DES and optimization when
the methods are combined.

3.4 Lean, Discrete-event simulation and optimization
Finding articles that combine Lean, DES and optimization has not been as successful as finding
articles that address the topics individually; therefore, some of the articles in this sub-chapter are
detailed in a more comprehensive manner with the aim of understanding the synergies that apply to a
greater extent.
In their paper, Standridge and Marvel (2006) describe how the different Lean principles are a common
tool in designing and developing production systems. However, Lean has several shortcomings if it is
used by its own, such as the ability to handle variation, to entirely analyse data, to assess the
interaction between systems, to validate a future mode and to discover well-founded alternatives to a
future state. The authors highlight that simulation can be used to improve the Lean process based on
the mentioned problem areas. When analysing three different studies, Standridge and Marvel (2006)
conclude that Lean is a necessary tool, although it has shortcomings regarding investigating and
finding the best future solutions regarding production systems; in conclusion, simulation allows for
managing variations, which may give the opportunity to find better solutions.
The methodology used by Oleghe and Konstantinos (2016) show that Lean practices in combination
with the utilization of DES can be taken into consideration when in search for improvements. In their
study, it is described how the next logical step after a Lean assessment usually is to improve the
processes by focusing on weak performance areas. It is also stated that DES models have the ability to
find and evaluate important details, which often may be concealed and hard to find in real systems.
After a series of Lean audits performed prior to the study, eleven aspects of Lean manufacturing were
identified as the main focus. The aspects related to setup reduction, quality management, total
production maintenance, waste reduction, just-in-time supplies, multifunctional workforce, just-intime production, workforce commitment, just-in-time customer delivery, leadership commitment and
space utilization. Based on the knowledge that implementing or improving only one Lean practice is
considered to be a waste, all of the different aspects were simulated in the same experimental scenario.
They also performed simulations for various stepwise improvements. As a result, the model provided
useful information for validating Lean practices prior to their implementation in the real system. For
example, the routine maintenance improved LT. Although it is not within the scope of their study the
authors state that a multi-level optimization is achievable with the use of their model.
In a paper by Goienetxea et al. (2015) a novel framework is presented regarding the combination of
simulation, optimization and Lean. The authors describe how simulation traditionally does not take
Lean into account. Two reasons are raised, namely that no knowledge of Lean is needed in order to
create a simulation model and a simulation project's goal does not need to be consistent with the
principles that Lean advocates. Furthermore, it is described how a company trying to utilize Lean
should ensure that Lean is also considered when conducting simulation projects. Otherwise, it may
jeopardize the company's Lean development as well as the suitability of the simulation project.
Optimization is described as a new technique, which often is used in combination with simulation;
however, without involving Lean. The authors describe how neither Lean nor simulation can
guarantee an optimal solution, making optimization a natural choice in order to improve the process
and increase the chances to obtain a beneficial end result. The paper also includes a case study, where
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Lean, simulation and optimization were used in a Lean improvement project. The studied production
line is described as an automotive component machining line with multiple parallel sections, portal
cranes, machining centres and assembly stations. It soon became clear that it would be very
challenging to meet the objectives of the project by using traditional Lean tools such as VSM, due to
the complexity of the production line. By creating a simulation model with the guidelines presented in
the paper, engineers were able to evaluate the current state of the process as well as the target
conditions for the project. With the use of the simulation model and a Kaizen event, production and
maintenance engineers proposed a large number of possible improvements. With the help of
optimization, the optimal improvements could be displayed, showing an increase in throughput by
80%.
The methodology utilized by Goienetxea et al. (2015), is improved in a more recent study by
Goienetxea, Ng, Zúñiga and Urenda (2017). A more methodological approach is used when
conducting the project, which is revolving around the improvement of material flow in a
manufacturing company. Starting with a deep analysis of the current state, where a simple VSM, a
Spaghetti diagram, an Ishikawa diagram, a 5-why analysis and time studies were utilized in order to
obtain critical information regarding the system. When the current state analysis had been performed,
different objectives for an improved future state were defined and agreed upon by utilizing a Kaizen
event. The future state was later evaluated by utilizing DES and optimization, resulting in a proposed
future state including transport of pallets using an automated guided vehicle (AGV).
An analysis of the literature has been conducted; it is described in the following sub-chapter.

3.5 Analysis of the literature
The red thread in this literature review is the utilization of various production engineering tools, such
as DES, Lean and optimization; either by themselves or in combination, with the aim of improving
different aspects of a production process. Based on the literature review, the conclusion can be drawn
that the utilization of the presented methods are fairly common and their benefits have been proved
several times; however, the combination of the different methods is a fairly new and unexplored area.
The combination of the studied methods has however proved to be especially effective when
discovering and evaluating the current state of a system, as well as decreasing the risk of making the
wrong assumptions regarding a future scenario. Another important insight obtained from the study is
the importance of human interaction, where different professions and specialist can provide invaluable
knowledge.
While some of the studies that have been reviewed do not directly correspond to this project, they have
been examined and utilized for the purpose of creating acceptance for selected methods and
approaches, demonstrating how they can solve a variety of problems in manufacturing similar to the
problems formulated in this project.
To summarise the literature review, previous work with similar objective, methods and methodologies
has been studied. As a result, the project members' knowledge in the areas of application of the studied
focus areas and their practical use has been strengthened. With knowledge obtained during this study,
the analysis of the current state regarding the studied system could begin; it is presented in the
following chapter.
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4 Current state analysis
Chapter 4 describes the identification of the different workflows at the main shop floor of the
industrial partner, including their processes and transportations. The chapter also aims at creating an
understanding regarding the different workflows, transportations, the data collection process and the
current state simulation model.

4.1 Model conceptualization
The conceptual model is based on flow charts and visualizations of the studied system. Different tools
have been utilized throughout the process in order to create a foundation for a simulation model. More
information regarding methods and methodologies utilized throughout this chapter can be found in
chapter 2 - Frame of reference, previous work where methods and methodologies have been utilized
can be found in chapter 3 - Literature review. The utilization of the processes as well as the identified
workflows are described in the following sub-chapters.

4.1.1 Workshop A
The first step in order to map out and create a greater understanding of the system was to conduct a
line-walk following the Lean philosophy of Genchi genbutsu. Several different professions with
different and widely spread competencies were included in different parts of the line walk, resulting in
a comprehensive picture as well as detailed information about the different processes being performed.
Secondly, a spaghetti-diagram regarding forklift transportation was created in order to understand the
different routes for material handling. It became evident that the system is very complex, with a large
product flora, a large amount of forklift traffic, complex routing and large stockpiles. Five different
workflows, two different starting points and three different finished goods inventories (FGI) could be
identified together with 4 different manufacturing cells, OP1-OP4. In total, the system handles 286
different variants, taking different paths through the system depending on their properties and
material. Workflow E is supplying the other workflows with products arriving from either conveyor
B1 or B2. The workflows are illustrated in Figure 11.
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Figure 11: Material flow between addresses in Workshop A
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Workshop A contains of both machining- and manual assembly flows. Raw materials from the
foundry are delivered on conveyors, which pass the raw materials into the workshop for further
machining- and assembly procedures. This project focuses on some of the machining flows which are
found in workshop A, between the foundry and manual assembly, see Figure 12.

Figure 12: Manufacturing process

In the following sub-chapters, more detailed descriptions and flowchart for each of the different flows
is presented.

4.1.2 Workflow A
Workflow A starts at conveyor B1, which derives products from the foundry. B1 deliver small- and
mid-range units standing in pallets to OP1. The operator maintains OP1 with setup and delivers the
product. OP1 can work without supervision for a period of producing 16 entities. All transportations in
Workflow A are conducted by forklifts, which is operated by the machining operator of OP1.
Workflow A ends when the operator delivers the machined products to either an FGI or at the
beginning of workflow D. Figure 13 illustrates Workflow A.
Conveyor – OP1

Conveyor - B1

Transportation - Forklift

Palletrack

Transportation - Forklift

Conveyor – OP1
OP1

Quality Control –
OP1

Where to?

Transportation - Forklift

Transportation - Forklift

Palletrack

FGI

Figure 13: Illustration of Workflow A

4.1.3 Workflow B & Workflow C
Workflow B and workflow C are both supplied by Workflow E, which delivers products placed in
pallets into a pallet rack next to the machining cells. All transportations from the separate machining
cells are conducted by operators of OP3 and OP4. OP3 and OP4 cannot work without supervision.
Both of the workflows ends when the operators deliver the machined product to either an FGI or to the
beginning of Workflow D. Figure 14 illustrates Workflow B and Workflow C combined.
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Figure 14: Illustration of Workflow B and Workflow C

4.1.4 Workflow D
Workflow D starts from a pallet rack, supplied by Workflow A, B and C; the operator of OP2
transports the products to the station by using a forklift. OP2 is a manual-sub assembly station. When
the products are assembled, the operator delivers the pallets to an FGI, see Figure 15 for an overview
of the workflow.

Palletrack

Transportation - Forklift

Transportation - Forklift

OP2

FGI

Figure 15: Illustration of Workflow D

4.1.5

Workflow E

Workflow E is based on designated forklift operator deliverances and support of Workflow B and
Workflow C. The operator of the forklift plunders conveyor B1 and B2 and transports the pallet to raw
material inventories. Workflow E ends at a pallet rack next to OP2 or OP3. Workflow E is illustrated
in Figure 16.
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Figure 16: Illustration of Workflow E
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The different workflows described in this chapter act as conceptual models for the different workflows
at the main shop floor. In the following sub-chapter, a generic visualization of workflow A-E is
illustrated.

4.1.6

Generic Visualization of Workflows

In order to create a better understanding regarding the workflows, the use of a traditional VSM was
investigated. During the construction phase, it became evident that the system lacks fundamental data
that is necessary for the creating of the VSM. The characteristics have many limitations due to the
rigidity; for example, the possibility to handle the variety of routes and large product flora. The studied
systems have a combination of four workflows, which derive from two different sources and together
they have 286 different variants. Throughout the system, there is a general lack of input data for the
VSM; such as time spent in buffers or stores, the setup-times, lack of standardized work, data
regarding transportations and faulty MTTR data. To complement data and create a VSM for each of
the variations, in the timeframe for this thesis, is deemed unreachable. However, a generic
visualisation of the different flows using VSM-symbols is acting as a support-tool together with the
flowcharts for future simulation modelling. A visualisation was created where the different workflows
were merged into a generic flow-chart, inspired by traditional VSM practices, see Figure 17. For a
larger figure, see Appendix D – Generic Visualisation of Workflows.
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Figure 17: Generic Visualisation of Workflows in Workshop A

4.1.7

Observations regarding the current system

During the activities performed, several shortcomings and observations of the current system and its
behaviour became evident. The observations were considered to be important for further work and
future activities both regarding the current project, but also for future projects. The following
paragraphs describe observations discussed and collected up to this point of the project.
The operators of the machining cells are informed on a day to day basis what to produce; the order
arrives at the start of the first of three shifts and extends over the day´s demand. The operator then
decides in which order variants will be produced, creating a randomized order based on the operator's
preferences. The decision is most often based on how to minimize the setup times over the shift, thus
creating more setup for the following shifts. To exclude the operator from the decision would most
likely create a more balanced production schedule.
The lack of standardized work is a source of process variation, which is increasing the risk of quality
deficiencies, as well as making the opportunity for continuous improvements non-existent. In
combination with the operator’s choice to produce parts in an order of their choosing, LT seems to
vary greatly.
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The number of different variants being handled in the system is very high. During the line walk, it
became evident that there is a very small difference in appearance between some of the variants. With
fewer variants, it should be possible to increase the total TH of the system due to less set-up time;
likely, the amount of stock could also be reduced.
There is a large amount of transportation included in the system, where pallets are moved from one
pallet rack to another by forklifts, which are covering large distances. When delivering a pallet to a
pallet rack or floor area, the operator or forklift operator randomly places the pallet where there is
room, creating a source of variation. It is also noted that the operators have the responsibility to
manage the transportation of pallets entering and leaving machine cells, resulting in machines standing
still while the operator is handling the forklift. Another interesting fact is that 52% of all reported
accidents at the workshop during the first 22 weeks of 2018 were related to operating a forklift. With a
more efficient flow, the opportunity to decrease the amount of transport should be considered as well
as the opportunity to have dedicated forklift operators. Another option might be the use of other
transportation methods.
The different variants that are being processed in the manual assembly station OP2 seem to have
longer LT than variants that do not pass through the station. This is considered to be natural due to the
added process- and transport time. The amount of VA-activities compared with the NVA-activities for
the process seems to be very low; along with the company’s vision of becoming more automated, the
possibility to integrate the process into other cells of the system should be investigated.
A large amount of products that are waiting to be machined or handled is observed throughout the
system. Resulting in machine cells that have a very low amount of waiting time. The conclusion is
drawn based on the other observations regarding the nature of the system that this is a result of an
unbalanced production. An overly large amount of stock can hide or increase the real problems present
in the system, as described by the Japanese lake.
Finally, it can be noted that in spite the lack of reliable data, the conclusion can be drawn with the help
of observations and estimates that the proportion of NVA-activities is larger than the proportion of
VA-activities.
The data collection was performed simultaneously with the creation of the conceptual model. The data
collection process, as well as the obtained results, is detailed in the following sub-chapter.

4.2 Data collection
To be able to create a simulation model of the current system, certain input parameters needed to be
collected and analysed. Throughout the process of collecting data, certain assumptions had to be made.
The assumptions were validated and modified throughout the process. This chapter gives a detailed
picture of the data-gathering process as well as the analysis and conclusion regarding the collected
data.

4.2.1 Process time
Process times for the three different semi-automated production cells OP1, OP3 and OP4 were
provided by the company. At a meeting with the responsible production technician, it was found that
the process times were based on time studies conducted by operators several years ago. However, a
recent verification of the process times has been carried out with the result that the process times still
can be considered to be accurate. Processing times are considered by the company to be the amount of
time it takes to machine one piece; deviations can occur but are considered very unusual. The available
processing time is considered to be reliable enough and the decision was taken to use them in the
simulation model.
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No data was available regarding the quality control station following operation OP1. A time study
would be far too extensive with the project's time frame and the lack of a standardized work protocol
in mind. Instead, it was decided to conduct interviews with operators; during the interviews, the
operators were asked to estimate the shortest, the longest and the most common time a pallet spent in
the quality control, see Appendix C – Setup and Process times for results. The estimated times were
considered by the responsible production technician to be accurate. Using an average of each of the
estimated parameters, a triangular distribution was created for use in the simulation model.
Regarding the manual assembly station, a time study has previously been carried out at the station in
order to evaluate the time consumed by the various assembling activities, meaning that the study lacks
information regarding the different NVA procedures that occur at the station. Upon observation, it is
revealed that in addition to the VA-activities, time should be added to the processing time for a
number of different activities which are not considered to be VA; for example, when the operator
assists another station or sticks a pallet flag to a pallet. The same approach used for the quality control
was used in order to be able to create a triangular distribution for use in the simulation model. The
results can be seen in Appendix C – Setup and Process times. In conclusion, the NVA time was added
to the existing process time for use in the simulation models.
Following the collection and analysis of processes times was the availability analysis, which is
detailed in the following sub-chapter.

4.2.2 Availability
The company's data system provided information regarding the availability of the operations. There
was an opportunity to retrieve both technical as well as actual availability. The technical availability
shows the portion of the total time that a machine cell is available for production, while the actual
availability shows the portion of the available time that a machine-cell is actually producing. The
technical availability is gathered automatically by the computer program when a machine cell set an
alarm. The operator has the choice to write comments about the breakdown; the time for the
breakdown is however not affected if the operator chooses to do so. However, the computer systems
way of handling MTTR is flawed. When technicians, after correcting a breakdown, test run the
system, more breakdowns are logged into the computer system. This allows a large number of
breakdowns to be logged and to be added to the total MTTR equation, although they are not actual
errors. The MTTR computed by the computer system is therefore lower than the actual MTTR. In
order to manage this, all the breakdowns for 2017 were exported to excel and sorted. When sorting,
the time between the breakdowns was considered, as well as the information about in which machine
the breakdown occurred and if available: the comments from the operators. An example of the sorting
process can be seen in Figure 18, where the three different loggings in Breakdown 1 were previously
considered as three different breakdowns, after sorting, they are compiled into one breakdown based
on the given information.
Breakdown

Start

End

Comment

Reason

Machine

1

2
3

4

Figure 18: Example of sorting procedure
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Results can be seen in Table 2; the percentages indicate an increase in MTTR.
Table 2: Results from sorting MTTR

Operation
Difference

OP1
+167%

OP3
+260 %

OP4
+254%

After completed the sorting procedure of the MTTR, the logical step was to interpret the given setup
times, more about the gathering can be read in the following sub-chapter.

4.2.3 Setup time
The data regarding setup times for OP1, OP3 and OP4 was provided by the company. According to
the technician for Workshop A, the setup times were just estimations, which makes them unfit for use
in the simulation model. A decision was made to interview a maintenance engineer in order to find out
if it was possible to collect the setup times from the company's computer system. The data that the
computer system could provide was examined and some issues regarding the amount of time spent on
the setup was found. A discussion with the handler at the company as well as operators was conducted
in order to shed some light regarding the available information. According to the handler and
operators, the available information regarding times was logged by the operators in an arbitrary
manner, as there is no standardized protocol regarding the input of data. This gives room for
misinterpretation and the possibility for the operator to control the amount of time, as well as which
procedure that is being logged. After a discussion with the technician for the stations regarding the
length of the setup times that had been logged, the conclusion was drawn that the times could be
considered to be invalid due to their length.
Instead of using the available setup times, the decision was made to let the operators estimate the
minimum, maximum and the most common setup time; and then use these estimates to construct a
triangular distribution. Since there is no standardized work protocol for performing a setup, a timestudy is an inadequate tool. There are existing folders that describe how to perform certain procedures,
but not in which order or how often. Another pressing issue is the number of different variables that
the setup has to consider, there are in total 65 different product families and a setup is required
between each family. If a time study should be conducted, it would require measurements between all
the different options, which would be extremely time-consuming, the timeline for this project does not
cover such extent of time. It was also decided to not take the setup time between variants in the same
product family into account due to the fact that it is simply a change of machining program; which
does not affect the process. All decisions were made by consultation with the supervisor at the
company, operators at the machining cells and by the technician for the machines. For results see
Appendix C – Setup and Process times.
In the manual sub-assembly station OP2 there was no data regarding the setup time available in the
company’s computer system and it has never been measured. The same approach used at the other
stations was utilized, where operators were asked to estimate set up times in order to be able to create
a triangular distribution for use in the simulation models.
When the data collection was completed, the transportations were studied. The routing, times and
responsibility areas were major concerns, the process is detailed in the following sub-chapter.

4.2.4 Transportation
In Workshop A, there is no existing data regarding transportation. All transportations of pallets are
carried out by forklifts. The transports that derived from a standardized source or had a standardized
drop-zone, approximately 90-95% of all transport in Workshop A, were studied using time-studies.
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The data was later analysed in Expert-fit, where it had to pass a goodness of fit test in order to be
considered viable. A graphical comparison was also made between the statistical distributions; see
Figure 19 for an example.
Density-Histogram Plot
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Figure 19: Graphical comparison of statistical distributions using density-histogram plot

The rest of the transportations have several different pick-up and drop zones and the pallet is randomly
placed inside these zones wherever there is a free space. After discussion with the supervisor at the
company and the supervisor at the university, a decision was made to do a triangular distribution in
order to mimic these transportations. In order to do the triangular distribution, the time it took either to
pick-up or drop the pallet at the closest-, furthest- and the most common pick-up or drop zone was
measured. All transportation follows the following logic:
Start  Forklift parking spot  Pick-up  Drop zone  Forklift parking spot  End
As a conclusion to the data collection phase, there were several instances that proved to be problematic
and in need of assumptions. The partner company has a lot of available data, but with unknown origin
and reliability issues. Since Bokrantz et al. (2015), states that the data collection should continue with
caution, all data were questioned and these issues were brought to the surface during the data
collection process. In areas such as setup time and transportations, there was no available data. The
time the different transportations take could be measured, but to measure setup time would exceed the
time available for the process, therefore educated estimations were necessary. Some estimations and
analysis of the availability proved to be necessary, due to the unreliable data.
When both the conceptual modelling and the data collection phase were completed, the translation into
a simulation model began. First was the decision of simulation software tool as describes in chapter
2.3.1 – Simulation software. The creation of the current state simulation model is described in the
following section.
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4.3 Simulation model - Current State
The traditional Lean tools have proven to give some important insights into the current system and its
behaviour, as a second step in defining the current state a simulation model was created. Before
starting the modelling of the simulation model, the results from the conceptual modelling, data
collection as well as the assumptions was verified by three individuals at the company; one project
manager, one production technician and one operator. The model was created in the simulation
software FACTS; using the information obtained during the data model conceptualization and data
collection. FACTS is the preferred software at the company and it is therefore the preferred simulation
software of the project. More about the process can be read in the following sub-chapter.

4.3.1 Model translation
The simulation model was created following a number of steps. After each step the model was verified
in order to confirm that the logic was working as intended, making troubleshooting easier. A final
verification and validation were done after the construction of the simulation model.
First, the flow of products was modelled with help from the information previously gathered in the
project. With the help of data from the company and Excel, each variant could be placed in the correct
flow. Secondly, the input parameters were imported into the simulation model. At first, this seemed to
be a time-consuming task due to the high amount of different variants and nodes in the model.
However, after further investigation and with the ability to import data from Excel into the simulation
software, effective and time-saving shortcuts were found. Using Excel functions, data regarding set-up
could be fitted to match the criteria of the simulation software. Excel was also used to adapt the
product identification number into a format that could be implemented in the simulation models
extensible mark-up language (XML) file, instead of manually typing each variant into the simulation
software. Appendix E – Excel Functions contains a list of functions used in Excel, as well as a short
description regarding their use in this project.
The simulation software tool has limitations regarding probability distributions, where not all the
distributions that were fitted during the data collection were available. In these cases, the first
distribution in Expert-fit that passed the "goodness of fit test" was used, if it also was available in the
list of the distributions provided by the simulation software tool.
Estimations based on information gathered during the line walk, Genchi genbutsu and interviews with
logistic personnel were used when modelling the capacities of warehouses and buffers. First of all, not
all pallet racks are registered in the company's data system; they do not actually exist in the company's
logistics planning. In combination with the fact that most of the pallet racks being studied do not have
dedicated podiums, it is considered to be very time consuming to investigate. Thus, it is not possible to
determine the proportion of podiums used for the studied workflows. Secondly, the floor space next to
the pallet racks is used when the pallet rack is full. The number of podiums available on conveyors
was observed during the line walk and Genchi genbutsu, thus the correct number of podiums could be
modelled. In the simulation model, buffers and conveyors are set to use first in first out (FIFO), while
stores in combination with the batch object, uses the logic of the batch object for the dispatch of
products. This logic is described in the following paragraph.
The deliveries of products are handled by the logic in Figure 20, to the right of the red line the studied
system begins. Source (1) produces variants with a randomized sequence covering all of the different
variants. A proportion of each variant was calculated using production data from 2017 for use in the
two different sources, in order to mimic the number of produced parts per variant. A proportion
sample can be seen in Table 3. The batch logic (2) is integrated with a store (3) and two operations (4)
used as arranging stations, the store is acting as a foundry delivering raw material ready for machining.
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The amount for each batch is based on average batch size for 2017. The batch object controls the exit
of the store and the entrance of the arranging operation, making sure that the store has the right amount
of a specific variant before creating a batch. In order to mimic real-life performance, where operators
choose which variant to produce in order to limit set up time; the batch object is set to utilize multiple
batching, which is making it possible to create larger batches if enough variants of the same type are
available. The pallet source (5) delivers pallets to the two assemblies (6), where the correct amount of
each variant are placed on pallets.

Figure 20: Simulation model delivery system visualised

Table 3: Sample of variant proportion

Variant
Var_1
Var_2
Var_3

Proportion
0,001521041068
0,000507013689
0,000845022815

After the modelling of the delivery logic, operators were added to the simulation model. To model the
work being done by operators, a resource object was used, were different tasks such as transportation,
set-up and operation of the machine were set to different priorities. This is needed due to the nature of
the system, where certain machine-cells have to be manually loaded and unloaded in order to be able
to operate. An example of the resource object can be seen in Figure 21, where the logic of the resource
object (1) mimic an operator handling a forklift transporting pallets along three different routes (2) and
operating of the machine as well as performing set up on a machine (3).

Figure 21: Simulation model resource object visualised
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The layout of the current state simulation model can be seen in Figure 22, where areas and workflow
are visualised in a simplified manner.
Workflow A
Workflow B
Workflow C
Workflow D
Workflow E
Transportation
Simulation-logic

Figure 22: Current state simulation model

With the results obtained from the current state simulation model, TH could be visualised. When
construction of the simulation model was done, a final verification was performed in order to debug
and verify the logic of the simulation model. The verification process is described in the following
sub-chapter.

4.3.2 Verification
A final verification was performed after finishing the simulation model; it acts as a compliment to the
verification that was performed during the creation of the simulation model.
When verifying the simulation model, a large amount of time was dedicated to control routes for
variants. Each flow was inspected separately, partly on the route, but also regarding which variants
that were being produced in each of the different flows; making sure that each variant had been placed
in the correct workflow. A graphical comparison was made between the simulation model, the
collected data and the data that had been provided by the company. It was considered to be highly
important as later analyses could be based on the utilization of machines. Figure 23 shows a section of
a workflow in the simulation software, where the black arrows represent the workflow between
different operations, buffers and stores.

Figure 23: Workflow example in FACTS
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Each operation was also verified in terms of set up time, process time, MTTR and availability. First,
the data that had been adapted to a different format in Excel was thoroughly inspected in order to find
issues regarding logic or data-format. Secondly, the integration between Excel and FACTS was
inspected in order to make sure that the simulation model retrieved the input data from the correct
source file. In the final step, input data was controlled in each of the different nodes in order to ensure
that it matched the data integrated from the Excel-file. In Figure 24, an example of parameters for a
specific operation can be seen.

Figure 24: Example of input data in FACTS

After verification, preparatory experiments were performed in order to be able to properly utilize the
simulation model. The preparatory experiments are described in the following sub-chapter.

4.3.3 Preparatory Experiments
The goal of the preparatory experiments was to establish the warm-up time, simulation time and the
number of replications needed.
The steady state analysis was performed with a simulation horizon of 300 days and a log interval of 60
minutes. Figure 25 shows the steady state analysis.

Figure 25: Steady-state analysis

Warm-up time was set to ten days and simulation horizon was set to 100 days. In order to ensure that
correct data could be obtained from the simulation model, a replication analysis was performed. By
using the confidence interval method, a plot was created using a 95% confidence interval. The plot can
be seen in Figure 26.
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Figure 26: Replication analysis

The number of replications for future experimentation was determined to be ten. With warm-up time,
simulation time and the number of replications established the simulation model needed to be
validated. The validation process is described in the following sub-chapter.

4.3.4 Validation
A validation process was performed with the aim of establishing if the simulation model was accurate
enough for the purpose of the project. During the construction of the simulation model, subjective tests
were performed, via discussions with several individuals possessing different expertise regarding the
real system and its behaviour. Buffer allocation and waiting time for operations were especially
targeted during the validation. Several attempts to perform objective tests were performed; the
attempts consisted of conversations and observations with the aim of finding reliable data, which
would be used as comparison. However, there were no success in these attempts, mainly because of
the lack of data and the fact that the studied system is a sub-system, which is included in a larger
system.
When constructing the simulation model certain assumptions and simplifications needed to be made
due to the functionality of the simulation software and the complexity of the system, as well as the
environment surrounding the system. These assumptions can be seen in Appendix A – Assumptions.
The assumptions were considered to be reasonable by a project manager, an operator and a production
technician. During the process, assumptions were added or modified according to the input received
from each individual.
When the initial model was finished, a final validation process started where all the assumptions made
during the creation of the project were discussed and analysed. New assumptions were also added to
the assumptions table.
With the model properly validated, the first goal and the prerequisite for the rest of the project was
completed. But to gain even further information and understanding for the partner company and future
experiments, a bottleneck analysis was required.
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4.3.5 Bottleneck analysis
One of the main objectives or the project was to perform a bottleneck analysis. As described in chapter
2.10 - Bottleneck analysis, the shifting bottleneck method is the most reliable method when
performing a bottleneck analysis. Therefore, it is the method being used in this project, the detection
method is integrated in FACTS, which analyses the working proportion without interruption against
every object in the model; the object with the highest working proportion is deemed to be the
bottleneck. The result from the shifting bottleneck analysis can be seen in Figure 27.

Figure 27: Bottleneck detection of the entire system

An ordinary bottleneck analysis over the entire system proved to be inadequate, as insufficient data
was retrieved. After a discussion with the supervisor at HIS, a bottleneck analysis over each of the
three workflows, as independent analyses, was performed. To be able to analyse them independently,
three separate models were built, besides the main model. Results from the three independent
bottleneck detection analyses can be seen in Figure 28, Figure 29 and Figure 30.

Figure 28: Bottleneck detection in Workflow A

Figure 29: Bottleneck detection of Workflow B
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Figure 30: Bottleneck detection of Workflow C

The bottleneck analysis is arguably trivial in the way it is describing limitations in the real system.
OP1 is never waiting for products and it is the most utilized machine in the studied system. This can
be seen both when the real system is studied and via the simulation model. In Figure 29 and Figure
30, the detection method indicates that the operators of the separate machining cells constitute the
bottlenecks. The system's behaviour, together with the results from the bottleneck analyses indicates
that OP1 and the operators of OP3 and OP4 are most of the time working; hence FACTS deems them
to be the bottlenecks of their respective workflows. As the Workflows are separate, it falls naturally
that the processing station and the support of the processes are the bottlenecks, as the analysis
indicates.
When analysing the real system, in terms of operations, the manual sub-assembly station seems to be
the bottleneck due to the behaviour of the operators. Which the simulation model does not take into
account, due to the complexity of the tasks they perform and the time frame for the project. If it would
be possible, the analysis might indicate that the manual station OP2 is the bottleneck.
Another important factor that is not included in the analysis is that a bottleneck does not necessarily
have to be an operation. In a broader view, activities or processes such as logistics, logistics planning
or layout can restrain the system's TH, thus being a bottleneck.
In this chapter, a conceptual model has been created by utilizing various lean tools, flowcharts and a
generic visualization of workflows. Observations done during the performed activities are also
included, as they are considered to have valuable information for the following phases included in the
project. Data collection for input in the current state simulation model has also been performed. The
process of creating the current state simulation model is also detailed, followed by preparatory
experiments, validation and verification. Finally, the bottleneck analysis is performed and analysed.
The activities performed, together with the aim and objectives for the project is fundamental for the
following chapter, the experimental design.

42

2019-01-15

Arvid Antonsson
Gustaf Hermansson

School of Engineering Science

5 Experimental design
Chapter 5 describe the experimental phase of the project, where possible solutions for an improved
future state are presented. The process includes a brainstorming session and a Kaizen event.
As detailed in sub-chapter 1.6 - Project methodology, the phase following the current state is the future
state, where a future state should be defined based on information obtained during previous phases of
the project.

5.1 Aim of the future state
As described in chapter 1 - Introduction, the company experience ineffective manufacturing
workflows. The company also faces increased demand, which is creating insecurity regarding the
ability to reach future objectives.
With the objectives set in Chapter 1 - Introduction, the following key factors were taken into account
when defining the suggestions for the future state:








Increase TH
Increase the degree of automation
Decrease lead time
Improve ergonomics
Decrease waste
Sustainable development
The suggestion must be able to be implemented in reality

These factors were considered to be crucial in order to successfully meet the aim of the project. To be
able to successfully meet the objectives and establish a viable solution fit for experimentation, the
process described in Figure 31 was used during this phase of the project.

Brainstorming

Kaizen event

Experiment

Figure 31: Experimental design process

With the key factors defined and a platform for discussion established, a brainstorming session was
conducted with the use of an Ishikawa diagram and a 5-why analysis. The results from the
brainstorming session were later presented at a Kaizen event, resulting in an experiment proposal. The
process and the results are presented in the following sub-chapter.
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5.2 Brainstorming
During the brainstorming session, the information obtained during the project was discussed with the
aim and objectives of the project in mind. The previous observations detailed in sub-chapter 4.1.7 Observations regarding the current system were also taken into consideration during this process. In
order to keep the discussion focused, an Ishikawa diagram was created and utilized together with a 5why analysis. The Ishikawa diagram was divided into four areas; in each area, a short paragraph of
each cause that was brought surface during the discussion was added in order to get a visual
representation of the process. The Ishikawa diagram is visualised in Figure 32.

Large amount of variants
Low degree of automation
No standardized work
Multiple responsibilities for operators

Human errors

Ineffective process,
with high LT and
low TH

Arbitrary production schedule

Large distances
Not all pallets have dedicated storage podiums
Lack of space
Transportation

Figure 32: Ishikawa diagram

The purpose of the brainstorming session was to find and select suggestions, within the scope of the
project, which would be appropriate to present at the Kaizen event. In total, two possible causes were
picked and analysed by utilizing the 5-why analysis, with the purpose of finding the root cause of the
formulated problem. The information obtained during this procedure acted as a foundation when
creating possible improvement suggestions. The result from the 5-why analysis can be seen in Figure
33.
High amount of
transportation

WHY?

Widley spread
manufacturing in
the workshop

WHY?

Lack of
understanding of
the impact of
transportations in
the workflows

Low degree of
automation

WHY?

No visualization
of possible
WHY?
benefits have been
made

No reliable data

WHY?

Lack of data
regarding
transportation

WHY?

Workflows has
not been
investigated
before

WHY?

Lack of longterm
prognosis

WHY?

No resources has
been utilized for
the investigation

WHY?

It has not been
prioritized

WHY?

Current
production goals
have been met

Figure 33: 5-why analysis

During the 5-why analysis, it became evident that several possible causes presented in the Ishikawa
diagram could relate to the same reason and question; these are joined together as one reason
answering several questions. Several suggestions were not selected as they are not included in the
scope of this project, although they likely would increase the efficiency of the system. These

44

2019-01-15

Arvid Antonsson
Gustaf Hermansson

School of Engineering Science

suggestions are presented in short in chapter 8.2 - Further studies. In the following sub-chapter the
compiled improvement suggestions based on the brainstorming session are presented.

5.3 Improvement suggestions
In total, three “what if” scenarios were produced and selected as appropriate suggestions to present at
the Kaizen event. This sub-chapter provide a brief overview of the selected suggestions that were
obtained during the brainstorming session.
The suggestions focus mainly on re-routing of workflows and the manual sub-assembly, thus creating
a more automated solution with the possible benefits of increased TH and reduced LT. The three
suggestions are presented in short in Table 4; where focus area, possible benefits and possible
problems that were discussed during the brainstorming session are listed.
Table 4: Suggestions for experiments and improvements

Suggestion

Main focus area

Possible benefits

Possible problems

Integrate an
automated solution
for the sub-assembly
in OP1

OP1 and OP2

Increase throughput, reduce
lead-time, increased level of
automation, increased safety
and decreased transportation.

Not available time in OP1.
Costly.

Integrate an
automated solution
for the sub-assembly
in OP1, OP3 and
OP4.

OP1, OP2, OP3 and
OP4.

Increase throughput, reduce
lead-time and increase the
level of automation.

Same amount of
transportations. Costly.

Create an automated
satellite
manufacturing cell to
replace the manual
sub-assembly.

OP2.

Increase throughput, reduce
lead-time and increase the
level of automation.

Transportation is still
necessary to OP2. Costly.

A more detailed picture including more information regarding the suggestions in Table 4 are detailed
in the following sub-chapter.
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5.3.1

Detailed improvement suggestions

Suggestion 1
The first suggestion aims at an integrated solution, where the manual sub-assembly station OP2, is
integrated into OP1, using an automated solution. It includes a re-routing of existing products, where
all products currently utilizing OP2 is re-routed to OP1. All the products that do not utilize OP2 and
are currently machined in OP1 are equally distributed between OP3 and OP4. An illustration of the
layout of the proposed experiment is shown in Figure 34.
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Figure 34: Illustration of the first improvement suggestion

The following list includes possible benefits with the solution:








Increased product quality
o Decreased human error factor
Decreased transportation routes and lifts per unit by 25%
Increased degree of automation
Creates free podiums in one FGI
Beneficial for the work environment
o Decreased number of transportations
o Eliminating repetitive movements for operators
Creates a free area and relieving two operators of their current tasks
o Due to the integration of OP2

The 25% decrease of operator transports would save approximately 62 SEK per produced pallet; the
calculation is based only on 450 SEK per hour in machining operator cost.
Following list includes possible disadvantages with the solution:



Possible need to rework OP1 in order to be able to machine new products
Initial investment for the automated solution
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Suggestion 2

The second suggestion is to integrate an automated solution for the manual sub-assembly OP2, into
OP1, OP3 and OP4, where all the products initial machining is unchanged. A smaller automated cell is
connected to each of the machining cells. An illustration of the layout of the proposed experiment is
shown in Figure 35.
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Figure 35: Illustration of the second improvement suggestion

Following list includes possible benefits with the solution:





Increasing the products quality
o Due to eliminating the human error factor
Beneficial for the work environment
o Eliminating repetitive movements for operators
Free space, relieving two operators
o Due to the elimination of OP2
Increased degree of automation

Possible disadvantages are included in the following list:



Integration with stations with a lower degree of automation
o May cause integration problems
Higher cost due to several more automated units

No economical input regarding transportation can be calculated. Some transportation are longer in this
suggestions, therefore there might be an increase in cost per pallet.
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Suggestion 3

The third improvement suggestion is a combination of suggestion 1 and the present solution; with an
increasing level of automation. An automated satellite station of the manual sub-assembly is built on
the floor space where the manual station currently is located. It includes a re-routing of existing
products, all products that need the sub-assembly, where the initial machining is performed in either
OP3 or OP4 is re-routed to OP1. Where all the products that do not need the sub-assembly and are
initially machined in OP1 are equally distributed between OP3 and OP4. For an illustration of the
improvement suggestion, see Figure 36.
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Figure 36: Illustration of the third improvement suggestion

Following list includes possible benefits with the solution:





Increasing the products quality
o Due to eliminating the human error factor
Decrease transportation routes and lifts per unit by 15%
Beneficial for the work environment
o Eliminating repetitive movements for operators
Creates free podiums in one FGI

The 15% decrease of operator transports would save approximately 53 SEK per produced pallet; the
calculation is based only on 450 SEK per hour in machining operator cost.
Possible disadvantages are included in the following list:



Increase the number of products machined in OP1
Needs investment for the automated solution
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Each proposal was evaluated by stakeholders and individuals with expertise in different areas of the
production; this was performed by utilizing a Kaizen event. The process is detailed in the following
sub-chapter.

5.4 Kaizen event
A Kaizen event was utilized in order to discuss the viability of the proposed suggestions and decide
which suggestion that should be further examined during the experiment phase of the project. During
the Kaizen event, individuals with the following expertise participated:







Project manager
Production technician
Machine operator
Logistic planner
Automation expert
Ergonomics and safety expert

Participants were informed about the purpose, the aim, the key factors and the participants expected
role during the event. The Kaizen event had the following agenda:






Presentation of background and problem description
Presentation of the current state using information obtained previously in the project
Presentation of the three different suggestions described in the previous chapter
A Brainstorming session
Decision-making regarding which improvement suggestion to evaluate

During the presentation of the current state, Figure 11 was presented, which initiated a discussion
mainly regarding the layout of Workshop A, where previous assumptions regarding the lack of longterm planning was confirmed to a certain degree. As demand increase, solutions need to be
implemented in a rushed manner, without the time or funding to properly evaluate the current state and
the long-term effects, often resulting in unnecessary transportation and storage.
During the brainstorming session, each of the different suggestions was assessed; participants were
asked to individually note their concerns and the possible benefits with each improvement suggestion.
When all of the suggestions had been presented and analysed individually, an open discussion was
conducted where participants gave their input regarding advantages and disadvantages, resulting in a
nuanced image regarding each of the three suggestions.
Both disadvantages and advantages with suggestion 1 was raised and discussed. The increased degree
of automation was unanimously considered to be positive, together with the decreased amount of
transportation and increased safety. Increased quality and better ergonomics were also deemed as
possible outcomes. The simplified layout was considered to be positive, making planning and
visualisation easier. However, a lot of concerns regarding the machine cells possibility to machine the
proposed variants were raised, since the machine cell currently lack the correct tools for machining of
both materials. Concerns regarding the vulnerability of the suggested workflows was also raised since
the two other machine cells would not be able to machine the specific variants that would be moved to
the new workflow. The machining cell was also deemed as being too slow in its current state to be
able to handle the increased number of variants. The main concern, however, were factors not included
in this project, such as the impact of other workflows and a new proposed layout for Workshop A,
which mainly included the addition of new processes.
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Regarding suggestion 2, advantages concerning higher flexibility, a possible decrease of WIP and the
ability to utilize a higher degree of automation were raised. As for safety and ergonomics, the
suggestion was considered to be beneficial due to the removal of manual assemblies. An issue
regarding available space was unanimously considered to be highly problematic since available space
is rare and the implementation of three automated solutions likely would require a large area. The
supply of materials was also considered to be problematic since materials would need to be delivered
to multiple locations. The same concern previously mentioned regarding the impact of other flows and
a new proposed layout of Workshop A was also considered to be of great concern.
During the evaluation of suggestion 3, several possible benefits were raised. The layout was
considered to make planning easier since material handlers would be able to operate the forklifts
supplying material to the suggested station. The possibility of decreasing the number of shifts was also
discussed as the automated solutions likely would be more efficient and not require an operator. If an
operator would be needed, the group unanimously agreed that an operator for another machine cell
would manage the task. Much like the other suggestions, the increased degree of automation and
safety were also considered to be positive. Some concerns regarding the flexibility of the system were
raised as the new cell would be the only cell capable of performing the process. However, the main
issue with the suggestion was the changes made regarding the flow of variants, as OP1 was considered
to be too slow and lack the correct tools for the task.
As previously mentioned, the Kaizen event revealed new information regarding the possibility to
change the layout of the workflows, where changes were considered to be impossible due to a new
proposed layout of Workshop A. This made all of the proposed suggestions un-viable, as the
suggestions were largely based on re-routing and layout changes. As previously mentioned, the aim of
the Kaizen event was to decide upon which suggestion that was fit for experimentation, thus being a
realistic solution meeting the objectives of the project. Therefore, a new improvement suggestion was
created during the Kaizen event with input from each participant. The suggestion is based on
suggestion 3, as it was considered to be the most viable option. The new suggestion is presented in
Figure 37.
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Figure 37: Illustration of the fourth improvement suggestion
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In the final suggestion, the manual sub-assembly is replaced with an automated cell which is supplied
with materials by dedicated forklift operators instead of machine operators. The pallet rack that
previously supplied the manual sub-assembly station OP2 is removed; which decrease the amount of
storage and transport. No changes regarding which variants being machined in each of the operations
are made. Possible designs for the automated cell were also discussed, where assumptions made
regarding process time and availability were discussed. The assumptions were made with input from
an automation expert as well as a former operator. In conclusion, the Kaizen event can be visualised as
shown in Figure 38.

Kaizen event
Multiple proffesions
Brainstorming

Experiments

Figure 38: A visualisation of the Kaizen event

During the Kaizen event and the bottleneck analysis, an interest was aroused to investigate how small
improvements in OP1 would impact the total system; since OP1 is the machine with the lowest
availability and is most utilized machine in Workshop A. A decision was made to perform one extra
experiment, with decreased process time and improved availability in OP1, without changing the
manual sub-assembly to an automated solution. In order to determine if a large investment in an
automated solution would be the correct first step.
In conclusion, this chapter details the experimental phase of this project, where the aim of finding
suitable improvement suggestions for further experimentation is described. First, a number of criteria
were set. Secondly, lean tools were used to find suitable scenarios fit for experimentation. As a result,
a final suggestion was selected during a Kaizen event. The following chapter describes both the
execution and the results of the experiments. A cost analysis is also included.
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6 Results
In order to analyse the chosen suggestion from the Kaizen event and the decision to improve OP1, two
separate experiments were conducted on two separate simulation models. More information about the
two experiments can be found in the following sub-chapters.

6.1 Experiment 1
In order to create the future state model for experiment 1, some new assumptions where necessary, the
assumptions are listed below:





All times regarding the transports by forklift remain the same in the future state
The automated cell has a decreased process time with 30% compared to the manual cell
The automated cell has no NVA time included
Operators from the surrounding machining cell re-stock material, without impact on the cell
or other operations in the system

All assumptions were discussed and validated with the project manager and an automation expert at
the company.
Overall, several changes have been made in the simulation model, the majority being simulation logic
and operator tasks. In the future state model, the operator does not transport the product away from the
machining cell, instead this is a task performed by designated forklift operators. The manual subassembly cell is re-designed with an automated solution, where the designated forklift operator is
loading the material being produced in the new automated cell.
To analyse the experiment model preparatory experiments were performed. The steady state analysis
and the replication analysis are illustrated in Figure 39 and Figure 40.

Figure 39: Steady-state analysis of experiment 1
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Figure 40: Replication analysis of experiment 1

By analysing the experiments, the warm-up time is set to ten days with a simulation horizon of 100
days. The number of replications that was needed was set to ten. In the following sub-chapter,
description of the second experiment is detailed.

6.2 Experiment 2
The second experiment is based on the bottleneck analysis, observations of the real system and the
simulation model; the experiment does not include any changes regarding the transportations or
manufacturing techniques in the manual sub-assembly. The changes that were made in the simulation
model are:



Decreased process times in OP1 by 5%
Improve availability in OP1 by 5%

The changes were made in an excel document and then mapped to the simulation model. There is no
visual change in the simulation model as the only performed changes are input parameters.
In order to analyse the results from the experiment, a steady state analysis and a replication analysis
were performed, the steady-state analysis and the replication analysis is illustrated in Figure 41 and
Figure 42.

Figure 41: Steady-state analysis of experiment 2
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Figure 42: Replication analysis of experiment 2

By analysing the experiments, the warm-up time was set to ten days with a simulation horizon of 100
days. The number of replications that was needed was set to ten. Following sub-chapters analysis the
results from the two separate simulation models.

6.3 Analysis of results
In order to properly understand and benefit from the performed experiments, an analysis of the results
is necessary. The following sub-chapters gives insights in where result-changes were noticed and
compares raw data together with softer values, such as ergonomics and work environment.

6.3.1 Output data
The raw data analysed is the TH of the entire system, where Table 5 contains a comparison of overall
TH of the conducted experiments.
Table 5: TH comparison between experiments

Experiment

TH

Current state
Experiment 1
Experiment 2

100 %
±0 %
+4,7 %

In the first experiment, the TH remained unchanged. In the second experiment, where a slight
improvement of the different process times and availability in OP1 were implemented, it was possible
to see almost a 5% increase in the overall TH. Experiment 1 originates from the third improvement
suggestion that was presented at the Kaizen event and is, according to the partner company, the most
viable choice for future improvement.
Experiment 2 is a scientific experiment and not based upon the Kaizen event. The foundation for the
experiment originated from speculation and analyses of the simulation model, where it became evident
that the bottleneck in the simulation model is the respective machining stations. The results can also be
seen as a test, where the importance of correct data is visualised. As changes made in the simulation
model greatly affect the output. The following sub-chapter will present information about the result in
regards to the operators.
Experiment 2 does not include any changes for operators, pallet racks or transportations, therefore the
results in the following sub-chapters only applies to experiment 1.
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6.3.2 Operator
With an automated solution for the manual sub-assembly, two operators would be free to perform
other tasks in the workshop. The automated solution would need restocking and the supply of material
by operators, but it would not necessarily need operators assigned to the station. The surrounding
stations can restock of material, which would create the opportunity for the operators to further their
own growth by learning new tasks within the company, which may encourage the human competence
and creativity.
The solution might also benefit the work environment and the ergonomic aspect for the operators, as
the manual sub-assembly OP2, is re-structured. Resulting in the removal of repetitive movements and
un-ergonomic procedures. There is arguably a potential benefit factor that the number of sick days will
decrease with the re-build.
Changes have been made in regards to the operator workload; the operator has decreased the number
of necessary transports in workflow A, B and C; in experiment 1 the operator only collect pallets and
places them into the machining cell, the operator never has to transport the products to another
location in Workshop A. This creates more time for actual machining and VA tasks, as well as the
possibility to explore the creativity of the operators.

6.3.3 Pallet rack
The need for a pallet rack in direct access to the automated cell would not be necessary as in contrary
to the current sub-assembly. The philosophy of the company is to never stop producing parts, even if
the machine next-in-line is down. Therefore the need for pallet racks is extensive throughout
Workshop A. With the automated cell, a reduction of lead time due to erasing of the pallet rack is
evident. Due to the simulation model logic and configuration of the supply chain, the lead time cannot
be measured. The logic is necessary to simulate as close to the real system as possible.

6.3.4 Transportations
In regard to the transportation, there are several changes; all traffic out from the separate machining
cells will be carried out by designated forklift operators. With the restructuring of the material
handling, the machined parts that need sub-assembly are loaded at arrival upon a conveyor system.
With this modification, the pallet rack before the manual sub-assembly is no longer needed, which
eliminates one transport and two lifts.
In the following sub-chapter, a recommendation for a future state is proposed based on the given
results and observations done during the course of the project.

6.4 Proposed future state
With the combination of Lean, simulation and observations, alongside research and previous
experience, the decision was made to promote an automated solution as a replacement for the manual
sub-assembly station OP2. The decision was not based upon the hard values gained from the
simulation model but rather on the improvement of the work environment and future predictions. The
automated solution would enhance the work environment for the operators, by an elimination of
repetitive movements, thus creating a more ergonomic and sustainable future. With the automated
solution, it comes naturally to implement industry 4.0 with the connection to the IOT, create smart
processes in line with the products. With the smart process, the possibility to implement automatic
gathering of data and increased measurability is also given. The management team predicts an increase
of products that will need the sub-assembly in the near future, which the automated solution might
ensure and make it possible for the company to secure their market leading place for years to come.
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In combination to the automated solution, continuously work with improvements of the existing
machines to prepare for the predicted increased demand, more information of suggested future target
areas can be seen in chapter 8.2 - Further studies. In the following sub-chapter, a basic cost analysis is
presented.

6.5 Cost analysis
The cost analysis is based on assumptions and information from the company. The reliability of the
result is questionable and should not be the only source of analysis if a future investment should take
place. The cost analysis only compares the operator cost for the manual station, towards educated
estimation of the total price to implement the automated solution.
The partner company has discussed the procedures with an automation company that delivers
complete packages and together drafted an idea of a layout; the layout includes a conveyor system for
loading and unloading of the pallets in combination with a pick-and-place robot for the material
handling. For the assembly, an assembly robot, hydraulic presses and a vision system for quality
control will be the foundation. The total price-tag for the automated solution is estimated to be 2.3
million SEK.
To compare the investment towards the existing manual sub-assembly station, some calculation was
needed. The station is operational 248 days over one year with two shifts working eight hours each,
with a cost of 450 SEK per hour. The cost for keeping the station manned was calculated to
approximately 1.785 million SEK a year. Therefore, the payback time will be set to approximately 1.3
years, which is far less than the three years that the partner company strives towards.
In this chapter, the results of the project have been presented. The information given in the chapter is a
result of all the previous work performed in the project, a cost analysis based on assumptions and the
results has also been presented. In the following chapter, a discussion regarding different aspects of
the project is detailed.
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7 Discussion
This chapter contains a discussion and an analysis regarding the projects execution, result,
challenges, methods and lessons learned. A short description of possible future areas of improvement
is also included. Sustainable development is discussed in terms of knowledge and insights gained
during the course of the project.

7.1 Execution of the project
The following paragraphs discuss the progress and execution of the project, including obstacles
encountered as well as obtained knowledge.
During the initial phase of the project, a large amount of time and effort was spent on planning; the
planning included an analysis which was performed in order to predict eventual threats and
weaknesses thought to adventure the success of the project. The analysis proved to be useful as the
targeted trouble areas proved to be actual problems during the course of the project. Although the
analysis proved to be useful, it did not identify weaknesses and threats that had the largest impact on
the project; namely the shortcomings of the simulation software FACTS, the expectations of
simulation as a tool, the complexity of the system and the future plans of the company, including the
rework of Workshop A. If more time would have been spent during the analysis, it is possible that the
trouble areas would have been identified, giving the opportunity to re-evaluate the conditions of the
project. More personnel could also have been involved in order to obtain a broader perspective.
Throughout the project, a project methodology was continuously developed. Initially, the methodology
had a different set of elements, as tools had to be added or removed during the course of the project
due to obtained knowledge. For example, the Ishikawa diagram and 5-why analysis were added during
the course of the project. From a project point of view, these insights gave the project members
valuable experience regarding the nature of projects in general; as new information discovered during
a project may affect the project plan, which increases the importance of having good planning and
flexible approaches with attention and willingness to quickly reassess method selections. The basic
outline of the method, where each step of the project is represented by a headline which is describing
each phase of the project, with sub-headings describing the various tools that should be utilized,
provided an excellent overview and visualisation regarding the intended progress of the project.
The initial belief was that this project mainly was going to concern the creation of a simulation model,
where the main insight and knowledge would be retrieved from the simulation models output data,
proved to be a simplification. Instead, the arguably most valuable insights were retrieved during other
activities, such as Genchi genbutsu and the Kaizen event. The philosophy where you cannot truly
understand a problem without actually go and see for yourself proved to be correct; since the input and
knowledge retrieved supported decision making in all phases of the project. The knowledge retrieved
when not being able to perform a VSM due to high variation and lack of time and data was also
important since it further strengthened the decision to evaluate the system using simulation, as well as
the contribution of important insights regarding the system and its shortcomings.
As previously mentioned, several different industrial engineering tools and methods have been utilized
during the course of the project. In the following sub-chapter, these tools and methodologies are
discussed and evaluated in terms of utilization and execution throughout this project.

57

2019-01-15

Arvid Antonsson
Gustaf Hermansson

School of Engineering Science

7.2 Methods and methodologies
In the following paragraphs, the different methods and methodologies used throughout the project are
discussed.
Generally, simulation is considered to be good at managing variation and complex systems; however,
it must be determined in advance if simulation is the correct tool for the task to be solved, as stated in
sub-chapter 2.3 - Simulation as a tool. From the beginning of this project, it was decided that
simulation was the tool that would be used primarily for system analysis. In retrospect, this can be
questioned, since no analysis of suitability has been performed before the start of the project. Before
the initiation of future simulation studies, the authors recommend the partner company to initiate other
projects revolving around the implementation of standardized work procedures and data collection.
Not only will this improve the processes, it will also simplify future creation and analysis of
simulation models.
The simulation methodology by Banks et al. (2010) proved to be important during each phase of the
project. Each step in the methodology, except the implementation, could be utilized during different
phases of the project. As described by Banks et al. (2010), the different steps have to be completed in
the correct order. This proved to be challenging during the project, as information is not always
available when needed, this particularly applied to the validation process, where a considerable
amount of time was spent on investigating if objective tests were possible. On such occasions, the
decision was made to temporarily depart from the methodology, and if possible, work in advance on
the next step. This was performed carefully, as it might be argued that instead of saving time,
unnecessary work might be performed. In some cases, even though it was performed with caution,
unnecessary work was performed. In conclusion, if the methodology had not been utilized the progress
of the project had been slower and less organized, which would have yielded a poorer result.
Throughout all of the different phases of the project, the utilization of the LeanSMO framework by
Goienetxea et al. (2015) contributed with crucial input and guidance. This is especially true during the
current- and future state analysis. During the course of the project, it became apparent that the use of
Lean or simulation separately would not have yielded an equally satisfying result as the combination
of the two methods provided. The methods complement each other in an excellent way; when the
different tools in Lean are not sufficient enough to handle large variety and very complex systems,
simulation can provide the necessary tools. At the same time, Lean complements simulation, as it
provides valuable input to the simulation model. The combination also increases the involvement of
all members of the simulation project, where simulation technicians participate in a larger part of the
project than they had otherwise; providing a better understanding of what to simulate, giving the
opportunity to create a better model of the system.
The project has involved a lot of different methods in all phases, with varying impacts and results. To
properly display the usefulness of the methods and methodologies in the different stages, Figure 43
was created. White colour means that it was not utilized during that phase. The evaluation follows
three different stages, based on the project methodology, which can be found in chapter 1.6 - Project
methodology.
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Figure 43: Evaluation of methods and methodologies used in the project

The simulation software FACTS has proven to be visual, with an easy interface and the ability to
quickly model workflows. However, input data needed to be formatted in order to be imported into the
simulation software. This proved to be a hard and time-consuming task, mainly due to the large
number of variants. Modelling of more complex logic did also prove to be challenging, which made
certain assumptions necessary that might not have been needed if more advanced software had been
utilized. Therefore, it is important to use software that is suitable. With this being said, some of the
problems that occurred during the project could likely have been avoided if the participants had had
more experience and time available during the project.
As a summary, throughout this chapter different methods and methodologies have been discussed and
evaluated. A matrix is also included, in which a rating of the methods and methodologies are
visualized. The chapter also includes different aspects of the project, where the author describes the
obstacles and lessons learned during the execution of the project as well as in retrospect. The project’s
contribution to sustainable development has also been discussed based on the information given in
chapter 1.7 - Sustainable development. In the following chapter, the conclusions are presented together
with proposals for future work.

7.3 Results
This chapter begins with a discussion regarding the results of different phases throughout the project
and continues with different aspects regarding the project's contribution to sustainable development.
The mapping of the current state is a satisfying result as it is presenting new and valuable information
to the company. The complex routing and the lack of available- or reliable data serve as important
insights as it highlights wastes and visualises potential future improvements.
During the creation of the simulation models, assumptions had to be made which is likely to have a
considerable impact on the results. This is important to take in to consideration if decisions are to be
based upon the results of the different simulation models. However, the current state simulation
models behaviour was continuously verified and validated by stakeholders throughout its creation,
which increases the probability of it being a "good enough" representation of the real system.
The initial belief regarding the manual assembly station, OP2, being the bottleneck of the system is a
contradiction to the results from the bottleneck analysis and the experimental phase of the project.
Instead, the current state simulation model indicates that OP1 is being the main bottleneck and OP3
and OP4 is being the bottlenecks of their respective workflows. This is considered to be a logic result
in terms of the given premise, where human behaviour is not taken into account during the process at
the manual assembly station OP2. In reality, the process time might be higher at OP2 due to this
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assumption. This needs to be considered if changes are to be made with the pure aim of increasing TH
and reducing LT.
During the experimental phase, the proposed suggestions that were presented were deemed to be
impossible to implement in the real system, as a new layout for Workshop A was brought to the
surface during the Kaizen event. As it was considered to be crucial by the project members to
experiment on scenarios that realistically could be implemented in the real system, a new scenario was
created during the event. The suggestion was implemented in Experiment 1, which did not show any
impact of the system in terms of TH. This is not surprising as Bicheno et al. (2006) state that reduced
processing time at a non-bottleneck has little to no value for overall system productivity.
As previously mentioned, insights and knowledge regarding deficits in the system were obtained
throughout the project, including the lack of standardised work, standardized set-up procedures and
faulty data regarding MTTR. In order to highlight the importance of providing the conditions for
continuous improvements in term of efficiency, an improved process was simulated in Experiment 2.
As a result, the efficiency was increased providing valuable insights for future work.
The cost analysis is based on a concept provided by the company with input from the project
members; it is lacking a deeper study of the functions needed in an automated cell, which is making it
a rough estimate. However, it is conceptualized with the help of an automation expert. In the future,
this estimate needs to be subject to a deeper analysis in order to be viable.
Throughout the project, the different aspects of sustainable development have been taken into
consideration. The adaption to a more automated process can arguably increase social sustainability
since workers are relieved of tedious tasks involving poor ergonomics. If the opportunities to learn
new things arise, workers will likely be given the opportunity to improve their skills and knowledge,
which may increase their quality of life. In terms of ecological sustainability, it is argued that the
integration of an automated solution and increased utilization of resources is likely to provide the
opportunity to reduce waste, which will reduce the strain on the earth’s resources, which in turn is
likely to increase the quality of life for future generations. On the other hand, an automated solution is
likely to consume more electricity. It is believed among the members of the project that knowledge
regarding weaknesses and problem areas in the current state is essential in order to, in a sustainable
fashion, reach economic sustainability. It can also be argued that a higher degree of automation is an
investment for future production capacity, which might ensure the company’s leading position on the
market, thus ensuring continued employment in the region. As mentioned in chapter 1.7 - Sustainable
development, this project will not directly affect the company's contribution to sustainable
development since no implementation has been performed. It is, however, a strong belief among the
members of the project that new insights have been gained which gives the opportunity to work
toward sustainable development in future projects. By proposing a more efficient process, emissions
and unnecessary use of resources can likely be reduced, while a greater profit can become a reality.
In this chapter a discussion regarding the outcome of this project and the tools that have been used has
been presented. In the following chapter the conclusions are presented together with proposals for
future work.
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8 Conclusions & further studies
In this chapter, the conclusions of this project are being presented based on work and results
performed in previous chapters. Recommendations regarding future work are also addressed.

8.1 Conclusions
The aim of the project was to analyse the targeted manufacturing workflows and propose a more
effective future state scenario. In order to achieve this, a number of objectives were set. In general, the
project's goals have been achieved, but the results and proposals of a future state are not entirely
satisfactory due to the new proposed layout of Workshop A. In the following paragraphs each of the
objectives are presented. References to the respective chapter are also given.


Create a clear picture of the present of the specific product workflow with the total TH and
waste visualised

The process is described in chapter 4 - Current state analysis. The process was mainly performed with
the use of time studies, Spaghetti diagram and Genchi genbutsu, which enabled the creation of a
conceptual model. The current state map is later used as input for the current state simulation model.


Perform a bottleneck analysis

The bottleneck analysis and its results are detailed in sub-chapter 2.10 - Bottleneck analysis. The
analysis was performed on the current state simulation model in FACTS. The results of the bottleneck
analysis are questionable since delimitations and assumptions can cause incorrect conclusions.


Define an improved future state scenario with increased TH and decreased LT, increased use
of resources, a higher degree of automation and a more efficient workflow, which can stand
the increased production volumes for 2019

The process of creating suggestions for a future state is described in chapter 5 - Experimental design.
The process includes brainstorming, Ishikawa diagram, 5-why analysis and a Kaizen event. The results
are detailed in chapter 6 - Results. Due to the fact that no data regarding LT has been collected during
the project, the results are not entirely satisfactory; instead, the proposed future state is believed to
reduce LT. Therefore, if implemented, it cannot be guaranteed that LT will decrease.


Deliver at least one simulation model of an improved future state scenario

One simulation model for each experiment has been created; the process is detailed in chapter 6 Results. In addition, each model used during the bottleneck analysis is delivered to the company.


With results obtained through simulation, perform a cost analysis regarding the production
cost per hour

By using estimations made by the company, a basic cost analysis has been performed. The cost
analysis is described in sub-chapter 6.5 - Cost analysis.
The extent of the project was set to several aims and objectives. Throughout the project, several other
problem areas were detected that the partner company did not list as targets areas. These observations
are shortly described in chapter 4.1.7 - Observations regarding the current system, which worked as a
foundation for chapter 8.2 - Further studies. This chapter concludes the work that has been done in this
project, the following sub-chapter addresses proposals for future work.
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8.2 Further studies
The company has declared an interest in future studies which include simulation and optimization. In
order to facilitate this work, resources should be placed on increasing the ability to log credible data,
as this likely would increase the credibility of future simulation models, while significantly reducing
the time needed for data collection. To dedicate resources to investigate the possibility to programme
the already used computer system, to gather data from other instances, as for example process times
and setup times and export the data to Excel. If the data could be stored in pre-programmed tables,
graphs and calculate both mean value and standard deviation, a tremendous amount of time would be
spared in the data collection phase. To further increase the credibility of future simulation models,
new software and education for onsite personnel should be considered. For the current state simulation
model developed in this project, the above-mentioned measures would probably increase its
credibility, thus increasing the accuracy of the future state model.
As a next step regarding the current state simulation model, optimization can be considered in order to
optimize the performance of the workflows. It would also be interesting to further study the automatic
data gathering, in order to further strengthen the data collection and increase the credibility of the
simulation model, future simulation models and overall data gathering. There are a computer system in
place which is not utilized to its full potential, due to a mixture of software programming issues and
the manual logging procedure.
One of the biggest obstacles in this project has been the scope of operations, where no clear workflows
or processes are clearly marked. Future work should focus on further streamlining workflows and
identifying weaknesses in existing processes; this is further strengthened by the experiments
performed in this project. Some of the suggestions have already been mentioned in chapter
Discussion7 - Discussion. One approach to investigate further, that is in line with streamlining and
identifying weaknesses, is to look into the standardized work procedure.
It has become evident during the project that the company lacks standardized work protocols for the
operators to follow, in almost every aspect of the studied systems. If standardized work protocols were
to be implemented, the possibility to adapt the single minute exchange if die (SMED) methodology
could be possible. With SMED, the setup times would most likely be decreased.
Workshop A is an old building where the company’s growth and re-structure over the years have
resulted in a shortage of space, hence, one of the company’s main concerns is the lack of space. This
has led to a layout where transportation is a major part and struggle for both the operators and the
production planners. If in the future, a rebuild of the workshop where reachable, it would be
interesting to create three flows, by conveyors, that delivers raw material to the Workshop from the
foundry. A previous research project at the partner company has constructed a solution where this
would be possible, if not for the shortage of space. A thought worth looking into are a ceiling
conveyor system adapted to a small space, created for utilization of the “air” above. Together with
vertical transportation methods, it would be possible to place the pallets on AGV. This would make it
possible to re-adjust the workflows workload and create synchronized manufacturing; which might
pave way for reduction of buffers throughout the system, thus decrease WIP and restricted equity.
Another focus area that is recommended for future studies is the number of variants and the problems
that it entails, such as high variability and large inventory. Decreasing the number of variants would
most likely increase the possibility to successfully implement more synchronised workflows, decrease
setup times and by default increase overall TH in the system.
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10 Appendix A – Assumptions Table
Following list present the assumptions made during the thesis.












There is an unlimited source of available pallets
Batch size is based on a weighted average batch size for all products
Only one pallet is transported at a time by a forklift
Each pallet always has a fixed amount of products
A operator never assists maintenance personnel during a machine breakdown
Buffers inside machine cells are not taken into consideration
Human behaviour is not taken into account (e.g. smoking, toilet or other types of breaks)
No defective products will be produced
A proportion table will be used to derive products from the foundry
Buffers and warehouses have estimated capacities
Forklifts have 100% availability
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Appendix B – SWOT analysis
The SWOT analysis was created in order to pinpoint and create the risk assessment found in chapter 1.
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11 Appendix C – Setup and Process times
Setup times (min)
Table 6: Results from interviews with the operators of OP1 regarding set up times

Lower
5
5
5
5

Operator 1
Operator 2
Operator 3
Mean

Mode
10
5
15
10

Upper
60
60
60
60

Table 7: Results from interviews with the operators of OP2 regarding set up times

Lower
5
5
5

Operator 1
Operator 2
Mean

Mode
5
5
5

Upper
10
10
10

Table 8: Results from interviews with the operators of OP3 regarding set up times

Lower
15
5
10

Operator 1
Operator 2
Mean

Mode
20
20
20

Upper
30
30
30

Table 9: Results from interviews with the operators of OP4 regarding Set up times

Operator 1
Operator 2
Mean

Lower
10
10
10

Mode
20
15
17,5

Upper
40
30
35

Process times (min)
Table 10: Results from interviews with operators of OP1 regarding quality control

Operator 1
Operator 2
Operator 3
Mean

Lower
5
3
5
4,33

Mode
40
10
15
21,67

Upper
60
30
60
50

Table 11: Non-value-adding time in OP2

Operator 1
Operator 2
Mean

Lower
2
2
2

Mode
5
3
4
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60
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12 Appendix D – Generic Visualisation of Workflows

Figure 44: Generic visualisation of workflows
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13 Appendix E – Excel Functions
Following list includes examples of used Excel functions.
=CONCENTATE(“text”;A2) – The concentrate function merge cells. It can be used in several
different combinations with other functions. When merging a string of text the quotation mark is
needed, if there is a numerical value from the cell, quotation mark is not recommended. This applies to
almost all functions in Excel.
=IF(logic_test;value_if_true;value_if_false) – Creates a logic question, used to sort between point of
entry in the model.
=AND(logic_test;logic_test) – Makes it possible to use several logic tests, most commonly used in
combination with an IF statement.
=IF(AND(logic_test;logic_test);value_if_true;value_if_false) – A combination of IF & AND
statement. In order to create several logical test in an IF statement.
=IF(AND(logic_test;logic_test);CONCENTATE(“True_text”;A2); CONCENTATE(“False_text”;C3)
– Creates an combination, it was used to check the data sheet and sort by mid- & small range products.
The creation of variants in a FACTS simulation model can be done in the save files XML-code by
open the file in notepad++. To be able to create the variant in the XML code, it is important to have
the correct string format; the string can be created in excel by usage of the previously mentioned
functions. It is important to remember that each variant has to have a name and identification number.
These numbers has to be specific for the variant.
To create such a string, a combination of two sheets in excel with a combination of functions
interacting together is needed. On sheet “Input” in the A column, the name of the variant is added.
Under the B column a short IF statement is created, with the purpose to add one number in a sequence.
This code starts on the second row: =IF(A3<>"";B1+1;""). It creates a list where each variant is
assigned a specific identification number.
On the second data sheet the following function string scan data sheet “Input” and combines the
values:
=IF(Input!A1<>"";CONCATENATE("<v:variant_name=""";Input!A1;"""";"id=""var";Input!B1;"""";
" length=""0.5"" width=""0.5"" units=""1"" />");"")
This string creates a string which can be pasted into notepad++, it is important to paste it under the
correct “sub-function” in the code. The string that will be pasted in notepad++ should look like:
<v:variant name="VAR_NAME_1" id="var1" length="0.5" width="0.5" units="1" />
To adapt data formation to fit in a table in FACTS, it is necessary to control the syntax. In the
BETA04 version, the separator between information is the @ symbol. It is also important to not have
any spaces in the code. Following example is used for implementing the different variants into the
source creation table.
{VAR1@10|VAR2@15|VAR3@10} - With this string pasted in “Source_Creation_Table” field, the
source will create 10 entities of VAR1, 15 of VAR2 and 10 of VAR3.
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