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ABSTRACT 

The aim of industrial production changed from mass production at the beginning of the 20th 

century. Today, production flexibility determines manufacturing companies' course of action. 

In this sense, Volvo Group Trucks Operations is interested in meeting customer demand in their 

assembly lines by adjusting manpower. Thus, this investigation attempts to analyze the effect 

of manning on the main final assembly line for thirteen-liter heavy-duty diesel engines at Volvo 

Group Trucks Operations in Skövde by means of discrete-event simulation. 

This project presents a simulation model that simulates the assembly line. With the purpose of 

building the model data were required. One the one hand, qualitative data were collected to 

improve the knowledge in the fields related to the project topic, as well as to solve the lack of 

information in certain points of the project. On the other hand, simulation model programming 

requires quantitative data. Once the model was completed, simulation results were obtained 

through simulation-based optimization. This optimization process tested 50,000 different 

workforce scenarios to find the most efficient solutions for three different sequences. Among 

all results, the most interesting one for Volvo is the one which render 80% of today’s throughput 

with the minimum number of workers. Consequently, as a case study, a bottleneck analysis and 

worker performance analysis was performed for this scenario. 

Finally, a flexible and fully functional model that delivers the desired results was developed. 

These results provide a comparison among different manning scenarios considering throughput 

as main measurement of the main final assembly line performance. After analyzing the results, 

system output behavior was revealed. This behavior allows predicting optimal system output 

for a given number of operators.  
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1 INTRODUCTION 

1.1 Introduction to Chapter 1 

The aim of this chapter is to introduce the investigation to the reader. Here, the main objectives 

of the study are presented through a background description, and consequently, the objectives 

and limitations are set. Furthermore, the methodology selected for the project is explained. The 

chapter ends by revealing the thesis structure.   

1.2 Background Description 

Volvo was founded as a manufacturing company by Assar Gabrielsson and Gustaf Larsson in 

1927 when its first automobile was manufactured in Gothenburg (Sweden). The following years 

Volvo trucks and buses reached the market allowing the expansion of the Volvo brand outside 

of Sweden. Since then, the company has grown and today it is a multinational corporation that 

has approximately 100,000 employees, products in more than 190 target markets, production 

facilities in 19 countries, 10 business areas, and 3 truck divisions. (“About us - About us : Volvo 

Group Global,” 2015) 

One of the Volvo truck divisions is the Group Truck Operations (GTO), the manufacturer of all 

Volvo, Renault, Mack, and UD trucks which is also responsible for Volvo Group’s engines and 

transmissions fabrication. Among Volvo GTO facilities, one powertrain facility is located in 

Skövde (Sweden) and produces heavy-duty diesel engines conducted in production lines for 

several applications such as trucks, construction equipment, industrial engines, and marine 

engines. Volvo GTO Skövde production lines comprise several parts. Among these, assembly 

lines stand out because of their complex management. These assembly lines adapt the 

production rate to meet the changing demand by following the lean manufacturing approach.  

Volvo is interested in investigating the effects of manning changes in the main final assembly 

line for thirteen-liter heavy-duty diesel engines (HDE13). The current manning situation of this 

line is difficult because of the variability and unknown bottlenecks of the system, which leads 

to performance losses. For that reason, Volvo would like to build a virtual decision support 

system that makes use of a simulation model to define the best manning for different production 

levels. Among all the simulation tools, discrete-event simulation (DES) is the most suitable for 

modelling this problem. Basically, DES is the simulation tool that reproduces the behavior of 
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the real system under study only at discrete set of points —this will be explained in detail in the 

following chapters— (Banks, 2009). Accordingly, this project analyzes HDE13 of Volvo GTO 

in Skövde by means of DES. 

1.3 Research Aim and Objectives 

The aim of this project is the investigation of the workforce effect to find the most efficient 

manning scenarios. This research can be further refined into the following objectives: 

1. To create a theoretical base for the work through a literature review in the field of 

simulation, assembly lines and walking workers (WW). 

2. To carry out a literature research in the field of simulation, assembly lines and WW. 

3. To develop a simulation model of HDE13. 

4. To investigate the effects of different workforce scenarios as well as finding and 

analyzing the most efficient manning scenario. 

5. To perform bottleneck analysis of the most efficient manning scenario that yields 80% 

of the today’s throughput per hour (TH). 

1.4 Research Exclusions and Boundaries 

This project is focused on HDE13 of Volvo GTO in Skövde. This assembly line starts after the 

final inner assembly line and it is assumed that, from this point onwards, there is no lack of 

engines. Although HDE13 assembles several types of engines, this project is only focused on 

Euro5 and Euro6 engines. 

The development of a simulation model usually implies a simplification of the reality. 

Moreover, lack of all detail or future information about the real assembly line involves 

assumptions. These issues are explained in further detail in Chapter 4. 

1.5 Sustainable Development 

Sustainable development is defined by satisfying the present necessities without compromising 

the living of future generations. In its broadest sense, it is aimed at promoting harmony and 
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balance among human beings and nature. The pursuit of sustainable development requires a 

whole system in equilibrium: a political system that secures citizens to be active, a balanced 

economic system, a production system that respects the environment, a technological system 

that strives forward and looks for new sustainable solutions, an international system which is 

fostering sustainable patterns of trade and finance, and a flexible administrative system that can 

judge, evaluate, and correct itself if needed. Sustainable development requires seeing the world 

as a whole —i.e., a system that connects both space and time. However, it is our entire 

responsibility to achieve this in the forthcoming future, as Imperatives (2016) stated in his 

report Our Common Future. He showed that, although laws and rules for toxic and material 

usage are approved by politicians and governments, everyone is still responsible for 

implementing sustainable development (Imperatives, 2016). 

Volvo Group works with a Corporate Social Responsibility and sustainability model based on 

the United Nations Global compact principle. A total number of 17 sustainable development 

objectives were adopted by the United Nations General Assembly in September 2015 (Volvo 

Group, 2015) (Imperatives, 2016). Specifically, HDE13 of GTO is connected to sustainable 

development by following the regulations for assembly works in the Swedish environmental 

code (Regeringskansliet, 2000). 

As explained in section 1.3, this project is focused on the investigation of the workforce effect 

to find the most efficient manning scenarios. This is related to sustainable development, as an 

attempt to employ only the resources needed in HDE13. Furthermore, the three pillars of 

sustainable development (economic, environmental, and social) are met in this thesis. The 

economic effect of this project will be to save money in Volvo Group by reducing the number 

of line operators. The project's environmental aspect is related to the search for the most 

efficient manning scenarios. This led to reduced engine lead time (LT) on the line and, 

consequently, also reduced the needed energy for engine assembly. Moreover, this project 

enabled the company to meet the customer demand without overproducing engines, a basis in 

the pillar of social responsibility. Consequently, the present thesis project helped Volvo to meet 

the criteria of sustainable development and its application will hopefully succeed in future 

states. 
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1.6 Research Methodology 

From the viewpoint of the research concepts, this chapter attempts to ease the understanding of 

the selected methods for the project. 

1.6.1 Theoretical Methodology  

Taylor et al. (2015, p. 3) define methodology as “the way in which we approach problems and 

seek answers”. In other words, methodology is a tool for explaining how a problem or a research 

question is systematically answered. The aspects of a research can be classified as the 6 Ps and 

they are: purpose, products, process, participants, paradigm, and presentation. In every research 

project these aspects have to be considered and here it follows a short explanation of the terms 

defined by Oates (2006): 

 Purpose defines the reason, the importance, and the interest topics of the research 

questions. 

 Products is the research outcome, the individual contribution to the field of study by 

answering the questions.  

 Process is the sequence of activities undertaken in a research project. For the 

categorization of a process as rigorous, the process should be systematic and precise 

 Participants includes everyone directly or indirectly involved in research. Paradigm is 

the pattern or way of thinking of a group. In the research context, several paradigms are 

appreciated when different academic communities have different opinions about the 

questions to ask and the process of answering them. 

Presentation consists in presenting the research done in a professional manner to the target 

audience. There are two kinds of research: qualitative and quantitative. On the one hand, the 

quantitative type uses quantitative data (structured and numerical data or measurable evidence 

mainly generated by experiments and surveys), deductive logic, confirmatory investigation, and 

is driven by a positivist and objectivist philosophy. On the other hand, the qualitative type uses 

qualitative data (unstructured and non-numerical data generated by case studies, action research 

and ethnography), inductive logic, exploratory investigation, and is driven by a 
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phenomenological, social-constructivist, inter-subjectivist and interpretivist philosophy. 

Frequently-used qualitative analysis methods include interviews and observations. On the other 

hand, quantitative analysis methods are based on surveys. Mixed methods research has recently 

been regarded as outstanding due to its benefits, as it combines both quantitative and qualitative 

methods. Mixed methods research is a methodological pluralism that provides better 

understanding of research problems and complex phenomena than mono-method research 

through a broader prospect (Bazeley, 2002; Makrakis & Kostoulas-Makrakis, 2016; Oates, 

2006; Molina-Azorin & Cameron, 2010) 

Observation is a scientific method for data collection. If it follows research purposes, it is 

systematically planned and recorded, and its validity and reliability are tested (Kothari, 2009). 

There are two types of observations: participant and non-participant observations. In the latter 

(naturalistic observations), researchers interfere in the researched group as little as possible, 

whereas in the former, researchers participate in the observed group to record observations. 

(McBurney & White, 2009) 

Interviews are a data collection strategy used across many disciplines based on questions 

formulated by the interviewer and the interviewees’ answers to these questions. There are two 

kinds of interviews: unstructured and semi-structured interviews. Semi-structured interviews 

are scheduled activities which follow a general script and cover a list of topics. In contrast, 

unstructured interviews are not scheduled and follow no template. (Bernard, 2011; DiCicco-

Bloom & Crabtree, 2006) 

Surveys are a method in which a questionnaire is sent to the target audience. Questionnaires are 

a data gathering tool in which people are requested to answer the same set of questions in a pre-

determined order. (Gray, 2013) 

In summary, there are several research strategies to tackle problems and to seek answers. These 

strategies combine qualitative and quantitative aspects such as: qualitative analysis and data, 

qualitative analysis and quantitative data, quantitative analysis and qualitative data, and both 

quantitative analysis and data. In the first case of these four combinations, data is analyzed from 

direct observations, interviews, and written documents (Patton, 2005). Qualitative analysis of 

quantitative data tries to find a meaning in the quantitative data obtained. Quantitative analysis 

of qualitative data transforms different kinds of abstract information into numbers making a 
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detailed analysis of the available information. Quantitative analysis of quantitative data regards 

numerical or statistical analysis of numerical data (Bernard, 2011). In this project, all of these 

research strategies will be used with the exception of qualitative analysis of quantitative data. 
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1.6.2 Practical Methodology  

This project followed the methodology presented in Figure 1. It is a combination of “steps in a 

simulation study” (Banks, 2009) and the research methodology presented by Oates (2006). 

Qualitative data

Quantitative Data

Aim and Objectives

Data collection
Frame of 

Reference &
Literature 

Review 

Semistructured  
& unstructured 

Interviews

Participant 
Observations

Create a model 
conceptualization

coding the 
complete model

Verified?

No

Validated?

No

No

Yes

Design and 
run 

experiments

Experiments 
analysis

More 
runs?

Yes

Documenting 
and reporting

Yes

No

Data from 
Avix 

Data from  
Duga

 

Figure 1. Project Methodology 
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The first task is to identify the problem in Volvo GTO and, consequently, to define the aims 

and objectives of the project. Moreover, the exclusions and boundaries of the project are 

defined. 

The next step is to collect data. Some quantitative data will be provided by production engineers 

in Volvo GTO and from both AVIX software and DUGA. However, due to the lack of 

information in some points of the project, two qualitative methods will be used: participant 

observations, and semi-structured and unstructured interviews. Participant observations will be 

developed by measuring the processing time at a workstation. Observation will aim at 

generating a statistical distribution of the time that the operator needs to fulfill all tasks in that 

station. With regards to the interviews, both semi-structured and unstructured interviews will 

be performed. Whereas scheduled interviews took place in meetings with Volvo personnel 

(managers, engineers, maintenance, and operators), unstructured interviews will be conducted 

by extemporized meetings and open conversations just with operators. In order to acquire the 

needed knowledge to carry out this study, theories and subjects related to the project's context 

will be investigated (see Chapter 2). In addition to this, research on the topics of the project will 

be carry out to obtain further information about similar projects that were already solved by the 

scientific community (see Chapter 3). The main information sources will be course books, 

scientific publications, and other theses.  

Once enough information is gathered to create an initial model, the development of the model 

that analysis and simulates the behavior of HDE13 started. This process took model limitations 

and purposes into consideration. At this stage, a basic model of the line will be programmed 

with the help of mathematical and logical system relationships. It will be fundamental to begin 

modeling as simple as possible and increase its complexity step by step to minimize 

programming mistakes. As soon as all the needed features had been added, it will be time to 

code the full model of the whole line based on the previous initial model. This model will be 

built in the computer application Tecnomatix Plant Simulation. 

The next step is verification, defined by Law and Kelton (2000) as the process which tests if 

the conceptual simulation model has been correctly programmed —e.g., debugging the 

simulation computer program. Furthermore, Law and Kelton (2000) also defined the following 

stage, validation, as the process of checking if the simulation model is a precise representation 
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of the system under study. This model will be validate comparing the system output given by 

the simulation model with the historical data of the real production line HDE13 (for further 

information about verification and validation see subchapter 4.7). 

As soon as modeling, verification, and validation processes are finished, the experimental stage 

took place. At that point, an optimization engine will be used to analyze system responses along 

time under different inputs under repeatability and regularity conditions.  

After the experiments are run, the results will be analyzed in two sub-stages. Firstly, analysis 

of quantitative data which included measuring the output. Then, analysis of the provided 

qualitative data with an interpretation of the results used to draw basic conclusions. Complete 

analysis determined whether additional replications will be needed and gave us information 

about the scenarios' performance. Finally, the project will be documented.  

To ensure the progress of the thesis work, bi-weekly meetings are scheduled with supervisors 

from both the University of Skövde and Volvo GTO. However, more meetings will be 

eventually needed in order to understand the details of the real-world problem. 

1.7 Thesis Structure 

1.7.1 Contents 

Here follows a description of the thesis structure and outlines the forthcoming chapters: 

1. INTRODUCTION. This chapter introduces the problem to solve and provides the 

reader with a general outline of the following sections.   

2. FRAME OF REFERENCE. This section provides the reader with a deeper 

understanding of the studied area. 

3. LITERATURE REVIEW. This section evaluates previous research in the area. 

4. SIMULATION MODEL DESIGN. This part describes the real production system 

focused on the assembly flow line, modelling, and the simulation process developed in 

this thesis. 
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5. EXPERIMENTS. This chapter specifies the experiment run, describing the manning 

scenarios taken into consideration. 

6. OPTIMIZATION RESULTS AND ANALYSIS. This chapter reveals the optimization 

results obtained for each scenario. Next, an analysis of the most interesting results as 

well as the influence of both the operators and stations is also included. Finally, a case 

study is presented. 

7. DISCUSSION. This section is a reflection of the authors. 

8. CONCLUSION AND FUTURE WORK. This chapter underlines the most significant 

results and ideas. Furthermore, new directions for working on this topic are proposed. 

Depending on reader’s previous experience in simulation and optimization, there are different 

chapters recommended in the report (see Table 1. Recommendations for readers). Also, an 

oversight of report structure is shown in Figure 2. 

Recommended reading Chapter 

Readers familiar with simulation 1, 4, 5, 6, 7, and 8 

Readers not familiar with simulation 1-8 

Readers interested in the effect of manning 6 & 7 

Table 1. Recommendations for readers 
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1.7.2 Organization 

The connections between the quoted chapters are defined by the following structure hierarchy: 

 

Figure 2. Structure hierarchy 

The Introduction section provides the reader with insight of the project aims and objectives. 

This understanding will be reinforced with the help of both the Frame of Reference and 

Literature Review sections. Then, HDE13 together with its simulation is described. Following, 

the results from the experiments are presented, as well as the experimentation process and 

analysis of the results. Next, a discussion and reflection of the authors looking at the 

introduction of the thesis is presented. Finally, the conclusion details the extracted ideas and 

statements from the whole project, as well as it proposes lines for future work that can be 

extended from this project.  
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2 FRAME OF REFERENCE 

2.1 Introduction to Chapter 2 

This Chapter aims to explain the theories and subjects that are connected to the areas of the 

project as well as to create a base of knowledge. These areas are simulation, assembly lines, 

variability, line balancing, bottleneck, workers and flexibility, simulation-based optimization, 

and multi-objective optimization. 

2.2 Simulation 

Pegden et al. (1995) defined simulation as “the process of designing a model of a real system 

and conducting experiments with this model for the purpose of understanding the behavior of 

the system and/or evaluating various strategies for operating the system”. Also, they define 

model as “a representation of a group of objects or ideas in some form other than that of the 

entity itself” and systems as “a group or collection of interrelated elements that cooperate to 

accomplish some stated objective”. 

The previously-defined concepts are the basis of the present chapter, which led to the field that 

are further studied in this project: simulation of models representing real-world systems. 

Although most systems are a mixture between both discrete and continuous characteristics, in 

practice they can be classified as either discrete or continuous systems (Law and Kelton, 2000). 

While a continuous system is the one whose state variables change continuously along time, 

state variables in a discrete system change only at a certain set of points in a period of time due 

to instantaneous events (Banks, 2009). Since the model simulated in this project changed its 

state variables only at a discrete set of points in a given period of time, the rest of the document 

is focused on DES. DES models are commonly analyzed numerically and consist in running 

(solving) mathematical models by computational procedures due to the huge amount of data to 

be stored and manipulated. Hence, the more powerful computers are, the more effective DES 

is (Banks, 2009; Law and Kelton, 2000). 

The design simulation experiment step has to include the length of the simulation run, length 

of the warm-up period (if needed), replications numbers, and the initialization of variables for 

each simulated scenario. Thus, two analyses can be required in this stage. On the one hand, the 
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needed replications numbers depend on simulation model variability. Therefore, if results are 

invariable, no replication analysis is needed. On the other hand, warmup period analysis 

depends on the type of simulation. Regarding output analysis, a simulation can be classified as 

either a terminating or a non-terminating simulation. Whereas in a terminating simulation a 

natural event specifies the length of each replication, in a non-terminating simulation no natural 

event specifies the length of each replication. In a non-terminating simulation, the system's 

steady-state behavior should be analyzed through a warm-up time analysis and simulation 

length is defined by how long it takes to obtain a representative steady-state sample of the 

model.  (Law and Kelton, 2000) 

As Williams (2014) stated: “Manufacturing applications were among the first, and are now 

among the most frequent and most beneficial applications of simulation”. The reason behind 

this fact is that there is a wide range of projects that simulation is currently able to face, which 

range from machine selection to the implementation of material handling systems, as well as 

data analysis, bottleneck analysis, line balancing, personnel selection, production scheduling, 

buffer sizing, and dynamic effect evaluations.  

To sum up, this study is based on a DES of a manufacturing system. This is a tool that allows 

testing interventions and adjustments in the manufacturing process, including individual sub-

processes with the best possible efficiency. (Berner et al., 2013) 

2.3 Assembly Lines 

An assembly line is the physical place were prefabricated parts are used to assemble a finished 

product. An assembly system could just consist of a simple conveyor belt that carries products 

to some workstations or complex feeder belts that carry prefabricated parts to multiple 

workstations. (Groover, 2014)  

Assembly lines can be found in many configurations such as single model assembly, mixed 

model assembly for make-to-stock, and mixed model assembly for make-to-order, batch 

assembly, postponement assembly, one station assembly, and robotic assembly. The main ones 

are defined next: 
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 Single-product assembly line: this type is used to produce one kind of product. Work 

load does not change over time, so it is used when product demand holds constant. 

(Amini Malaki, 2012) 

 Mixed-production assembly line: this configuration assembles several kind of products 

classified into families, so it is used when product demand is variable. (Amini Malaki, 

2012) 

 Multi-model batch production lines: this kind is used for multiple different products or 

product-families with significant differences in processing which are assembled in the 

same line. In this case, to be less time-consuming and cost-effective, products are 

assembled in batches. A batch production requires some extra effort, since lot-sizing, 

scheduling problems, and complex balancing problems must be taken into 

consideration. (Amini Malaki, 2012) 

Fixed sequences of operations with manual and automated tasks have been used in industry for 

a long time. At the beginning of the 20th century, Henry Ford produced cars with the help of 

assembly lines and mass production. Assembly lines are always in development and researchers 

are continuously looking for innovative practices to improve the line feeding process. This has 

led to new line feeding models which have been recently introduced to challenge the 

performance of the “line stocking” traditional feeding mode. Among all the known models for 

assembly line feeding, three main models are used nowadays: continuous supply, batch supply, 

and kitting supply. The first provides material constantly, while the second provides material 

by lots. On the other hand, kitting supply collects items to be used in final assembly operations.  

(Hanson and Brolin, 2013) (“What is an Assembly Line?,” 2016; D. Holz et al., 2015) 

The importance of kitting stations increases when production shifted from mass production to 

product customization. In this model of assembly line feeding, the kitting station operator picks 

empty containers and places the items contained in the kitting stations inside the containers. 

Then, the containers are transported when is needed. They are usually transported by kit-carts 

from the kitting area to the assembly area. Once the items are in the assembly area, there are 

two main strategies. In the first one, the kit-cart transports the items along the assembly stations 

that need the items. In the second one, the items are collected in a box which is next to the 
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assembly stations. Finally, empty containers are returned to kitting area and reused again. This 

is a cyclical process. (Balakirsky et al., 2012) 

Material is in almost constant motion in assembly lines. Therefore, material handling equipment 

is required in this production area. Material handling equipment can be divided into four 

categories: material transport equipment, storage systems, unitizing equipment, and 

identification and tracking systems. Regarding material transporting equipment, the automated 

guided vehicle (AGV) stands out. An AGV is a computer-controlled (unmanned) mobile 

vehicle that follows floor markers or wires. There are two main types of AGVs: load-carrying 

and load-towing AGVs. On the one hand, the former load the weight on themselves. On the 

other hand, the latter load the materials on a wagon. AGVs are recommended for long horizontal 

distance transports, when multiple destination points are used, and in case of dangerous 

transportation. (Bookbinder and Kirk, 1997) 

2.4 Variability 

When a system contains any source of variability, its output will vary depending on the system's 

parameters. Regarding production lines, it is important that the production line is able to meet 

the demand. Therefore, a production line that yields the same average output with less 

variability is more desirable (Tan, 1997). Concretely, variations in manufacturing processes are 

typically divided into two main kinds: random and assignable types. On the one hand, random 

variations appear in normal statistical distribution and, when they do so, the process is said to 

be in statistical control. Random variations are hard to avoid because of several factors such as 

inherent human variability operation cycle for operation cycle. On the other hand, assignable 

variations take place when something differs from normal operating conditions. Assignable 

variations could be caused by operator mistakes, defective raw materials, tool failures or 

equipment malfunctioning. (Groover, 2014) 

Among the different existing methods to check the variability of an industrial system, the one 

performed in this project belongs to time studies. Time studies analyze how operations are 

performed. For a successful study, it is essential to determine measurement's starts and stops as 

precisely and accurately as possible. In a manufacturing environment, one example of time 

study that analyzes variability would be the one referred to a workstation. The goal would be 
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to find a distribution of the station cycle time that displays how the manufacturing process 

varies per cycle. These methods begin measuring several cycle times. Afterwards, 

measurements are used for further applications such as the calculation of the mean value and 

standard deviation of station cycle time. Thus, a statistical distribution of station cycle time can 

be obtained from the obtained statistical parameters. (Olhager, 2000) (Bardh and Abelsson, 

2006) 

One parameter for testing the effect of variability on a given system is the effective process 

time (EPT) at a workstation. This is defined as the total time “seen” by a job at a station (Hopp 

and Spearman, 2008). EPT is determined by combining all variability effects into one aggregate 

standard measure of variability. According to the authors, there are three kinds of variability 

depending on the coefficient of variation (CV) CV=σ/τ, where σ denotes standard deviation and 

t denotes the mean. Note that they can be low if CV < 0.75, moderate if 0.75 ≤ CV ≤ 1.33, and 

high if CV ≥ 1.33. The distribution of the low variability class follows a normal distribution, 

where process times are very unlikely to be extremely long. In the distribution of moderate 

variability case, the most likely times are lower than the mean. Finally, the distribution of high 

variability is almost all the time below the mean. 

The most predominant sources of variability in manufacturing systems are: natural (processing 

time fluctuations because of the system's inherent variability), preemptive outages, unscheduled 

downtime (breakdowns), non-preemptive outages, scheduled downtime (setups), and rework. 

Natural sources of variability comprise operator-related natural sources. This kind of variability 

appears frequently in manual systems such as manual assembly lines. However, the natural 

process time in most systems belongs to the low variability class, since CV < 0.75. On the one 

hand, preemptive outages can reach the moderate variability category if frequent shorts outages 

occur, or even high variability if infrequent long outages happen. On the other hand, variability 

effect in non-preemptive outages is lower than preemptive outages. Nevertheless, when the 

system involves both preemptive and non-preemptive outages, standard deviation increases and 

reaches high values, which denotes very high variability. Finally, the effect of variability in 

EPT from rework is similar to non-preemptive outages, as the situation is equivalent. (Hopp 

and Spearman, 2008) 
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In order to handle the variability issue, buffers are the most common solution. A buffer is a 

storage area placed between two processes whose production rates are significantly different. 

Buffer placement in production lines is a well-studied problem and is still relevant today. It is 

a matter of concern where and how many buffer placements should be located in a production 

line, as this decision can make a big difference in system output. The following is an example 

of how buffers are a useful production component: a system with two processes in which a 

faster first processing feeds a slower second one. In this case, the production rate differs and a 

buffer placed between these operations could temporarily store the output from the first 

machine. (Groover, 2014) 

2.5 Line Balancing 

Line balancing is the process of balancing the amount of work performed at each station. Its 

goal is to share workload among all stations equally. When the processing time of the stations 

in one line differs, the rate of production depends on the slowest station and, consequently, on 

the slowest operator (in the case of manual assembly lines). Accordingly, the aim of line 

balancing is to eliminate or reduce bottlenecks and excess capacity. (Groover, 2014) 

The balancing process consists in leveling and assigning working operations in workstations 

and even out of the workload. Therefore, all the operations in a production line would manage 

the same amount of work. In short, line balancing is a tool that helps to improve the TH of 

production lines and reduce costs and manpower requirements. (Zupan and Herakovic, 2015) 

When further analysis is requested, the concept of line balancing can be completed with a 

Yamazumi chart. A Yamazumi chart (or board) shows stacked bars with the cycle time of a 

given process. The different tasks of the processes are represented in a stacked bar chart that 

can be categorized as either value added, non-value added, or waste. The time that it takes to 

complete each task should be measured and displayed using bar charts. Then, all the processes 

are represented for comparison purposes. (Sternatz, 2014) 

In order to check line efficiency, a measurement of the total idle time on the manual assembly 

lines is given by balancing efficiency Eb. This is defined as the total work content time divided 

by the total available service time at a given line. With a perfect balanced line, the balance 
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efficiency yields a value of 1.00. For balanced assembly lines, line balancing efficiency ranges 

between 0.90 and 0.95. (Groover, 2010) 

2.6 Bottleneck 

In production lines, bottleneck(s) is the station(s) or process(es) that limits the line productivity. 

Bottlenecks can be classified into three different categories: simple bottleneck, multiple 

bottleneck and shifting bottleneck. Simple bottlenecks are those in which only one station is 

limiting the production flow, whereas multiple bottlenecks are those in which more than one 

station is limiting the productivity. In both aforementioned cases, bottlenecks are constant 

throughout time, while in contrast, shifting bottlenecks are those in which the bottleneck 

stations shift over time. (Lima et al., 2008) 

2.7 Workers and Flexibility 

Due to the current world's wide interconnections, both local and national market competition 

have leveled up to a global one which threatens outdated businesses. Therefore, being as 

efficient as possible is not just an issue of increasing benefits, but a survival requirement 

nowadays. With regards to the manufacturing industries, efficiency and flexibility are related 

each other. The present product customization generates fluctuations in customer demands 

which make system adaptability essential to overcome it. (Fogliatto et al., 2012) 

This flexibility follows the principle of lean manufacturing and the multi-skilled employee is 

one of its fundaments (Małachowski and Korytkowski, 2016; Wagner et al., 2015). Focusing 

on assembly lines, this cross-training has allowed new workforce distributions that lead to 

increased versatility in assembly lines. 

2.7.1 Workers Distribution 

Against the classical assembly flow line theory which assigns each operator to each workstation 

in the line —i.e., fixed workers (FW)— the main other alternative is WW. On the one hand, 

FW assembly lines are those in which partially assembled products are transported between 

stations by handling systems and operated by workers who only master the skills needed to 

work his/her station. On the other hand, WW assembly lines are those in which each worker 
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travels downstream with an unfinished product along the line and stops at each station to carry 

out the assembly work as scheduled. (Lassalle et al., 2007; Wang et al., 2005) 

2.7.2 Human Variability 

Theoretically, all workers are expected to work as evenly as possible in order to reach a 

balanced and continuous production flow. However, reality is different. They have a natural 

variability because of their human condition, but scenarios in which there may be changes in 

demand and the employee might be absent at some point can also cause irregularities. This 

randomness has a greater impact on assembly lines and the usual solutions for FW distributions 

are buffered stations and production lines operated in an on/off manner to level the production 

rate. However, this effect can be smoothed in WW lines by adjusting the number of operative 

workers in the line, this being a more flexible system (Wang et al., 2008). In addition, blocking 

is an issue in both of them, but some differences can be found. The second solution implies a 

lower work in progress (WIP), easier line balancing, improved worker accountability and 

robustness, and workers cannot starve because of lack of work. In spite of these advantages, 

there are some disadvantages such as significant worker training and possible excessive 

pressure on workers due to high processing time. (Alzuheri Atiya, 2010; Pehrsson et al., 2013) 

2.7.3 Competences 

Once the benefits of WW over FW have been highlighted, the main reason why assembly lines 

are not updated from FW to WW is the lack of abundant literature about WW, apart from cross-

training requirements. Training is a hard task with several points to take into account: training 

can be developed by a single department or among departments, not all employees have the 

same learning capacity, the required skills can be either categorical (they are either possessed 

or not possessed) or hierarchical (they are performed at different levels) (Olivella and 

Nembhard, 2016). Hence, when assembly lines are designed, profits and investments have to 

be considered. Thus, a different distribution has emerged to fix the weak points of both 

previously-commented two methods. The remaining alternative is having multiple multi-

function workers serving parts of a u-shaped line. This is a combination of WW and FW 

strategies in which each worker operates a delimited set of machines every cycle time. 

Therefore, compared to WW, this distribution reduces training requirements and can still 
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respond to demand fluctuations by increasing or decreasing the number of workers. (Nakade 

and Ohno, 2003) 

2.8 Simulation-Based Optimization  

When a simulation model is analyzed, the ultimate goal is to find the combination of input 

factors that renders optimal outputs. Simulation-based optimization is an iterative process that 

—for all possible solutions— finds the optimal system settings without explicitly evaluate each 

possibility. Basically, in this process an optimization algorithm supplies input parameters to the 

simulation and the simulation model computes the output values. This is a combination of 

simulation and optimization. Thus, the model works as a black-box function evaluator that 

makes a total separation between the optimization algorithm and the simulation model. (Law 

and Kelton, 2007; Syberfeldt, 2009) 

Figure 3 presents a generic simulation-based optimization in which the optimization problem 

and the simulation model are defined separately —picture based on Aslam (2013) and 

Syberfeldt (2009) dissertations. The left blue box represents the simulation model whereas the 

right blue box represents the optimization algorithm. In a simulation-based optimization, on the 

one hand, the optimization algorithm handles optimization objectives, input parameter 

boundaries and constraints. On the other hand, the simulation model incorporates system 

environment as well as exogenous and endogenous components, relationships and system 

boundaries. The total separation between the optimization algorithm and the simulation model 

benefits from the possibility of the model to be changed and evolved while the algorithm of the 

optimization is used for other purposes. However, this separation makes the optimization 

algorithm incapable to obtain specific information of the simulation problem directly. (Aslam, 

2013; Syberfeldt, 2009) 
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Figure 3 Simulation-based optimization 

2.9 Multi-Objective Optimization 

Real world problems often involve multiple-objectives which conflict with each other: one 

objective may be improving while others worsen. Multi-objective optimization can be found in 

a broad variety of applications. Most industrial optimization objectives are: to minimize cost, 

to maximize system availability, to maximize TH and to maximize revenue/profit (Alrabghi 

and Tiwari, 2015). Multi-objective optimization is really useful when the goal is to find non-

dominated solutions (NDS) which often create a Pareto front, that means the set of optimal 

outcomes (Kim and Ryu, 2011). Hence, this kind of optimization usually provides decision 

makers with a wide range of optimal choices (Kyroudi et al., 2016). 

To seek an optimal system configuration demands much computer power. However, 

technological improvement in computer hardware —as well as research on both optimization 

methods and software— have facilitated the optimization process. Heuristic search algorithm 

is a topic of research and aim to solve multiple-objective optimization problems. Examples of 

algorithms used in research include: genetic algorithm (GA), simulated annealing, and tabu 
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search. Among them, GAs are frequently used for multi-objective optimization because three 

main advantages (Carson and Maria, 1997; Eskandari et al., 2011): 

 GA-based approaches can find a number of optimal solutions. 

 GA-based approaches complete exhaustive searches by performing a small number of 

evaluations. 

 GA-based approaches are not dependent on appropriate selections of a starting point. 
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3 LITERATURE REVIEW 

3.1 Introduction to Chapter 3 

This chapter presents a comprehensive literature review of the essential areas related to this 

study. Next in this chapter, a summary of the literature review is included. The reviewed areas 

are DES of manufacturing systems, walking and fixed workers, buffer allocation, bottleneck 

analysis and simulation techniques. This theoretical review aims to show known methods 

required for developing this project. 

3.2 DES of Manufacturing Systems 

According to Khedri Liraviasl et al. (2015), the fluctuations generated due to changes in the 

customer demand, production structures, and manufacturing processes in today’s 

environmental industry are an important issue for manufacturing systems. In order to manage 

fluctuation, they presented a study focused on handling these changes by building a framework 

to model reconfigurable manufacturing systems (RMS) through DES. DES allows to address 

RMS capabilities, to illustrate emergent behavior, and handle different types of changes. 

However, manufacturing systems should fulfill the following features to be considered 

reconfigurable systems: modularity, integrability, convertibility, diagnosability, customization 

and, finally, scalability. (Khedri Liraviasl et al., 2015) 

A study performed by Caggiano et al. (2015) investigated new technologies and proposed 

solutions that contribute to enhance flexibility and efficiency in manufacturing systems, as well 

as to boost the company's competitiveness in the global market. Markets' demand and delivery 

of highly customized products is not easy to attain. Examination of several solutions in 

manufacturing to find the optimal manufacturing method becomes important in a tough market 

where offering price-worthy and qualitative products is a must. For that reason, Caggiano et al. 

(2015) supported design simulation tools such as 3D motion or DES for virtual analysis of 

manufacturing systems. They consider that this way of working is competitive, because it has 

significantly reduced production time and cost without interfering real-world production in 

previous projects.  
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Regarding assembly lines, DES plays an important role as well. Realistic and simple assembly 

line problems are mostly limited by line complexity. Designing assembly lines comprises two 

fundamental aspects: performance and cost. In order to tackle these problems, a recent research 

(Zupan and Herakovic, 2015) showed that minor balancing adjustments and changes in 

production processes combined with DES models allow to evaluate what-if scenarios. Their 

conclusions stated that the DES tool speeds up the optimization of production processes in 

advance.  

3.3 Walking and Fixed Workers 

As a first historical precedent, Anon (1985) introduced the benefits of workers who are able to 

complete all the jobs in an assembly line, and gave the example of several Japanese companies 

such as Toyota Motor Co., which implemented cross-trained workers. He called this method 

multifunctional workers. His study showed that this method offers greater system efficiency 

and workforce flexibility by responding to alterations in customer demand. Furthermore, the 

number of accidents in those firms was reduced. However, no worker organization is specified 

in their document, so that it cannot be confirmed whether operators followed the WW concept.  

After that document, many researchers have investigated the benefits of WW and compared 

WW with FW. Wang et al. (2005) carried out a comparison of blocking rates between FW and 

WW lines for different work times, showing that WW lines have higher output and efficiency 

than FW lines. Wang et al. (2009) presented an empirical implementation of a WW assembly 

line in a medium-sized manufacturing company. The old system was unable to meet the 

increasing customer demand and variety of products. Thereby, the new system was meant to 

improve delivery performance and productivity, as well as system flexibility. Therefore, a series 

of five walking worker assembly lines were introduced to minimize the in-process waiting time 

and maximizing individual labor utilization. 

Mileham et al. (2000), similarly to Wang et al. (2009), implemented a rather large-scale system 

of linear WW lines in a medium-sized manufacturing firm following a traditional assembly 

system, as the old system proved unable to cope with customer demand. Accordingly, it was 

re-designed into three parallel linear WW assembly lines. The results were again benefits for 

the company: reduced costs, improved product quality and increased productivity.  
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Wang et al. (2008) carried out an investigation of a semi-automated automotive engine 

assembly line where traditional FW was replaced by WW. Their outcomes were increased 

productivity and efficiency with no significant additional investment in equipment and labor. 

This last study was developed by computer simulation models, since —as proved by Alzuheri 

Atiya (2010) in their case study— simulation modeling and optimization techniques are 

effective tools to design WW assembly lines. 

However, assembly lines do not only have to take into account operator distribution in the shop 

floor. Cesaní and Steudel (2005) showed a framework to compare labor strategies based on a 

given number of operators in cellular manufacturing systems, characterized by intra-cell 

operator mobility. Results showed that balance in the operators’ workload, and the level and 

type of machine that they share affects the performance of cellular systems as well. 

Once worker organization has been defined, the main issue is setting the number of workers in 

the assembly line. Wang et al. (2007) investigated how system technical capability is influenced 

by adjusting the numbers of both workers and workstations in linear WW assembly lines. They 

demonstrated through modeling and simulation that the number of WW and workstations for a 

certain output can be determined. Thus, they stated that increasing the number of workers along 

with workstations will increase line output, whereas just increasing the number of WW will not 

increase output. Moreover, they observed that optimal performance is frequently obtained with 

an equal number of workers and workstations, sometimes one or more workstations could 

increase the output. However, a greater number of workers than workstations did not increase 

output at all. A design with a minimum number of workers and workstations for a linear FW 

line should be interpreted as an ‘ideal’ value, as it is highly unlikely in practice that the ideal 

output will be achieved because of the variability which is described next. 

Supporting that commented investigation, Wang et al. (2010) proved by mathematical 

equations that optimizing the number of WW or line stations can decrease the in-process 

waiting time and consequently increase worker utilization. This variation in worker numbers 

cannot be applied to conventional lines using fixed workers, as these lines need to be fully 

manned at all stations.  

In addition, Lassalle et al. (2007) reinforced the previous statements with a study that concluded 

that the in-process waiting time is adjustable by altering the number of WW by simulation tools. 



  
 

 26   
  

Besides, the authors focus on one important WW issue: blocking. This situation happens when 

a slow worker blocks a faster one. The study states that it can be reduced by having more 

workstations than workers on the line. 

Despite of the benefits of WW, its application is not that easy. It is already known that the main 

problem of WW implementation is cross-training, which provides all workers with enough 

skills to master every station in an assembly line. Some investigations concerning examples of 

training and their benefits regarding time consumption have been carried out. Shafer et al. 

(2001) investigated an unusual field: how heterogeneous patterns of learning and forgetting 

affect productivity in an assembly line in which workers operate independently from one 

another with a single composite learning curve. They demonstrated that using a single 

composite learning curve for all workers instead of using individual learning curves for each 

worker leads to underestimated overall productivity when workers operate individually. 

Besides, regarding forgetting, the results of this study suggest that increasing the rate of worker 

learning can reduce the negative impacts of worker forgetting. 

However, even if all workers have already completed their learning process, variability is one 

of the main problems with human operators. In any group of workers performing identical tasks, 

distinctions can be observed among workers' performance. In this line, Buzacott (2002) 

conducted an investigation about the impact of worker differences on production system output. 

He showed how much these individual differences can decrease TH in different systems. 

Production systems designed with fixed operator allocation and the same number of workers 

and stations will suffer the negative effect of variability much more than those working with 

teams. This is because teams are able to exchange task assignments dynamically depending on 

performance and the capability of their members. 

Boenzi et al. (2015) analyzed one reason behind variability: workforce aging in production 

systems, and how this problem affects system performance. They revealed in their document 

the effect of age on manual workers as a source of variability inherent to humans by showing 

how worker performance varies according to both age and the performed task.  

Al-Zuheri et al. (2012) developed a simulation model to study variability in a WW assembly 

line. In terms of shift time production rate, their study compared system performance with a 

simulation model of the theoretical line, which showed that results differ around 10%. Thus, 
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the analysis concluded that the sources of variability in the system have significant impact on 

the output. 

Variability can be estimated by time measurements. A project revealed how are the sources of 

variability due to the manual workers in the same assembly line that this project focus on 

(Ampapun, 2013). This project demonstrated that —in order to model the variability of the 

processing time through a statistical distribution— the Johnson SB distribution is the best 

solution. The main tools for obtaining results were time measurements, DES, and data from 

predetermined time studies (AVIX) and from a monitoring system data (DUGA). 

As a method to eradicate variability in assembly lines, Buzacott (2002) proposed choosing 

appropriate operating policies. In this context, the authors identify two main cases which can 

occur: priority is not allowed; consequently, no single policy is optimal over a wide range; and 

priority is allowed; if so, bucket brigade policy becomes optimal. In a bucket brigade similar to 

a WW’ system, each worker walks together with the unfinished product from one workstation 

to the next, working on each station as scheduled. Nevertheless, in a bucket brigade, when the 

last worker in the line completes a job on the last station, then all the workers on the line walk 

to the previous station and continue work on that station. At the same time, the first worker on 

the line walks back to the beginning of the line and starts a new job. 

Some practical cases which apply policies to tackle variability have been published. In 

Bartholdi III et al (2001), bucket brigade policy was confirmed as an optimal solution for 

variability at the national distribution center of a major chain retailer, which experienced a 34% 

increase in productivity, reducing the dependence of work-content models, and simplified 

management after workers began picking orders by bucket brigade. Furthermore, Bartholdi and 

Eisenstein (2005) described the benefits produced in a company that used the bucket brigades 

strategy to migrate from craft assembly to assembly lines. This adjustment led to increased 

production as well. 

3.4 Buffers Allocation  

In production lines with serial machine arrangement, operators usually start work as soon as a 

new job arrives and becomes available. Nevertheless, an operator or machine can be blocked 
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(no space to place a completed job) or starved (no job available). According to Vitanov et al. 

(2009), the solution to both situations is implementing buffer spaces.  

Buffer is a storage that can hold semi-finished parts when stations ahead (upstream) are still 

busy producing earlier parts. Indeed, Ziarnetzky et al. (2014) found that buffers, though 

expensive to maintain and install, provide means to protect workstations against failures. 

Without buffers, line failures become a total system shutdown, whereas buffers installed in a 

clever way and amount —only in the sections of the line around the failed workstations— help 

to prevent these system failures. (T. Ziarnetzky et al., 2014; Altiparmak et al., 2007) 

However, to investigate the effect of buffers on production systems and their allocation could 

be costly. I. V. Vitanov et al. (2009) revealed that the best way to proceed is to invest in 

expensive simulation software packages that not every company can afford. The study stated 

that there are only a few companies that can afford simulation as a decision-making tool in their 

everyday planning activity. Therefore, it is essential to develop appropriate simulation 

heuristics and meta heuristic methods to increase our ability to find high quality solutions to 

combinatorial optimization problems at low cost and real-time. (I. V. Vitanov et al., 2009) 

Buffer placement in serial production lines becomes an important design decision and also has 

great impact on TH, since operational conditions vary. Concretely, Altiparmak et al. (2007), 

who studied buffer allocation in closed loop asynchronous assembly systems through modeling 

and simulation, concluded that buffers and their placement have important impact on system 

effectiveness and inventory costs. Unfortunately, buffer placement and number to maximize 

average TH is not obvious. Therefore, several studies on these topics have been performed.  

One of the studies is presented by Shaaban et al. (2014). They wrote about experiments that 

place workstations with high average processing times at front and end of production lines to 

increase the TH. This effect is called the “bowl phenomenon”. A method to find the optimal 

allocation of both workstations and buffers, as well as the number of buffers, are needed 

simultaneously. Eventually the research found out that it was more advantageous to assign a 

high work load at the front of the line and also to increase the number of buffers at the front 

compared with moving the buffer towards the end of the line.  (Shaaban et al., 2014) 
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Moreover, for the cases in which optimal buffer allocation is unknown, Staley and Kim (2012) 

presented an investigation. They demonstrated that TH difference between an even buffer 

allocation and an optimal buffer allocation in the presence of a single severe bottleneck is very 

low (less than 0.5 %). Thus, their conclusions showed that when optimal buffer allocation is 

unknown, an even buffer allocation offers adequate results. (Staley and Kim, 2012) 

3.5 Bottleneck Analysis 

Lemessi et al. (2012) studied how bottlenecks affect assembly lines. He revealed that 

bottlenecks limit performance and, therefore, it is important to identify and eliminate possible 

bottlenecks to maximize machine utilization. As a consequence, this improvement will also 

lead to reduced investment and maintenance cost. The authors discovered that simulation in 

combination with bottleneck detection are a helpful tool set to improve manufacturing 

processes. Hence, this subchapter presents different techniques for performance bottleneck 

analysis. 

The main goal of bottleneck analysis is to find bottlenecks and minimize their effects. There 

are some patterns that make the bottlenecks identification possible: much higher machine 

utilization than expected, large material queues waiting to be processed, blocking and starving 

stations, and lower production flow than desired. (E. J. Williams and H. Celik, 1998; 

Bernedixen et al., 2016)   

Here follows a review by Lima et al. (2008) of the 5 main methods for identifying bottlenecks 

plus a recent bottleneck analysis technique developed by Pehrsson (2013): 

1. Bottleneck analysis based on utilization factor. This method considers bottleneck as 

the station with highest utilization factor in a production flow. The utilization factor is 

measured as percentage of time working over the total production time. As 

disadvantage, this method is inappropriate for high fluctuation production flow. 

2. Bottleneck analysis based on the queue size. This technique considers bottleneck as 

the station with the longest queue. The queue size is measured in number of products in 

queue unprocessed. As disadvantage, to use this method does not allow starve the queue 

of products. 
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3. Bottleneck analysis based on waiting time. This method considers bottleneck as the 

station with the longest waiting time. As disadvantage, to use this method does not allow 

starve the queue of products. 

4. Bottleneck analysis based on active period. This approach considers bottleneck as the 

machine with the longest active period. Active state is the period of time uninterrupted 

by a waiting time. As disadvantage, this method is inappropriate for high fluctuation 

production flow. 

5. Bottleneck analysis based on shifting bottleneck. For each station, this technique adds 

the time active periods throughout the production time. Then, the values are evaluated 

and the highest one is considered as bottleneck. This is the most recommendable method 

when the bottleneck stations shift over time, although is much complex to use than the 

previous ones. 

6. Bottleneck analysis based on SCORE (simulation-based constraint removal). This 

new bottleneck detection method developed by Pehrsson (2013) takes availabilities, 

processing and repair times into consideration to detect bottlenecks. However, this 

method is used for many more purposes, including the detection of quality deficiencies, 

lack of resources and buffer issues. As disadvantage, bottleneck analysis based on 

SCORE requires much computing power in order to solve problems in a reasonable 

amount of time and it is complex to use. 

The bottleneck analysis method selection depend on what kind of production system is 

analyzed. There are 4 factors that affect to the choice of a bottleneck analysis approach: number 

of variants, number of stations and flow fluctuation, and technique complexity. In this project, 

the method that will be used is bottleneck analysis based on utilization factor since the 

investigation only take 2 variants into consideration, there are many stations in HDE13 and its 

flow fluctuation is low (it will be explained in 4.2), as well as because of the easy execution of 

this technique. (Lima et al., 2008) 

3.6 Simulation Techniques 

Simulation is a powerful tool to design and analyze systems and predict its performance. 

However, some complex problems require yield optimal values and at this point simulation 
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alone could be not enough. Thus, simulation is used together with optimization to ease the 

resolution of a huge number of optimization problems. This technique of combining simulation 

and optimization is simulation-based optimization —as it was explained in section 2.8. (Fu et 

al., 2005). 

Simulation Techniques section presents two research that used simulation-based optimization 

for improving assembly lines performance. In  (Guo et al., 2008) investigation, the authors 

tackled flexible assembly line balancing problems. Their objectives were to meet the desired 

cycle time and minimize the total idle time of this kind of assembly lines. For such aim, a 

simulation model combined with a GA are proposed to determine both the optimal work 

allocation to workstations and the time of shared operations that should be processed on each 

workstation. The authors concluded that to review work allocation and to allow work sharing 

improve the routing and machines flexibility of assembly lines frequently. (Guo et al., 2008) 

In another publication, (Zhan and Zhang, 2013), the authors tried to improve mixed-model 

assembly lines through simulation. Although mixed-model assembly line is investigated by 

researchers world-wide, Zhan and Zhang (2013) realized that two fundamental problems as 

sequencing and balancing problems have often been investigated separately. Thus, they tackled 

an integrated balancing and sequencing problem in a mixed-model assembly line. As tool for 

this problem, an optimization model together with GA combined with heuristic rules were 

presented. The used algorithm is a traditional GA with improvements for the encoding, 

decoding, crossover and mutation operators. The research results yielded balance between 

efficiency and quality solutions. 

3.7 Literature Review Summary 

This chapter has presented a literature review related to four different topics which are DES, 

workers, buffers and bottlenecks. These topics have been expounded through the subchapters 

DES of Manufacturing Systems, Walking and Fixed Workers, Buffers Allocation, Bottleneck 

Analysis, and Simulation Techniques. For this chapter, the literature has been reviewed mainly 

from international journals and science research. The review shows that DES and simulation-

based optimization through GAs are a suitable combination for addressing the investigation 

presented in this project work. Furthermore, this Chapter evaluates the advantage of WW over 
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FW for the type of line on which this project focuses. Finally, the literature reveals the main 

bottleneck analysis techniques, and buffer allocation approaches through simulation and their 

benefits.  
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4 SIMULATION MODEL DESIGN 

4.1 Introduction to Chapter 4 

This chapter intends to describe HDE13 at Volvo Powertrain facility in Skövde and the process 

of designing its simulation model. Furthermore, the assumptions made during the simulation 

model building stage are specified. Next, the input data analysis required for the modeling step 

is detailed. After that, the warm-up time and replication analyses required for the running the 

experiments are presented. Finally, this chapter ends with the description of the processes of 

verification and validation of HDE13 simulation model. 

4.2 Assembly Line Description 

Prior to modeling, understanding of assembly line behavior is required. Thus, this subchapter 

explains HDE13 including its layout, types of stations, variants, material handling system and 

production flow.  

4.2.1 Arrangement of Stations 

This project focus on only the production line that works as the main final assembly line for 

thirteen-liter heavy-duty diesel engines, that is, the aforementioned HDE13. This line is 

described as manual assembly line since it is operated by a worker at each station along the 

line. HDE13 is divided into four areas, the stations included in each area are specified in Figure 

4 and Figure 5.  
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Figure 4. Arrangement of Stations and Production Flow (Part 1) 
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Figure 5. Arrangement of Stations and Production Flow (Part 2) 

There are 75 stations in HDE13 and all of them belong to one of the following types: 

workstation, kitting station, or pre-work station. They are arranged as follow: 
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 There is a total number of 59 workstations in the line and they work as one of the 

following kinds of station: mounting station, quality gate (QG) station, leak test station 

or dismantling station. Thus, there are 39 mounting stations, three QG stations, four 

parallel leak test stations composed of four test stations each one, and one dismantling 

station divided among the four areas. Area one (S0030-S0700) comprises 12 mounting 

stations in which S0030-S0070 are inoperative so far —as they are to be used in the 

near future —, and QG S0800 (QG1). Area two (S0900-S1800) comprises nine 

mounting stations. Area three (S1900-S3200) comprises 13 mounting stations and QG 

S2300 (QG2). Area four (S3300-S3700) comprises five mounting stations, QG S3800 

(QG3), dismantling station S6000 and 16 test stations. The first set of test stations 

S9000, S9000_1, S9000_2, S9000_3, the second set is S9100, 9100_1, 9100_2, and 

9100_3, the third set is S9200, 9200_1, 9200_2, and 9200_3 and the last set is S9300, 

9300_1, 9300_2, and 9300_3. 

 There is a total number of 12 kitting stations in HDE13. Area one includes kitting station 

kit0030 (yet inoperative), kit0100, kit150/350 and kit0600. Area two includes kitting 

station kit1100, kit1300 and kit1700. Area three includes kitting station kit1900, kit2400 

and kit2900. Area four includes kitting station kit3300 and kit9100. 

 There is a total number of four pre-work stations. Area one includes pre-work station 

S0150 and S0350. Area two includes pre-work station S0950. Finally, Area three 

includes pre-work station S2050. 

4.2.2 Production Flow 

The material handling system that transports the engines through all these stations is a set of 63 

AGVs. AGVs transport the engines across the workstations throughout the line. Their speed 

varies along the line, increasing where the traffic is lower. Besides, they have a distance sensor 

that stops the AGV when an obstacle is closer than 4.3 meters. The AGV takes 30 seconds from 

one workstation to the next. 

The aforementioned Figure 4 and Figure 5 are useful for explaining the line production flow as 

well. There are 5 different steps in the flow: 
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 Previous flow: Engines come from the inner assembly line and are collected in a store 

before they enter the final assembly line. The store avoids flow fluctuations due to lack 

of material from previous assembly stages.  

 Loading step: The production flow starts when an AGV crane loads the engines to 

AGVs. It happens whenever the flow is not blocked, and there is one AGV and one 

engine available. Then, AGVs leave the crane and enter the main assembly line. 

 Assembly work step: Next, AGVs transport the engines from station S0030 to S3700. 

This is a straight line. Here the workstations perform the assembly work on the engines 

and the flow is controlled by the operator’s workflow. If possible, operators start their 

assembly work 15 seconds before the engines arrive to the operator station (pre-work). 

Then, taking into account that one AGV needs 30 seconds from one station to the next, 

the engines are not being assembled for 15 seconds in case of pre-work on the engine 

(15 seconds of no assembly time). Each station must carry out a fixed list of tasks, which 

depends on the engine variant. After fulfilling the list, the engines are transferred to the 

next station. Along the line, several kitting stations supply articles to the assembly line 

by coupling and decoupling kit-carts to the line. In addition, pre-work stations supply 

pre-work parts to the main assembly line. The stations where pre-work parts are 

provided and kit-carts are coupled and uncoupled are specified in Figure 4 and Figure 

5. 

 Testing step: After station S3700, kitting station 9100 supplies the final needed articles. 

Then, the last quality gate (QG3) checks the engine. Next, the single production flow is 

divided into four parallel flows inside the Leak Test Area, where the left ones have 

priority over the right ones. Here the operators are needed just to start and finalize the 

test, except in stations 9100, 9100_1, 9100_2, and 9100_3, where the operators are 

needed during the whole test. In this area, the stations with the same first name perform 

identical tests. 

 Unloading step: After the Leak Test Area, there is only one production flow again and 

the engines are transported to station S6000, where they are unloaded from AGVs. At 

this point, the engines leave HDE13 and enter other production stages (the next 
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production stage is a quality control). Finally, AGVs go back to the crane to transport a 

new unassembled engine. 

As it was explained in section 1.4, HDE13 process several variants, but this project is only 

focused on Euro5 and Euro6 engines. Both are operated by the same stations, except for stations 

3300-3700, which only work on the Euro6 variant. Each variant has its own processing time at 

each workstation. Moreover, the kind of articles and the pre-works parts provided by the kitting 

stations and pre-work stations vary according to engine type. Today, the line comprises one 

fixed operator per workstation. However, the kitting stations which require more processing 

time (kit0100 and kit1300) are operated by two workers. 

4.2.3 Interactions in HDE13 

The interaction among workstations, kitting stations, and pre-work stations in HDE13 is 

basically the following: workstations depend on both kitting and the pre-work stations. On the 

one hand, kitting stations provide articles to several workstations by using kit-carts. When a 

kit-cart is filled and the engine that needs this cart is not in the workstation where the kit-cart 

should be coupled, the cart cannot be coupled. Thus, the cart is stored in a buffer between the 

kitting station and the workstation. The buffer capacity is one kit-cart. Later, when the engine 

arrives to the workstation where the kit-cart should be coupled, the kit-cart is coupled to the 

AGV that carries the engine. Next, the AGV —together with the kit-cart— moves downstream 

through the served stations. Once the kit-cart is on the last served station, it is uncoupled and 

carried back to its origin kitting stations. The kitting stations start working when a trigger sensor 

is activated. The sensors are placed next to workstations, so that when an AGV arrives at one 

of these stations, the AGV will activate the trigger sensor. Here is a list of placed sensors:  

- Kit0100: Its trigger sensor is located in AGV crane 

- Kit0600: Its trigger sensor is located in S0100 

- Kit1100: Its trigger sensor is located in S0600 

- Kit1300: Its trigger sensor is located in S0900 

- Kit1700: Its trigger sensor is located in S1200 
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- Kit1900: Its trigger sensor is located in S1600 

- Kit2400: Its trigger sensor is located in S1900 

- Kit2900: Its trigger sensor is located in S2400 

- Kit3300: Its trigger sensor is located in S2400 

- Kit9100: Its trigger sensor is located in S3200 

On the other hand, pre-work stations provide the main assembly line with pre-work parts. There 

is a sequence of eight engines. Each time an engine sequence enters the line, the pre-work 

trigger is activated. Whenever a pre-work part is finished, it is buffered between the 

corresponding pre-workstations and the workstations until the engine arrives. The interaction 

of the line with both kitting stations and pre-work station is illustrated in Figure 4. Arrangement 

of Stations and Production Flow (Part 1) and Figure 5. Arrangement of Stations and Production 

Flow (Part 2) as well. 

4.3 Assumptions 

Despite the fact that the built simulation model is a close and valid description of the real 

HDE13, some assumptions have been done. Three features of the real production line have been 

simplified in the simulation model:  

 Line stations are considered as a station without failures. Data of station failures were 

unavailable because the DUGA follow-up system did not work properly. This does not 

constitute a big assumption due to that nearly all the stations are manual assembly 

stations and the equipment used by HDE13 operators seldom generates problems 

leading to a line stop. 

 The transport system of HDE13 is a set of AGV. The interaction between different 

AGVs has been simplified at the crossroad. In the real assembly line, the AGVs have to 

wait until there is no AGV at the crossroad. In the simulation model, AGVs can go 

through the crossroad even if there is another AGV in this area.  



  
 

 40   
  

 The workers’ walking time between stations is not taken into account. However, to 

overcome differences with the reality, the allocation of stations to workers is done in 

order to reduce workers’ walking time. Consequently, this assumption does not affect 

the system output, as it will be explained in subchapter 4.4. 

4.4 Description of Simulation Model 

The simulation model of the main assembly line was built in Tecnomatix Plant Simulation 

version 12.2. Plant Simulation has its own programming language, SimTalk. The SimTalk code 

of the model was programmed to be as flexible as possible to allow future modifications in the 

simulation model. The main characteristics of the model are inputs, outputs, and objects. 

The model has several inputs and outputs. On the one hand, model inputs are manning, 

sequencing, engine variants, number of kit-carts in each kitting station, number of AGVs, and 

processing time of all stations. On the other hand, model outputs the average measure of how 

many engines HDE13 assembles in one hour, that is average TH.  

The simulation model consists of Plant Simulation objects that interact with each other 

reproducing the behavior of the whole system. Concretely, the following objects have been used 

in this project: frame, entity, transporter, track, workstation, buffer, drain, source, table, method, 

chart, user interface, experiment manager, and global variable objects of Plant simulation (see 

Figure 6 for a complete model layout). 



  
 

 41   
  

 

Figure 6. Complete model of the assembly line 
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In order to make a user-friendly model, the model includes a user interface (see Figure 7 and 

Figure 8). This interface allows the user to modify e.g.: the nature of the simulation run as a 

non-terminating vs.  terminating simulation; the total number of engines (Euro6 plus Euro5) or 

the number of each engine variant that is to be assembled in the line. Also, a call to the import 

function of the model selecting the variant’s processing times that need to be updated is 

implemented. The import function of the model was developed with the purpose of automatic 

updating of the processing time of all workstations, pre-work stations and kitting stations for 

the selected variant if needed. This makes the simulation model adaptable for future 

modifications. Additionally, the interface provides the user a menu for selecting the path of 

Excel files that contain the input data needed for the import function. 

 

Figure 7. User interface (Part 1) 

 

Figure 8. User interface (Part 2) 

The engines assembled in the line are modeled as entities that enter the system from a source 

object. They follow the cyclical sequencing distribution defined by Volvo GTO’s productions 

engineers. The engine handling system is modeled with the transporter object and two truck 
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lines. On the one hand, the transporter object works as the AGVs of the system carrying the 

entities throughout the line. On the other hand, truck lines are the fixed route that the AGVs 

follow along the line. In this way, the AGV flow is modeled combining both objects. In 

addition, a method has been implemented to set the minimum distance between AGVs. 

Workers’ logic has been implemented using buffers and entities, instead of the predefined 

worker object. Workers are grouped into buffers, which control the flow of workers in the line. 

The workers are modeled using entities. The free workers (entities) are collected inside the 

“Workgroup buffer” and the busy ones inside the “WorkerWorking” buffer. Thus, when a free 

worker is needed, it moves from the “Workgroup” buffer to the “WorkerWorking” buffer and 

vice versa. In case that a single worker is not available and other stations need one, the model 

allows to queue the request assigning priority to the first stations that asked for a worker (Figure 

9). In addition, the workers in the line perform 15 seconds of pre-work on the engine if possible. 

It has been modeled by moving the engine to the workstation 15 seconds before the engine 

arrives at the station, if the station and the operator are available. 

 

Figure 9. Worker function logic 

Kitting station and pre-work station logic are modeled according Figure 10. On the one hand, 

the kitting station collects the free and empty kit-carts in the “BufferKit” buffer. The free kit-

carts already filled are collected in the “BufferKitOut”, and the ones being used by the engines 

are collected in the “KittingBuffer” buffer. Furthermore, the kitting station simulates the time 

that operators need to pick up the articles and place them on the kit-carts, that is to fill the kit-

carts. The process starts with the activation of the trigger sensor that asks for a kit-cart. After 

that, the kit-cart moves from the “BufferKit” buffer to the kitting station. The kit-cart remains 

at the kitting station until the processing time is finished, then it goes to the “BufferKitOut” 

buffer. Here, the kit-cart waits until the engine arrives at the station where the kit-cart is coupled 

Workgroup
buffer

WorkerWorking

buffer
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to the AGV, when the kit-cart moves from the “BufferKitOut” buffer to the KittingBuffer” 

buffer. Once the engine arrives at the station where the kit-cart is uncoupled, the kit-cart moves 

to the “BufferKit” buffer starting the cycle again. 

On the other hand, pre-work stations are modeled following almost the same logic as the 

previous element (see Figure 10). Unlike kitting station logic, here a pre-work part inside the 

“PreWork_Load” buffer is erased from the model when the engine in which the pre-work part 

is to be assembled arrives to the station that requires that part. It is not a cyclic process. 
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Figure 10. Pre-work and kitting logic 

Summarizing the previous concepts, 15 seconds before an engine arrives at a workstation, that 

workstation will ask for a worker. Then, the workstation will ask for a new kit-cart and pre-

work part if needed. In case that some of the requirements are not available, the engine will 
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continue straight to the workstation, and less than 15 seconds of pre-work or no pre-work will 

be performed.  

The last part of the model comprises the leak test area and the disassemble station (S6000). In 

the leak test area, the track has been replaced with a buffer, where the AGVs wait for engine 

tests. The leak test is composed by four parallel testing lines with four leak test stations in each 

line. Some of those stations need one worker just to start and finish the test. Therefore, one 

worker can work at several stations at the same time. Once the engine is tested, it will go to 

station S6000, where the entities are unloaded from the AGVs. Here, the engines leave the line 

using a drain after the processing time of station S6000 is finished. In this drain TH values are 

logged. Finally, AGVs go back to the crane to transport a new engine. 

The aforementioned logics are implemented with the help of work groups. A work group (WG) 

is defined as a set of stations that are shared for a group of workers. The model code assigns 

the closest stations to the same WG in order to decrease, to less than 15 seconds, the walking 

time between stations that belong to the same WG. Therefore, the worker’s walking time 

assumption would not affect the simulation model outputs. This is because the engines are not 

being assembled during the 15 seconds when they leave one station and move to the next one. 

Moreover, although the number of stations that belongs to HDE13 is 75, the total number of 

assigned stations to all WG is 72. This is because HDE13 comprises 72 stations that need an 

operator, the three QG stations do not require a worker. Furthermore, the model code defines 

the number of workers in the line and assigns a specified number of workers to each WG. Thus, 

all station and workers are assigned to WG and when a station calls an operator, the operator 

belongs to the same WG as the station does. 

4.5 Input Data Analysis 

As explained in section 4.4, one of the system inputs is the processing times of all stations in 

HDE13. These processing times were provided by Volvo GTO through AVIX, which is a 

software that estimates the time needed to carry out each individual task at each station by a 

predetermined motion time system (PMTS). From this point, AVIX determines the complete 

processing time of each station (including the 15 seconds of pre-work in every workstation, and 

the kit-carts and pre-work parts transportation). However, since individual tasks are not relevant 
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for this project, the information considered from AVIX is the complete processing time of each 

station as a block of time. Hence, all processing times are obtained except for S0030 to S0070 

and kit0030, since these stations are not currently operative, as it was explained in section 4.2.1. 

These stations were modeled to allow their easy implementation in the near future. Nowadays, 

their processing time is zero, so that it does not affect system output. 

Nevertheless, these processing times given by AVIX do not represent the real time that HDE13 

workers take to finalize the needed tasks on the engines at every station, as it was demonstrated 

in a previous master project by Ampapun (2013), who focused on the same assembly line that 

this project does. He revealed that the difference between the predetermined time study and his 

time study analysis affects a simulation model TH. PMTS-based processing times provide 

lower TH than the real TH of HDE13, as Volvo operators at HDE13 work faster than the 

standard. Therefore, in order to reach the real TH, a coefficient is applied. It is important to 

make clear that this coefficient is useful for the study presented in this project. However, this 

coefficient cannot be used in the simulation model for manning purposes in Sweden due to legal 

agreements. This is because the coefficient increases the operators' standard performance rate 

defined by PMTS. Thus, the coefficient adapts input data to the real processing times of the 

final assembly line executing two tasks: 

 To set the processing time of the stations whose processing time is between 609 and 

715 seconds to 609 seconds. 

 To reduce the processing time of the stations whose processing time is higher than 715 

seconds to 105 seconds. 

The follow-up data for manual work in the internal production monitoring of Volvo GTO were 

not available for this thesis project. DUGA software is responsible for this task in HDE13. 

Therefore, to test assembly line variability, 65 time measurements were carried out through a 

stopwatch. These measurements are the participant observations commented in section 1.6.2. 

Measurements were performed by measuring the processing times of variant Euro6 at station 

S0400 for different operators during 65 cycle times. The times obtained are shown in Figure 

11. 
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Figure 11. Time measurements from station S0400 

Once the times were obtained, the statistical parameters' location, scale and shape are calculated 

using ExpertFit, which is a distribution-fitting software that simplify the finding of a suitable 

statistical distribution for a process. Then, a comparison between distributions that fit time 

measurements was carried out with ExpertFit. For that purpose, the software ranked different 

distributions according to a fitness test. Among different well suited distributions for manual 

assembly work, Erlang distribution was chosen.  
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Figure 12. Comparison between Erlang distribution and time measurements 

Figure 12 illustrates how the distribution fits time measurements, where the red values are the 

time measured and the blue ones a theoretical Erlang distribution. The plot is good enough for 

that project, since providing an accurate comparison and evaluation in absence of data, between 

the study’s identified data and other distribution is not the project's goal. Concretely, this was 

one of the goals of Ampapun (2013). Hence, the reader is referred to this project for further 

information on this topic. 

Ampapun (2013) demonstrated that Johnson SB distribution is a suitable approximation to 

represent the distribution from all the studied stations in the assembly line. Therefore, the use 

of the Erlang distribution to represent manual assembly work variability is valid enough for this 

project due to two reasons: 

 The probability density function of Erlang distribution is similar to Johnson SB 

distribution.  

 The statistical parameters are similar to the found in the aforementioned project (Table 

2). 
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(Ampapun, 2013)  Present project 

Shape parameter 1 = 1.21124 Shape parameter 1 = 1.37974 

Shape parameter 2 = 1.33279 Shape parameter 2 = 1.38478 

Table 2. Statistical parameters 

Erlang is a common distribution easily implemented in Tecnomatix Plant Simulation. Plant 

Simulation defines Erlang distribution with the help of the mean value and standard deviation. 

Thus, the parameters provided by Expert Fit were transformed into suitable figures that Plant 

Simulation requires. Here follows a useful template:  

 The parameters obtained with the help of Expert Fit are shape (k) and scale (β) and 

location.  

 The mean value is Mu (µ), where µ= k*β 

 Variance (𝜎2) is 𝜎2= k* β2  

 Standard deviation is sigma (σ), where σ = √(𝜎^2 ) 

 In the end, the result provided by the Plant Simulation Erlang function is shifted with 

the location along the X axis (Equation 1. Probability density function of Erlang 

distribution) 

 

 

Equation 1. Probability density function of Erlang distribution 

Where the mean µ = k · β and standard deviation σ with 𝜎2 = k · β2. So 𝑘 = (
µ

𝜎 
)

2

. 

Finally, once the distribution was found, it was applied to every station by adjusting statistical 

parameters. For the values given in Table 3, the procedure completed for every station was as 

follows: 

 Location of the station = (Location of the station S0400)*(Processing time of the station 

provides by AVIX) 
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 Scale of the station = (scale of the station S0400)*(Processing time of the station 

provides by AVIX) 

 Shape of the station = (shape of the station S0400)*(Processing time of the station 

provides by AVIX) 

Table 3. S0400 statistical parameters 

4.6 Warm-up Time and Replication Analyses  

This project presents a non-terminating simulation with inherent variability. Therefore, as 

explained in subchapter 2.2, two analyses are needed before running the experiments: warm-up 

time analysis and replication analysis. On the one hand, warm-up time analysis tries to find the 

time elapsed before the simulation model output reaches stability. The system is considered 

stable when its response is not in the transitional state anymore and the steady state starts. Once 

the system is stable, the statistical values are recorded. This analysis was performed following 

the Welch method, explained by Law and Kelton (2000). In this project the process was as 

follows:  

 Firstly, the model ran for a length of 200 hours and 10 observations.  

 Secondly, the average number of observations of 10 replications for each hour was 

represented in a plot.  

 Thirdly, the moving average method with a window of 10 values was used to smooth 

out the high frequency of the plot. This method creates series of averages of 10 values 

of the full data set. 

 Finally, the previous steps provide an “XY” graph in which the moving average of the 

TH and time are represented in the Y and X axes, respectively (see Figure 13).  

 

Mean value Variance Location Scale Shape 

30.33 184.68 100.96 6.090 4.98 
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Figure 13. Warm-up time analysis. (Values on Y-axis altered due to confidentiality) 

Figure 13 shows that the system reaches a steady state after 18 hours of simulation time. 

Therefore, warm-up time is set at 18 hours to make sure that the statistical values are gathered 

after the transition time. Also, since it is a non-termination simulation, simulation length is 

defined as the time it takes to obtain a representative steady-state sample of the simulation 

model (this was explained in subchapter 2.2). In the case of the project model, the simulation 

length is 360 hours (15 days). 

On the other hand, replication analysis is the analysis that tries to find the number of replications 

needed per experiment. This analysis was based on a Microsoft Excel template developed by 

the University of Skövde. This analysis followed the following steps: 

 Firstly, the analysis started running 10 observations of one experiment and setting a 

desired relative precision. This experiment provides mean value and standard deviation 

of TH for a given confidence interval. 

 Secondly, absolute precision is calculated using relative precision as well as mean value 

(see Equation 2)  

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = relative precision ∗  mean value  

Equation 2. Absolute precision 
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 Thirdly, the number of replications is obtained with the help of the TINV function (see 

Equation 3). This function returns the t-value of two-tailed inverse of the t-distribution, 

using the degrees of freedom that characterize the distribution and the probability 

associated to it as parameters. 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠 = (

𝑡1−∝ 2,⁄  𝑛−1 ∗
𝑠

√𝑛
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛

)
1
2 

Equation 3. Number of replications 

Where, s = standard deviation, n = number of observations, and t = t-distribution with 

1-α/2 and n-1 degrees of freedom. 

 Fourthly, the first step is completed if required. Replication analysis is an iterative 

process that finishes when the needed number of simulations per experiment exceeds 

the number of replications used for calculations.  

The values and results of the described process are presented in Table 4. For a 0.95 confidence 

interval and 0.013 relative precision the analysis reveals that one replication per experiment is 

needed. It is important to make clear that both LT and WIP are frequently-used parameters in 

the previous analyses. Nevertheless, they have been omitted, since they are not validated for 

HDE13 (there were no historical data available in Volvo GTO production follow-up system for 

comparing recent production data regarding LT and WIP). 

Confidence 

Interval 

Number of 

replications used 
MEAN  STDEV 

Relative 

precision 

Absolute 

precision 

Number of 

simulations needed 

0.95 10 29.14 0.03 0.013 0.379 0.041 

0.95 5 29.13 0.04 0.013 0.379 0.081 

0.95 3 29.13 0.04 0.013 0.379 0.189 

0.95 2 29.11 0.00 0.013 0.378 0.027 

Table 4. Replication analysis 
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4.7 Verification and Validation 

According to the methodology explained in section 1.6.2, after the model was finalized, 

verification and validation process took place.  

The verification process was carried out by meetings with the driving manager of flow 

simulation at Volvo GTO. In these meetings, the model was debugged and inspected to make 

sure that the implemented functions worked as expected. It was completed before the beginning 

of the validation process. 

The validation process was performed by two tasks: comparing the simulation model output 

with historical data provided by Volvo GTO and through Little’s law.  

Firstly, the historical data were the TH recorded for more than three months. For validation 

purposes, among the three working shifts implemented in the real assembly line, the day shift 

of 7.6 hours was considered. The day shift was considered since it is the shift in which fewer 

irregularities happen —such as line balancing or test of new production applications by 

production engineers. The percentage error between the model TH and historical data is 0.28% 

of the real assembly line TH. 

Secondly, the model was validated based on Little’s law. Figure 14 reveals the correlation 

between average TH and average LT. The average LT is logged as the average time elapsed 

since the engines leaves the store until they reach station S6000. The chart presents TH vs LT, 

where each dot represents of 50.000 manning situations evaluated. Figure 14 reveals that TH 

increases when the LT decreases mostly. This is because although the WIP is not constant, it 

decreases less than the number of operators does in HDE13. This behavior happens in HDE13 

since the empty stations are used as buffer stations if needed when the stations are unattended 

by operators. Thus, the number of empty stations increases and consequently the number of 

buffer stations, when the number of operators decreases.  
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Figure 14. Relation between TH and LT. (Values altered due to confidentiality) 

The aforementioned line behavior was validated by comparing the WIP values obtained through 

the simulation of one random manning scenario for several simulation lengths with the WIP 

values calculated by Little’s law (see Table 5). Table 5 shows this comparison where the unit 

of the experiment lengths is days, the unit of average TH obtained through simulation is number 

of engines per hours, the unit of average LT obtained through simulation is hours, and the error 

calculated is measured as a percentage. The table reveals that the maximum percentage error 

between the simulated WIP and the WIP values calculated by Little’s law is 0.45% of the 

simulated WIP. 
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Experiment 

length 

Average 

TH 

Average 

LT 

Calculated WIP 

through Little's law 

WIP obtained 

through simulation 
Error 

15 4.11 12.28 50.44 50.67 0.45 

20 4.10 12.38 50.81 50.95 0.27 

25 4.11 12.43 51.05 51.13 0.16 

30 4.10 12.46 51.12 51.24 0.22 

35 4.11 12.48 51.23 51.29 0.13 

40 4.10 12.50 51.29 51.34 0.11 

50 4.10 12.50 51.32 51.37 0.08 

100 4.11 12.54 51.49 51.51 0.04 

Table 5. WIP validation through Little’s law 
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5 EXPERIMENTS 

5.1 Introduction to Chapter 5 

The aim of this chapter is to explain the performed experiments. In order to provide the reader 

with the required information to understand the experiments, this chapter presents an 

experimental plan. Next, this chapter follows a chronological order describing the initial 

experiments, optimization experiments and optimization setup.  

5.2 Experiment Planning 

The experiment plan is shown in Figure 15 as flowchart. The experiments phase begins with 

the simulation experiments objectives definition. The main and first goal of this project is the 

search of the most efficient workforce scenarios. In other words, to find the workforce scenarios 

which produces the maximum number of engines per hour with the minimum total number of 

workers. Subsequently, the second objective is the analysis of those workforce scenarios which 

produces the 80% of the today’s TH of HDE13. The search of these objectives is limited by the 

simulation process requirements which comprise an optimization client, computer power and 

time. The variables considered for the simulation process are number of WG and number of 

operator and stations assigned to each WG —given these variables, the model reveals the 

average TH of HDE13. 

The presented problem is a multi-objective optimization problem. For that reason, the project 

group thought to reach the goals through an optimization experiment. However, the 

optimization client needed for such purpose was unavailable initially. Hence, the project group 

decided to find the optimal workforce scenarios by deducing the best experiment workforce 

configuration — through try and error— as first approach. The only strategy considered for the 

experiment setup was to set a balanced workload in HDE13. Thus, around 30,000 experiments 

restricted by the computer power and time were run (see Initial Experiments section for further 

information). Nevertheless, the experiments results did not provide all the most efficient 

workforce scenarios required. 

After the failed initial approach, the university optimization client was available and 

optimization experiments were considered as new approach (see Optimization Experiments for 
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further information). As does the initial approach setup, the optimization experiments setup set 

a balanced workload in HDE13. Nevertheless, the second approach setup is based on an 

optimization algorithm instead of deducing (see Optimization Setup section for further 

information). Hence, three optimization experiments of HDE13 simulation model were 

executed, where each experiment evaluates one of the the three cyclical sequences defined by 

Volvo GTO’s productions engineers. In total, 50,000 workforce scenarios were evaluated in 

order to obtain the set of optimal solutions (the results are presented in Chapter 6). 
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Figure 15. Experiment plan 
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5.3 Initial Experiments 

As it was explained in subchapter 5.2, multi-objective optimization was not a possible choice 

during the initial phase of experimentation. There were two unfulfilled requirements for 

reaching the goals through an optimization experiment: an optimization algorithm able to 

execute multi-objective optimization and an optimization cluster available. An optimization 

cluster is a computer cluster required for the use of optimization of complex simulation models. 

Because of the aforementioned reasons the search of the most efficient workforce scenarios 

focused on a different approach. Thus, around 30,000 experiments — attempts—  were run by 

deducing the best experiment workforce configuration. Each experiment simulated a different 

manning situation for the today cyclical sequencing of the assembly line, 3 Euro6 - 1 Euro 5 

engine. All the experiment considered 11 WG, in which the number of stations was constant 

but the number of workers of each WG was variable. The relation of station amount / worker 

amount was similar for every WG in order to manage a balanced workload in HDE13. See 

Table 6 for detailed information about which stations are assigned to each WG. 
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WG Station Station Station Station Station Station Station Station Station 

1 30 40 50 60 70 Kit30    

2 100 Kit100 150 200 Kit150/350 300 350 400 500 

3 600 Kit600 700 900 950 Kit1100 1100 1200  

4 1300 Kit1300 1400 1500 1600 1700 Kit1700 1800  

5 1900 Kit1900 2000 2050 2100 2200    

6 2400 Kit2400 2500 2600 2700 2800    

7 2900 Kit2900 3000 3100 3200     

8 3300 Kit3300 3400 3500 3600 3700    

9 Kit9100         

10 

Leak 

Test 

stations 

        

11 6000         

Table 6. Station allocation 

Although around 30,000 manning situations were tested and the results were close to the 

optimal values, this procedure of guessing the most efficient workforce scenarios did not 

succeed. Figure 16 displays the results by revealing the TH vs the number of workers produced 

for each workforce situation tested. Each “dot” presents a different workforce scenario (possible 

optimal solution). The best scenarios are the ones which are closest to the upper left corner, that 

means, those which produce the highest TH with the lowest number of workers. The evaluation 

of the workforce configurations considered do not reveal all the most efficient workforce 

scenarios required, that is, the results do not originate a Pareto front. 
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Figure 16. Results of all initial simulation experiments. (Values altered due to confidentiality) 

5.4 Optimization Experiments 

After the failed initial experiments, the only way to attain the optimal trade-off solutions 

between maximum TH and minimum number of workers was to start over the experiment phase 

using multi-objective optimization.  

The optimization algorithm used was NSGA-II, which is a non-dominated sorting GA that uses 

two mechanisms to find the optimal solutions: crossover and mutation. Basically, the crossover 

mechanism takes two original solutions and combines them to obtain a new one whereas 

mutation takes an original solution and modifies it for obtaining a new one. The optimization 

process is the following (see flow chart Figure 17 for an illustrative sequence): 

-  First of all, the optimization algorithm creates 50 random solutions. Initializing 50 

simulation runs where the random settings have been implemented. 

- Secondly, the algorithm evaluates these solutions through the result from simulation 

runs, measuring the objective function.  
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- Thirdly, if the number of iterations is the desired, the process is completed. Otherwise, 

the algorithm creates 50 news solutions (through the two mechanisms commented 

before) based on the best 10 current solutions and repeats again the process from the 

second step. In this project the number of desired iterations was configured as 50,000. 

Creation of 50 random 

solutions

Evaluation of 

solutions

Creation of 50 new 

solutions based on the 

10 current best 

solutions
No

Have been the desired 

number of iterations 

executed?

Process completed

Yes

 

Figure 17. Optimization process flow chart 

5.5 Optimization Setup 

Previously to run the optimization experiments, two task were needed: to configure the model 

for the simulation through the optimization algorithm and a XML file that defines the 

optimization parameters. 
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Firstly, the model variables need to be adapted to the inputs and output parameters of the 

optimization process. Therefore, WGs, stations, and workers were programmed so that the 

optimization algorithm can access to these variables.  

Secondly, an XML file that defines the optimization constraints, objectives, output, and inputs 

were written. The inputs were the number of stations of each WG and the number of operator 

assigned to each WG, which vary from 1 to 9 except for WG 1. The output is average TH. The 

optimization objectives were to minimize the total number of worker and maximize the TH. A 

summary table about the optimization objectives, output, and inputs and its ranges, is presented 

in Table 7, Table 8, Table 9, and Table 10. 

Objectives 

To Minimize the total 

number of workers 

To Maximize the TH 

Table 7. Optimization objectives 

Output 

Average TH  

Table 8. Optimization outputs 
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Input 
Min value (number 

of stations) 

Max value (number of 

stations) 

Number of Stations of WG1 6 6 

Number of Stations of WG2 1 9 

Number of Stations of WG3 1 9 

Number of Stations of WG4 1 9 

Number of Stations of WG5 1 9 

Number of Stations of WG6 1 9 

Number of Stations of WG7 1 9 

Number of Stations of WG8 1 9 

Number of Stations of WG9 1 9 

Number of Stations of WG10 1 9 

Number of Stations of WG11 1 9 

Number of Stations of WG12 1 9 

Number of Stations of WG13 1 9 

Number of Stations of WG14 1 9 

Number of Stations of WG15 1 9 

Table 9. Optimization inputs, number of stations 
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Input 
Min value (number 

of operators) 

Max value (number of 

operators) 

Number of Operators of WG1 6 6 

Number of Operators of WG2 1 9 

Number of Operators of WG3 1 9 

Number of Operators of WG4 1 9 

Number of Operators of WG5 1 9 

Number of Operators of WG6 1 9 

Number of Operators of WG7 1 9 

Number of Operators of WG8 1 9 

Number of Operators of WG9 1 9 

Number of Operators of WG10 1 9 

Number of Operators of WG11 1 9 

Number of Operators of WG12 1 9 

Number of Operators of WG13 1 9 

Number of Operators of WG14 1 9 

Number of Operators of WG15 1 9 

Table 10. Optimization inputs, number of operators 

Finally, the constrains are the followings: 

- The total number of stations assigned to WGs is 66. 

- The number of workers in a WG should be equal or lower than the number of stations 

in that WG. 
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- The number of workers in the leak test is equal or less than seven. This is a requirement 

from Volvo GTO. 

- One WG cannot belong to two different production areas. This is a requirement from 

Volvo GTO as well. 

- The stations assigned to WG 1 are always the same six stations (stations from S0030 to 

S0070) and kit0030. This is because these stations are not operative yet, as it was 

explained in chapter 4.2.1. Thus, the implementation of these workstations will provide 

the possibility to optimize the assembly line just including the processing times of these 

station in the future. Also, the number of operators assigned to WG 1 is always six 

workers. However, since these six operators assigned to these stations do not perform 

any task, they are not considered in the result analysis presented in subchapter 6. 

- The three QG stations are not assigned to any WG.  
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6 OPTIMIZATION RESULTS AND ANALYSIS 

6.1 Introduction to Chapter 6 

In order to test different sequencings, three optimization experiments of HDE13 were run for 

for the cyclical sequences 3 Euro6 – 1 Euro5, 4 Euro6 – 1 Euro5, and 5 Euro6 – 1 Euro5. Each 

optimization experiment provided the optimal workforce situations for each sequencing by 

evaluating 50,000 different workforce scenarios.  

The first aim of this chapter is to present the results provided by the optimization experiments 

of HDE13 simulation model. The second aim is to present the analysis of results performed. 

Among all the results, the one which produces the 80% of the today’s TH of HDE13 is the most 

interesting for Volvo managers. Hence, this scenario is analyzed through a bottleneck and 

worker performance analysis of HDE13. As it was explained in section 5.5, stations assigned 

to WG1 (S0030-S0070) and kit0030 are not operative yet and the six workers assigned to WG1 

do not perform any task. Therefore, neither the operators nor the stations are considered in 

Chapter 6.  

6.2 Individual analyses 

For each sequence the research results are presented in charts. Firstly, through charts in which 

the TH values are displayed along the X axis, the number of workers is displayed along the Y 

axis, and each dot represents one of the 50.000 manning situations evaluated (see Figure 18, 

Figure 20 and Figure 22). Secondly, in order to obtain a clear representation of the optimal 

values, —the workforce scenarios close to the upper left corner— they have been isolated 

through NDS filter to find the Pareto front and presented in charts as well (see Figure 19, Figure 

21 and Figure 23) 

6.2.1 3 Euro6 - 1 Euro5 

For 3 Euro 6 – 1 Euro 5 sequence, Figure 18 shows that the TH values range between 12,72 

and 29,12 engines per hour, whereas the number of workers ranges between 24 and 65 

operators. In case of the filtered values, the TH values range between 14,10 and 29,12 engines 

per hour, and the number of workers ranges between 24 and 64 operators (see Figure 19). There 
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is an absence of Pareto optimal points for the manning levels of 63 and 65 operators. The 

absence of points indicates that the increase of one operator do not increase the TH in a 

significant manner. Therefore, for the sequence 3 Euro6 - 1 Euro 5, the best workforce scenarios 

with 62 and 64 operators provide the same result as the best workforce scenarios with 63 and 

65 operators respectively. 

 

Figure 18 TH/Number of workers every iteration shown (3 Euro6 – 1 Euro5). (Values altered due to confidentiality) 

 

Figure 19 TH/Number of workers Pareto front (3 Euro6 – 1 Euro5). (Values altered due to confidentiality) 

TH

Number of Workers

3Euro6 - 1Euro5

20 25 30 35 40 45 50 55 60 65
0

14

18

22

26

30

TH

Number of workers

Optimal values 3Euro6 - 1Euro5

20 25 30 35 40 45 50 55 60 65

0

14

18

22

26

30



  
 

 70   
  

6.2.2 4 Euro6 - 1 Euro5 

For 4 Euro 6 – 1 Euro 5 sequence, Figure 20 shows that the TH values range between 12,72 

and 29,12 engines per hour, whereas the number of workers ranges between 24 and 65 

operators. In case of the filtered values, the TH values range between 14,11 and 29,12 engines 

per hour, and the number of workers ranges between 24 and 64 operators (see Figure 21). There 

is an absence of Pareto optimal points for the manning level of 65 operators. Therefore, for the 

sequence 4 Euro6 - 1 Euro 5, the best workforce scenario with 64 operators provides the same 

result than the best workforce scenario with 65 operators. 

 

Figure 20. TH/Number of workers every iteration shown (4 Euro6 – 1 Euro5). (Values altered due to confidentiality) 

 

Figure 21. TH/Number of workers Pareto front (4 Euro6 – 1 Euro5). (Values masked due to confidentiality) 
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6.2.3 5 Euro6 - 1 Euro5  

For 5 Euro 6 – 1 Euro 5 sequence, Figure 22 shows that the TH values range between 12,72 

and 29,12 engines per hour, whereas the number of workers ranges between 24 and 65 

operators. In case of the filtered values, the TH values range between 14,12 and 29,12 engines 

per hour, and the number of workers ranges between 24 and 64 operators (see Figure 23). There 

is an absence of Pareto optimal points for the manning levels of 63, and 65 operators. Therefore, 

for the sequence 5 Euro6 - 1 Euro 5, the best scenarios with 62 and 64 operators provide the 

same result than the best workforce scenarios with 63 and 65 operators respectively. 

 

Figure 22. TH/Number of workers every iteration shown (5 Euro6 – 1 Euro5). (Values masked due to confidentiality) 

 

Figure 23. TH/Number of workers Pareto front (5 Euro6 – 1 Euro5). (Values altered due to confidentiality) 
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6.2.4 Analysis of All Sequences 

Besides the individual analyses of each sequence, a comparison of all sequences has been 

performed. For such purpose, Figure 24 reveals the optimal values of the three sequences in the 

same chart (the optimal values have been classified through a NDS filter). The red values belong 

to 3 Euro 6 – 1 Euro 5 sequence, the blue values belong to 4 Euro 6 – 1 Euro 5 sequence, and 

the orange values belong to 5 Euro 6 – 1 Euro 5 sequence. In the picture, the optimal values 

follow a pattern represented by a smooth curve which allows to predict the maximum TH for a 

given number of workers and chosen sequence during operational mode. Figure 24 also shows 

that there are not big output differences for the chosen sequences. Indeed, there are a few cases 

in which the three sequences produce the same TH, for instance, the workforce scenarios with 

24 and 64 operators. There is only a significant difference among the sequences for the 

workforce scenarios with 29, 33, 34, 35, 37, 40, 53, and 56 operators. This small difference in 

the system performance among the sequences is also revealed in Table 11. This table presents 

the optimization output ranges for each sequence considering, on the one hand, all the 

workforce scenarios evaluated and, on the other hand, the optimal workforce scenarios. In 

summary, there is not one predominant sequencing among the three sequences analyzed, the 

most efficient sequence depends on the workforce scenario. 

 

Figure 24. Optimal TH / Number of workers values of the 3 sequences. (Values altered due to confidentiality) 

Optimal values all sequences 
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Output 
Sequencing 3 Euro6 

and 1 Euro5 engine 

Sequencing 4 Euro6 

and 1 Euro5 engine 

Sequencing 4 Euro6 

and 1 Euro5 engine 

TH all values 12,72- 29,12 12,72- 29,12 12,72- 29,12 

TH (NDS sorted) 14,10- 29,12 14,11- 29,12 14,12- 29,12 

Table 11. Optimization output results 

6.3 Influence Analyses of Operators and Stations  

This chapter presents analyses of how the number of operators and the number of stations 

influence on HDE13 performance for each sequencing. The optimal number of operators and 

stations assigned to each WG are shown through parallel coordinate charts. The 15 WGs are 

represented in 15 parallels vertical lines. An optimal either operator number or station number 

in a WG is represented as a grey polyline with vertices on the parallel axes where the position 

of the vertex corresponds to the either number of operators or number of stations. 

6.3.1 3 Euro6 – 1 Euro5 

How the number of operators of each WG affect to HDE13 TH.  

Figure 25 is the parallel coordinate chart that shows the optimal numbers of operators assigned 

to each WG for the sequence 3 Euro6 - 1 Euro5.  The range of the operator number optimal 

values have been summarized in Table 12 and Table 13. 

Thus, these tables reveal both the best and the worst WGs for increasing the number of 

operators. WG 10 is the lowest interesting WG for increasing the number of operators, only one 

operator is interesting as maximum. This WG is followed by WGs 11, 12, 13 and 15; just two 

operators are interesting as maximum for these WGs. Contrary to the aforementioned WGs, the 

most interesting WG for increasing the number of operators is WG 8; with a maximum of eight 

operators. Therefore, in case the optimization experiment would be repeated, looking at the 

tables it is possible to reduce the number of iterations. For instance, the number of operator 

input would be 8 for WG 8 and lower for the remaining WGs. Although these tables define as 



  
 

 74   
  

eight the maximum number of operator working in the same WG, they do not show when an 

additional operator should be added to a specific group in order to reach certain TH. 

 

Figure 25. Parallel coordinates chart of operator number of each WG (sequence 3 Euro6 - 1 Euro5) 

 WG2 WG3 WG4 WG5 WG6 WG7 WG8 

Max number of 

operators 
6 6 4 7 2 3 8 

Min number of 

operators 
1 1 1 1 1 1 1 

Table 12. Optimal number of operators, sequence 3 Euro6 - 1 Euro5 (part 1) 

 WG9 WG10 WG11 WG12 WG13 WG14 WG15 

Max Number 

of operators 
6 1 2 2 2 3 2 

Min number 

of operators 
1 1 1 1 1 5 2 

Table 13. Optimal number of operators, sequence 3 Euro6 - 1 Euro5 (part 2). 
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How the number of stations of each WG affect to HDE13 TH.  

Figure 26 is the parallel coordinate chart that shows the optimal number of stations assigned to 

each WG for the sequence 3 Euro6 - 1 Euro5. The range of the station number optimal values 

have been summarized in Table 14 and Table 15. 

Thus, these tables reveal both the best and the worst WGs for increasing the number of stations. 

WGs 10, 11 and 12 are the lowest interesting WGs for increasing the number of stations, in 

which three stations are interesting as maximum. These WGs are followed by WG 6, just four 

stations are interesting as maximum for this WG. Contrary to the aforementioned WGs, the 

most interesting WGs for increasing the number of stations are WGs 4, 5, 8, 9, 13, 14, and 15; 

with a maximum of nine stations. Therefore, in case the optimization experiment would be 

repeated, looking at the tables it is possible to reduce the number of iterations. For instance, the 

number of stations input would be 3 for WGs 10, 11 and 12. Nevertheless, the analysis of the 

number of stations have the same importance as the analysis of the number of operators, they 

are just information concerning the choice of inputs parameters. They do not show when an 

additional station should be added to a specific group in order to reach certain TH. 

 

Figure 26. Parallel coordinates chart of station number of each WG (sequence 3 Euro6 - 1 Euro5). 
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 WG2 WG3 WG4 WG5 WG6 WG7 WG8 

Max number of 

stations 
6 8 9 9 4 7 9 

Min number of 

stations 
6 6 2 1 1 2 2 

Table 14. Optimal number of stations, sequence 3 Euro6 - 1 Euro5 (part 1) 

 WG9 WG10 WG11 WG12 WG13 WG14 WG15 

Max Number 

of stations 
9 3 3 3 9 9 9 

Min number 

of stations 
2 1 1 1 1 5 2 

Table 15. Optimal number of stations, sequence 3 Euro6 - 1 Euro5 (part 2) 

6.3.2 4 Euro6 - 1 Euro5 

How the number of operators of each WG affect to HDE13 TH.  

Figure 27 is the parallel coordinate chart that shows the optimal numbers of operators assigned 

to each WG for the sequence 4 Euro6 - 1 Euro5. The range of the operator number optimal 

values have been summarized in Table 16 and Table 17. 

Thus, these tables reveal both the best and the worst WGs for increasing the number of 

operators. WGs 11 and 12 are the lowest interesting WGs for increasing the number of 

operators, only one operator is interesting as maximum. These WGs are followed by WG 13 

and 14; just two operators are interesting as maximum for these WGs. Contrary to the 

aforementioned WGs, the most interesting WGs for increasing the number of operators are 

WGs 8 and 9; with a maximum of seven operators. It is remarkable that for all of WGs the 

minimum optimal number of operators is one, considering the sequence 4 Euro6 – 1 Euro5. 
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Figure 27. Parallel coordinates chart of operator number of each WG (sequence 4 Euro6 - 1 Euro5) 

 WG2 WG3 WG4 WG5 WG6 WG7 WG8 

Max number of 

operators 
6 5 3 6 6 5 7 

Min number of 

operators 
1 1 1 1 1 1 1 

Table 16. Optimal number of operators, sequence 4 Euro6 - 1 Euro5 (part 1) 

 WG9 WG10 WG11 WG12 WG13 WG14 WG15 

Max Number 

of operators 
7 4 1 1 2 2 3 

Min number 

of operators 
1 1 1 1 1 1 1 

Table 17. Optimal number of operators, sequence 4 Euro6 - 1 Euro5 (part 2) 
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How the number of stations of each WG affect to HDE13 TH.  

Figure 28 is the parallel coordinate chart that shows the optimal number of stations assigned to 

each WG for the sequence 3 Euro6 - 1 Euro5. The range of the station number optimal values 

have been summarized in Table 18 and Table 19. 

Thus, these tables reveal both the best and the worst WGs for increasing the number of stations. 

WGs 11 and 12 are the lowest interesting WGs for increasing the number of stations, in which 

three stations are interesting as maximum. These WGs are followed by WG 10, just four stations 

are interesting as maximum for this WG. Contrary to the aforementioned WGs, the most 

interesting WGs for increasing the number of stations are WGs 5, 6 7, 8, 9, 13, and 14; with a 

maximum of nine stations. 

 

Figure 28. Parallel coordinates chart of station number of each WG (sequence 4 Euro6 - 1 Euro5). 

 WG2 WG3 WG4 WG5 WG6 WG7 WG8 

Max number of 

stations 
8 8 8 9 9 9 9 

Min number of 

stations 
4 4 2 2 1 1 4 

Table 18. Optimal number of stations, sequence 4 Euro6 - 1 Euro5 (part 1) 
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 WG9 WG10 WG11 WG12 WG13 WG14 WG15 

Max Number 

of stations 
9 4 3 3 9 9 8 

Min number 

of stations 
1 2 1 1 2 1 1 

Table 19. Optimal number of stations, sequence 3 Euro6 - 1 Euro5 (part 2) 

6.3.3 5 Euro6 - 1 Euro5  

How the number of operators of each WG affect to HDE13 TH.  

Figure 29 is the parallel coordinate chart that shows the optimal numbers of operators assigned 

to each WG for the sequence 3 Euro6 - 1 Euro5. The range of the operator number optimal 

values have been summarized in Table 20 and Table 21. 

Thus, these tables reveal both the best and the worst WGs for increasing the number of 

operators. WGs 10, 11, 14 and 15 are the lowest interesting WGs for increasing the number of 

operators, only two operators are interesting as maximum. These WGs are followed by WG 13; 

just three operators are interesting as maximum for these WGs. Contrary to the aforementioned 

WGs, the most interesting WG for increasing the number of operators is WG 8; with a 

maximum of eight operators. It is remarkable that for all of WGs the minimum optimal number 

of operators is one, considering the sequence 5 Euro6 – 1 Euro5. 
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Figure 29. Parallel coordinates chart of operator number of each WG (sequence 5 Euro6 - 1 Euro5) 

 WG2 WG3 WG4 WG5 WG6 WG7 WG8 

Max number of 

operators 
7 7 6 5 4 4 8 

Min number of 

operators 
1 1 1 1 1 1 1 

Table 20. Optimal number of operators, sequence 5 Euro6 - 1 Euro5 (part 1). 

 WG9 WG10 WG11 WG12 WG13 WG14 WG15 

Max Number 

of operators 
6 2 2 4 3 2 2 

Min number 

of operators 
1 1 1 1 1 5 2 

Table 21. Optimal number of operators, sequence 5 Euro6 - 1 Euro5 (part 2). 
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How the number of stations of each WG affect to HDE13 TH.  

Figure 30 is the parallel coordinate chart that shows the optimal number of stations assigned to 

each WG for the sequence 3 Euro6 - 1 Euro5. The range of the station number optimal values 

have been summarized in Table 22 and Table 23. 

Thus, these tables reveal both the best and the worst WGs for increasing the number of stations. 

WGs 10 and 11 are the lowest interesting WGs for increasing the number of stations, in which 

three stations are interesting as maximum. These WGs are followed by WG 12, just four stations 

are interesting as maximum for this WG. Contrary to the aforementioned WGs, the most 

interesting WGs for increasing the number of stations are WGs 3, 5, 8, 9, 13, and 14; with a 

maximum of nine stations.  

 

Figure 30. Parallel coordinates chart of station number of each WG (sequence 5 Euro6 - 1 Euro5). 

 WG2 WG3 WG4 WG5 WG6 WG7 WG8 

Max number of 

stations 
7 9 6 9 6 7 9 

Min number of 

stations 
3 4 3 2 1 3 2 

Table 22. Optimal number of stations, sequence 5 Euro6 - 1 Euro5 (part 1) 
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 WG9 WG10 WG11 WG12 WG13 WG14 WG15 

Max Number 

of stations 
9 3 3 4 9 9 6 

Min number 

of stations 
4 1 1 1 3 4 1 

Table 23. Optimal number of stations, sequence 5 Euro6 - 1 Euro5 (part 2) 

6.4 Case Study 

Among all the optimal results, the workforce situation that produces the 80% of the today’s TH 

(25,28 engines per hour) is especially interesting for Volvo managers. For those scenarios that 

produce around 25,28 engines per hour, 3 Euro 6 – 1 Euro 5 sequence is the most optimal 

sequence. This is revealed in Figure 31, where the blue values belong to 3 Euro 6 – 1 Euro 5 

sequence, the purple values belong to 4 Euro 6 – 1 Euro 5 sequence, and the orange values 

belong to 5 Euro 6 – 1 Euro 5 sequence.  

 

Figure 31.Sequence comparison for 80% of the today's TH (values on Y-axis altered due to confidentiality) 

Hence, taking the current sequence into consideration, there is one optimal solution that reduces 

the number of operators to 65,45% of today’s manning situation and yields 80,68% of the 

today’s TH. This is the closest output value to 80% of the today’s TH given for the sequence 3 

24,7 
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Euro 6 – 1 Euro 5 (see Figure 31). The configuration and the output result of this manning 

situation are shown in Table 24, Table 25, Table 26, Table 27 and Table 28. 

Number of workers Number of stations TH 

36 66 25.41 

Table 24. Case study scenario 

Number 

Operators 

WG2 

Number 

Operators 

WG3 

Number 

Operators 

WG4 

Number 

Operators 

WG5 

Number 

Operators 

WG6 

Number 

Operators 

WG7 

Number 

Operators 

WG8 

3 5 2 5 1 2 5 

Table 25. Case study scenario, number of operators (part 1) 

Number 

Operators 

WG9 

Number 

Operators 

WG10 

Number 

Operators 

WG11 

Number 

Operators 

WG12 

Number 

Operators 

WG13 

Number 

Operators 

WG14 

Number 

Operators 

WG15 

5 1 1 1 1 2 2 

Table 26. Case study scenario, number of operators (part 2) 

Number 

Stations 

WG2 

Number 

Stations 

WG3 

Number 

Stations 

WG4 

Number 

Stations 

WG5 

Number 

Stations 

WG6 

Number 

Stations 

WG7 

Number 

Stations 

WG8 

5 7 3 9 1 3 8 

Table 27. Case study scenario, number of stations (part 1) 

Number 

Stations 

WG9 

Number 

Stations 

WG10 

Number 

Stations 

WG11 

Number 

Stations 

WG12 

Number 

Stations 

WG13 

Number 

Stations 

WG14 

Number 

Stations 

WG15 

6 2 2 2 1 8 9 

Table 28. Case study scenario, number of stations (part 2) 



  
 

 84   
  

One of the project objectives is to perform bottleneck analysis of the most efficient manning 

scenario that yields 80% of the today’s TH. Additionally, an operator utilization analysis of the 

same scenario has been performed despite it is not an initial objective. Therefore, the workforce 

scenario detailed in the previous paragraphs has been analyzed in deep. On the one hand, as 

explained in section 3.5,  the developed method was bottleneck analysis based on utilization 

factor. On the other hand, the operator utilization analysis was performed by analyzing the 

utilization percentages of each WG over the total simulation time. Since the most efficient result 

for those that yield around 80% of the current TH is provided by 3 Euro 6 – 1 Euro 5 sequence, 

the next analyses will only consider this sequence. 

Figure 32 shows the utilization graph of every station at HDE13, that is, it is the chart utilized 

for the bottleneck analysis. In Figure 32, X axis comprises all the HDE13 stations and Y axis 

the time percentage over the total simulation time. The stations states showed are: working, 

blocked, waiting, and stopped states —this behavior is correct because these four states are the 

only ones expected for the modeled stations. Thus, for each WG, the green columns represent 

the working time percentage, the yellow columns represent the blocked time percentage, the 

pink columns represent the stopped time percentage and the remaining grey columns represent 

the waiting time percentage. Analyzing the chart presented in Figure 32, it is possible to identify 

that the station with the highest working time (the bottleneck) is kit1100, secondly kit0600, and 

thirdly kit1900. In general, HDE13 is unbalanced and just leak test stations with the same 

functionality are balanced. Nevertheless, the aforementioned kitting stations are the ones that 

should be improved first of all. 
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Figure 32. Utilization graph 

Figure 33 shows an operator utilization chart. X axis of Figure 33 comprises all the WGs and 

Y axis the working time portion over the total simulation time, where one is the upper boundary. 

Therefore, each green column represents the operator utilization of each WG. Analyzing the 

chart presented in Figure 33, it is remarkable the great balance among all WGs, characteristic 

of an optimal allocation of operators along the assembly line for a given number of workers. 

An example of no optimal allocation of operators along HDE13 is shown in Figure 34. This 

random scenario is shown to provide a comparison between an optimal and no optimal scenario 

in which the workload among WGs is very unbalanced. 
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Figure 33. Operator utilization of an optimal workforce scenario 

 

Figure 34. Operator utilization of a random workforce scenario 
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6.5 Summary of Results 

This section presents a summary of the results analyzed in Chapter 6. They are the followings:  

 For the three analyzed sequences, the analyses have provided almost the same Pareto 

front curve. Through these curves, it is possible to predict the maximum TH for a given 

number of workers and sequencing even without simulation. 

 The effect of the operators has been analyzed for the sequence 3 Euro 6 – 1 Euro 5. The 

most interesting WG for increasing the number of operators is WG 8 with a maximum 

of eight operators. The lowest interesting WGs for increasing the number of operators 

are WGs 11, 12, 13, and 15; with a maximum of two operators. 

 The effect of the stations has been analyzed for the sequence 3 Euro 6 – 1 Euro 5. The 

most interesting WGs for increasing the number of stations are WGs 4, 5, 8, 9, 13, 14, 

and 15; with a maximum of eight stations.  The lowest interesting WGs for increasing 

the number of stations is WG 11, and 12; with a maximum of three station. 

 The effect of the operators has been analyzed for the sequence 4 Euro 6 – 1 Euro 5. The 

most interesting WGs for increasing the number of operators are WGs 8 and 9 with a 

maximum of seven operators. The lowest interesting WGs for increasing the number of 

operators are WG 11 and 12 with a maximum of one operator. 

 The effect of the stations has been analyzed for the sequence 4 Euro 6 – 1 Euro 5. The 

most interesting WGs for increasing the number of stations are WG 5, 6 7, 8, 9, 13, and 

14 with a maximum of nine stations.  The lowest interesting WGs for increasing the 

number of stations is WG 11 and 12; with a maximum of three station. 

 The effect of the operators has been analyzed for the sequence 5 Euro 6 – 1 Euro 5. The 

most interesting WGs for increasing the number of operators is WG 8 with a maximum 

of eight operators.  The lowest interesting WGs for increasing the number of operators 

are WG 10, 11, 14 and 15; with a maximum of two operators. 

 The effect of the stations has been analyzed for the sequence 5 Euro 6 – 1 Euro 5. The 

most interesting WGs for increasing the number of stations is WG 3, 5, 8, 9, 13, and 14 
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with a maximum of nine stations. The lowest interesting WGs for increasing the number 

of stations is WG 10 and 11 with a maximum of three station. 

 There is not an optimal sequence. The best sequence depends on the manning situation. 

However, there are slight differences related to the lack of Pareto optimal points. For 

the sequences 3 Euro 6 – 1 Euro 5 and 5 Euro 6 – 1 Euro 5, there is lack of Pareto 

optimal points for 63 and 65 operators, whereas for 4 Euro 6 – 1 Euro 5, there is just 

lack of Pareto optimal point for 65 operators.  

 The bottleneck analysis performed in subchapter 6.4 revealed that HDE13 workload is 

quite unbalanced. Therefore, the application of line balancing methods to HDE13 would 

improve its outcomes. Finally, the analysis showed that the bottleneck is kit1100. 
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7 DISCUSSION 

7.1 Introduction to Chapter 6 

This chapter provides a discussion of the progress and problems that we have experienced along 

the whole project. In this manner, this chapter aims to examine the main results and presents 

reflections as to what has been learnt in this project. 

7.2 Findings and Reflections 

The study project followed Banks' methodology “steps in a simulation study” presented in his 

book Discrete-Event System Simulation (Banks, 2009). This shortened the startup time of the 

project and provided us with a broad understanding on how to face the project. 

In the first stage of the project, we spent a lot of time collecting information at the production 

plant of HDE13 by conducting participant observations and interviews. We interviewed many 

employees, from operators to executive managers. This provided us with general understanding 

from a worker point of view, apart from the needed information. Indeed, sometimes we obtained 

the information that we were looking for, sometimes we did not, but we always acquired 

knowledge and hints for our future work life that we really appreciated. One example of this 

occurred when we were trying to measure AGVs speed. With the help of the personnel, we 

realized that our approach was not right. In HDE13, Volvo employees consider AGVs distance 

and time instead of AGVs speed. However, through our strategy, we understood the behavior 

of AGVs, how they are programmed and more details that were not required for this project. 

Certainly, everything was not done in the first attempt. We faced several problems due to the 

lack of information at some steps of the project. The main ones were the AVIX and DUGA 

software. The follow-up production system DUGA did not work when it was needed, so we 

had to wait for production engineers to fix it. Even so, data of the variability of the processes 

could not be obtained from the software. Therefore, data were obtained via time measurements. 

Concretely, we solved this problem measuring station cycle times and looking for an 

appropriate distribution that represents the variability of station cycle times by ourselves. 

Definitively, we learned much more from difficulties and unexpected problems than from easily 

solved problems.  
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When data collection finished, we started building the simulation model. In this step we started 

building a simple model and adding complexity step by step. Thus, this process allowed us to 

expand the model progressively, which easier the building of the whole simulation model. Here 

we had problems with our Plant Simulation version, since the university and Volvo GTO did 

not work with the same version. During this stage the meetings were fundamental for model 

development. Moreover, we omitted one of the initial project goals: to analyze buffer allocation 

in HDE13. This was omitted chiefly due to the present-day industrial environment in the 

production plant of HDE13. There is not enough space for implementing buffers in HDE13, 

thus Volvo managers were not interested in buffer allocations. Instead, they preferred to focus 

on analyzing how the workforce affects the assembly line.  Buffer allocation was an initial 

objective in the presented project.  

Then, running simulation experiments was the next step. This became the most time-consuming 

part of our project. Volvo GTO did not own an optimization client for running optimization. So 

this problem and the availability uncertainties of the university computer cluster for running 

optimization during the most part of the project forced us to use an even higher number of 

experimentations than expected and needed. We run around 30,000 experiments. During 

experiment simulation we realized that the model needed some modifications. Although the 

simulation model was validated and verified, there were some manning situations which were 

not taken into consideration. This prompted us to correct the model and run experiments several 

times, increasing the time consumed by this phase. Even when simulation experiments 

succeeded, we realized that the results obtained were not good enough. Therefore, after a huge 

waste of time, we started the optimization process on the university computer cluster. Here, we 

also had several problems configuring the model according to optimization engine requirements 

and defining the number of needed solutions within the optimization experiment. Thus, we had 

to run four optimization experiments to obtain the desired results. The decision in a late stage 

of performing a simulation-based optimization has contributed to a higher understanding of the 

best combination regarding TH and total number of workers. Multi-objective optimization, 

which yielded the desired results, is the best solution for the kind of problem presented in this 

project. The Pareto front of the most efficient workforce scenarios concerning the number of 

workers and TH has been revealed for each one of the three sequences, this allows to predict 

the optimal system output for a given number of operators (see section 6.2). However, the 
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results also show that all the evaluated sequences produce the same results, there are not that 

big output differences for the three sequencings evaluated. This may be because the three 

sequencings are similar each other. Although Volvo GTO’s productions engineers proposed 

running three specific sequencings that they experienced as the best ones, running other 

scenarios with very different sequencings would reveal the effect of sequencing on the HDE13 

performance. 

Answering the next research question: Does this project contribute to future work? Yes, it does. 

Volvo GTO searched for a simulation model of HDE13 that assures the most efficient manning 

situation in the line. Hence, we build a DES model that provides solutions for such problem. In 

order to verify how realistic are our solutions, Volvo executive managers are currently aiming 

to test our simulations results in HDE13. However, this model potential is higher that the 

benefits provided by the analysis done at one assembly line. We have developed a model that 

is as flexible allowing new features to be implemented and adaptable for future needs. We really 

believe that this model will help Volvo GTO and its assembly lines as a powerful tool even in 

the future, contributing to develop new and existing lines.  

To sum up, this thesis project has been both an academic and work experience at the same time. 

On the one hand, we have faced an academic challenge in which new concepts, English 

academic writing, and thesis structure were steps to overcome. On the other hand, we have 

experienced working in a real work environment, and even better, we have worked close to 

engineers from different fields of study Our bachelor’s degree final project was developed 

during a long period of time and during the whole project we felt that we were running short of 

time. Despite the detailed time plan that we included in our project description, the project has 

been a constant struggle against time and problems. As authors and participants in this thesis 

our feelings are totally good, in spite of the mistakes made along the project. We are proud of 

this enriching learning experience as well as grateful for the opportunity to develop this project 

in a multinational company. 
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8 CONCLUSION AND FUTURE WORK 

8.1 Introduction to chapter 7 

This chapter tries to provide the reader with a description of the work performed as well as the 

main findings drawn in this project. In addition, further studies within this project are proposed 

for the future. 

8.2 Conclusion 

The aim of this project was to analyze the effect of manning on HDE13 using simulation. With 

this purpose, a simulation model of the whole assembly line for 13-liter trucks engines of Volvo 

GTO in Skövde was developed and described. For further details, see subchapters Assembly 

Line Description and Description of Simulation Model. Before developing the model, data were 

gathered. These data were analyzed in section 4.5. Finally, the effect of manning was presented, 

besides a case study interesting for Volvo in Chapter 5. 

The project objectives were the followings: 

To carry out a literature research in the field of simulation, assembly lines and WW. An 

investigation of literature in the field of WW and fixed workers was conducted (subchapter 

3.3). Theory predicted performance improvement in HDE13 using WW instead of fixed 

workers. 

To develop a simulation model of HDE13. The theory prediction was corroborated by a 

simulation model that works as a tool to answer the main research question in this project: what 

performance yield a certain manning situation. The obtained Pareto fronts allow to predict the 

maximum TH for a given number of workers and chosen sequence during operational mode. 

Furthermore, as an extra requirement from Volvo, a user friendly interface was developed in 

the simulation model to allow easy use of the model for the engineers who are not familiar with 

simulation. The model was shown in subchapter 4.4 with text and figures.  

To investigate the effects of workforce effect to find the most efficient manning scenarios. 

The simulation model of HDE13 was used to run simulation experiments. The experiments and 

their results were presented in Chapter 5. Initial simulation experiments were run without 
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optimization, however, after several failures; optimization was needed in order to find the 

optimal results (see subchapter 5.3 for reading about the initial experiments and subchapter 5.4 

for reading about the optimization process).  

Thus, the effect of both the station numbers and worker numbers on the line output for every 

WG and sequence as well as the effect of workforce for every sequence was analyzed in 

subchapter 6. The most efficient workforce scenarios follow an identified pattern in which all 

of them are contained in the Pareto front curve. The main results are defined next: 

 Sequencing 3 Euro 6 and 1 Euro 5, TH varies from 14,10 to 29,12 while the number of 

workers varies from 24 to 65 operators.  

 Sequencing 4 Euro 6 and 1 Euro 5, TH varies from 14,11 to 29,12 while the number of 

workers varies from 24 to 65 operators. 

 Sequencing 5 Euro 6 and 1 Euro 5, TH varies from 14,12 to 29,13 while the number of 

workers varies from 24 to 65 operators. 

To perform bottleneck analysis of the most interesting manning scenario. A bottleneck analysis 

and worker utilization analysis was performed for the case study considered. The bottleneck 

analysis found that the bottleneck is station kit1100 (see subchapter 6.4 for further information). 

8.3 Future Work 

The main way for further development of this project include: 

Testing more sequencing: Three different cyclical sequences were tested in this project: 

3 Euro6, 1 Euro5; 4 Euro6, 1 Euro5; and 5 Euro6, 1 Euro5. These sequences were the most 

interesting for Volvo GTO. However, in the future a sequencing optimization depending on 

customer demand is needed for further assembly line optimization. 

Implementation of workers’ walking time: This model can be developed further taking into 

consideration workers’ walking time. It would allow to test situations in which stations that 

belong to the same WG are far away each other. 
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Buffer allocation study: This study was omitted because the industrial environment of the 

assembly line is incompatible with buffer implementation. Nevertheless, buffer allocation is a 

study that can be useful if the line is radically remodeled in the future. 

Application to other assembly lines: This model can be expanded and used in other assembly 

lines. Concretely, the simulation model can be expanded to the inner assembly line for 13-liter 

trucks engines of Volvo GTO in Skövde. 

Frequency analysis (SCORE): As it was explained in section 3.5, SCORE is a powerful and 

complex method for detecting and ranking bottlenecks of production systems through multi-

objective optimization. Therefore, the analysis of the experiment results through SCORE would 

delve into a new classification of best solutions based on this rank. 
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