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Abstract 
The thesis has been performed in cooperation with a Swedish manufacturing company. The 
manufacturing site of the company is currently implementing a new machine layout in one of its 
workshops. The new layout will increase the product flow to another workshop on the site. The goal 
of the thesis was to evaluate the current transportation system and suggest viable alternatives for the 
future product flow. By means of discrete event simulation these alternative solutions would be 
modelled and subsequently optimized to determine if their performance is satisfactory. An 
approximated investment cost of the solutions would also be estimated. 

By performing a literature review and creating a frame of reference, a set of relevant methodologies 
were selected to provide a foundation to the project. Following these methodologies, the current state 
of transportation was identified and mapped using Value Stream Mapping. Necessary data from the 
current flow was identified and collected from the company computer systems. This data was deemed 
partly inaccurate and further verification was needed. To this end, a combination of Genchi Genbutsu, 
assistance from onsite engineers and a time study was used to verify the unreliable data points. The 
data sets from the time study and the company data which was deemed valid were represented by 
statistical distributions to provide input for the simulation models. 

Two possible solutions were picked for evaluation, an automated guided vehicle system and a tow 
train system. With the help of onsite personnel, a Kaizen Event was performed in which new possible 
routing for the future flow was evaluated. A set of simulation models portraying the automated guided 
vehicle system and the tow train system were developed with the aid of simulation software. The 
results from these models showed a low utilization of both systems. A new set of models were 
developed, which included all the product flows between the workshops. The new flows were 
modelled as generic pallets with the arrival distribution based on historical production data. This set 
of models were then subject for optimization with regard to the work in process and lead time of the 
system. The results from the optimization indicates the possibility to reduce the overall work in process 
by reducing certain buffer sizes while still maintaining the required throughput. These solutions were 
not deemed to be ready for implementation due to the low utilization of the transportation systems. 
The authors instead recommend expanding the scope of the system and including other product flows 
to reach a high utilization. 

 

Note: All data relating to the company has been censored or modified according to the confidentiality 
policy of the partner company 
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1 Introduction 
This chapter introduces the project and provides the initial problem description. The method which is 
used in the project is detailed. It also specifies the aim and objectives of the project as well as the 
delimitations and a sustainability perspective.  

1.1 Background 
The Swedish manufacturing industry is under increasing competitive pressure due to a number of 
factors, such as globalization and rising demands of social and ecological responsibility. To meet these 
challenges and remain a force in the global market, it is necessary to improve and adapt the 
manufacturing to be as efficient as possible. The application of Lean thinking and methodologies can 
be a powerful tool to identify and reduce waste and help the Swedish industry to remain competitive. 
The large knowledgebase of technologies in Sweden should not be disregarded either, as the possibility 
of widespread application of techniques like simulation and optimization provides a vital edge in the 
trials of tomorrow. 

The partner company for this thesis is a manufacturing industry in Sweden which is a part of a larger 
international corporation. The site where the study is performed contains a foundry, processing plants 
and assembly lines. While a site encompassing a large part of the manufacturing process brings 
advantages, it also creates pressure on the internal logistics. The different workshops are required to 
deliver raw materials and finished products between each other on a regular basis through a 
transportation system which spans the entire site.  

1.2 Problem description 
Each workshop has one or more loading zones where material carts are loaded or unloaded by forklift. 
The partner company has determined that the system inherently creates a lot of unnecessary material 
handling and contributes to a range of logistical issues. The project will focus on these issues in regard 
to two workshops on the site, named the PVX and PVS workshop respectively. The PVX workshop is 
dedicated to several product families, where both machining and assembly operations are performed. 
The PVS workshop contains the final assembly of the overall product, with some parts being supplied 
from the PVX. 

A new machine layout will be introduced in the PVX workshop which is expected to increase the flow 
of a product family being transported to the PVS workshop, where the assembly of the products occur. 
This provides the opportunity to evaluate the current transportation system and if appropriate, 
suggest an alternative system which could be implemented alongside the new layout. The company 
has expressed interest in creating an automated transport solution which can handle the expected 
increase in volume as well as different product variants. In addition, the company would like a 
simulation model of the suggested transportation system to evaluate the merits of the system as well 
as evaluate further changes or improvements. 

1.3 Aim of the project 
The aim of the project is to evaluate the current transportation system and if it is deemed appropriate 
suggest one or more alternative transportation systems between the PVX and PVS workshops capable 
of meeting the volume demands of the company. This includes routing, capacity, handling of weather 
conditions and some consideration for the securing of the load. The system design has to align with 
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both the company goals and the Lean principles. An estimation of the investment cost will be 
performed.  

A validated discrete event simulation model of the suggested systems will be developed, and 
simulation-based optimization of the proposed alternative will be performed. The optimization will 
aim to minimize the total work in process (WIP) and lead time (LT) while maintaining the minimum 
required TH to not create a backlog of products. The project will aim to maintain a high utilization of 
the transporting equipment. 

1.4 Project milestones 
To achieve the aim of the project, certain milestones need to be completed. Each step builds upon the 
previous one to reach the goals of the project. 

• Perform study to map the current transportation system. 

• Collect data to assess the conditions the system operates in. 

• If deemed appropriate, find appropriate alternatives to the current system. 

• Construct simulation models which correspond to the suggested system or systems. 

• Validate and optimize the models to provide a basis for their performance. 

• Compile the output from each model and deliver the results to the company. 

Each part of the project will take the Lean principles into account. 

1.5 Delimitations 
The project will not perform any extensive economic evaluation of the suggested transportation 
systems. The assessment of the systems will mainly focus on the performance measures of interest 
and an estimation of the investment cost, not the overall economic impact.  

Any incorporation of other transportation systems will not be a major consideration of the project. The 
ability for the suggested system to provide transport for products other than the concerned product 
family will however be considered. 

The raw material flow will not be investigated in any large capacity and will not be modeled in any 
eventual simulation model. 

Only the part of the product family which is transported to the PVS workshop will be studied. All other 
flows of the product family will be disregarded. 
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1.6 Method 
To achieve the goals of the project a method was developed, as shown in Figure 1 below. The thesis 
method is mainly comprised of three sub-methodologies. Firstly, the Simulation Guide by Law (2014), 
which detailed in 2.3 Simulation Studies. Secondly, the input data methodology by Skoogh and 
Johansson (2008), which is detailed in 2.8 Input Data Management. Thirdly, the LeanSMO Framework 
(Goienetxea, Urenda & Ng, 2015), which is detailed in 2.10.1 LeanSMO Framework.  

Problem Formulation 

Academic content & Planning

Evaluate current state

Define target condition 

Design and evaluate 
target condition

Documentation & Presentation

Identify relevant data

Collect & compile data

Analyze & represent dataDevelop simulation model

Validate & run model

Perform optimization

InputInput

InputInput

LeanSMO Framework

Simulation Guide by Law

Input Data Management 

Feedback

Figure 1: The thesis method with each sub-methodology. 

The workflow of the thesis will follow this method from start to finish. Throughout the project the 
three methodologies will guide the work in different areas, and in certain cases two of them will have 
overlapping application. In those cases, they will be used in parallel to complement each other in a 
way that furthers the thesis. Each methodology possesses unique strengths and different levels of 
detail, leaving room for flexible implementation and avoidance of any conflict between them.  

The method is however a generic one and could be applied to similar projects. It does not have any 
inherent connection to the specific conditions of the thesis, which provides the possibility of using 
different goals as input and maintaining the same project structure. 
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1.7 Sustainable development 
“Sustainable development is development that meets the needs of the present without compromising 
the ability of future generations to meet their own needs”, definition given to the term by the World 
Commission on Environment and Development (1987, p. 41). The commission argue that all countries 
need to take sustainability into account for all social and economic goals regardless of economic 
system or state of development.  

Simulation is a tool that can contribute to sustainability in various ways. Discrete event simulation can 
be used in conjunction with Lean methodologies to reduce overproduction, which in turn removes 
unnecessary energy consumption. Simulation-based optimization (SBO) is also useful for minimizing 
factors that cause emissions, like reducing the total transport mileage (Miller, Pawloski & Standridge, 
2010). The field of simulation science is also essential to understand and predict our environment at 
large. Sloggy, Plantinga and Latta (2016, p. 1713) emphasize this: “Large-scale environmental models 
have become a vital tool in studying the effects of climate change”. 

This thesis will consider sustainability in various ways, such as decreasing reliance on fossil fuels in 
future transportation systems and attempting to shorten the route needed for each transport to take 
place. One of the largest environmental footprints that humans cause is found in the transportation 
sector. In only North America and Europe, the transportation stands for 24% of the total greenhouse 
gas emissions (Severengiz, Seidel, Steingrímsson & Seliger, 2015). Using simulation different 
alternatives may be evaluated and if some are found to be wasteful of resources it can be discarded 
for more efficient designs. 
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2 Frame of Reference 
In this chapter a frame of reference for the thesis is presented. A background of several different areas 
is given and methodologies discussed. The subjects included encompass or are related to simulation, 
Lean or material handling systems. 

2.1 Systems 
A system is characterized as “a group of objects that are joined together in some regular interaction 
or interdependence toward the accomplishment of the same purpose” (Banks, Carson, Nelson & Nicol, 
2010, p. 30). As an example, in a production system which manufactures cars, the machines, workers 
and so on cooperate to complete the production of every vehicle. Averill Law (2014) argues that in 
practice it is the objectives of a study that determines what is meant by a “system”. While one study 
might have an interest in an entire production line, the subject of another study could be a subsystem 
of the overall production flow. 

It is however important to note that when studying a subsystem, or even what might appear to be the 
overall system, that it is not isolated from the rest of the world. Everything that is not encompassed 
by the system is part of the system environment and potential interactions need to be taken into 
account. Systems that have no interaction with their environment exist, but are rare in practice. Such 
a case would be defined as a closed system, in contrast to an open system which does interact with its 
environment (Bocij, Chaffey, Greasley & Hickie, 2006). 

The state of a system is defined by a set of state variables which are used to describe the system at a 
given point in time. These could be the number of products on a conveyor or the temperature in an 
environment. Systems are divided into two types, discrete and continuous systems, depending on how 
these state variables act (Law, 2014). In the case of the conveyor it would be classified as a discrete 
system since the state variable changes at a given point in time, namely when a product enters or exits 
the conveyor. The study of temperature in an environment on the other hand would be categorized as 
a continuous system since temperature changes over time, not in an instant. In practice, systems rarely 
conform to these labels perfectly but given that most systems are predominately discrete or 
continuous a classification is usually possible (Law, 2014). 

2.2 Simulation 
To acquire insight into the relationship of a systems components a study of the given system needs to 
be performed. However, experimentation with the system itself could be either impractical or 
impossible due to a number of factors. The experiment might require large investments and rebuilding, 
the system might not be available for testing or it might even still be in development. Therefore, a 
model of the system is often preferable (Banks et al., 2010). 

Simulation is used to model the behavior of systems to study them over time. Due to the complexity 
of the real world, a simulation model is based on a collection of assumptions regarding the behavior 
of the studied system. A properly developed and validated model may provide answers to how the 
system will react in different scenarios. These properties make simulation a possible option either 
when improvements in an existing system are being evaluated or a new system is being developed 
(Banks et al., 2010). 
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2.2.1 When is simulation a suitable tool and not?  
Over the years simulation has become a more common and widely used tool in operations research 
and system analysis. There are different applications where simulation is useful and where simulation 
should not be used. However, simulation should be used when it is anticipated to some situations or 
outcome that might occur to the simulated process. If there is a need of changing design or function 
in a process, simulation can give the opportunity to predict what events might occur. By changing the 
input values of the model and evaluating the output some insight about the system can be gained 
(Banks et al., 2010). 

In some processes there is a need of finding the most optimized sequence of batches which a 
simulation model can help to reach a conclusion. By simulating the desired process, the simulation can 
show how the sequence of batches will affect the output and which sequence suits the process (Banks 
et al., 2010). 

However, it is not always appropriate to use simulation. If it is possible to solve a task with common 
sense, the task should not be simulated. Simulations are not always cheap and if a simulation study 
would be more expensive than any savings achieved, then it is a waste to perform it. Another rule that 
Banks et al. (2010) mentions is that a simulation study is useless if the commitment of time and 
resources are not enough to develop a valid and credible model. 

2.2.2 Advantages and disadvantages of simulation 
Over the years simulation has become a useful tool and supportive to different processes. There are 
many reasons why simulation has become a popular supportive tool to several companies and 
researches over the years. Simulation has made it possible to predict future behavior and needs of a 
system. Here are some of the advantages listed according to Banks et al. (2010): 

• When there is a need to test new transportation systems, designs or new layout in a process 
simulation gives the process an advantage to test them without using actual resources. 

• Bottlenecks in a production system can be identified more easily by analyzing the slowest part 
of the system. 

• It shows another perspective of how the system works to the production staff and board, 
which allows them to understand the system rather than having their own perception of it. 

• With new designs of existing and non-existing systems the behavior of the system can be 
predicted by testing different scenarios. 

There are some cases where simulation would give more disadvantages than advantages. According 
to Banks et al. (2010) these are some of the disadvantages listed below:  

• The skill of performing simulation studies is not learned over a day. It takes time to learn and 
fully understand the logic behind simulation.  

• Simulation consumes resources such as manpower and time.  

• Simulation can be expensive when the model takes a long time to create and it is hard to 
validate it. 
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2.2.3 Areas of application  
Simulation can be applied on many different areas which is one of the main reasons why it has come 
to be a useful tool in many different processes. Law (2014) mentions several areas of application where 
simulation has been a useful and powerful tool for improving complex processes and solving problems. 
In healthcare for example, simulation has led to decreasing the LT for appointments and the ability to 
simulate the utilization of operation rooms. In additional applications simulation can support the 
management of workforces in different systems. 

When simulating processes it is of great importance to plan as thoroughly as possible. For that reason, 
simulation has come to be an effective tool helping the modeler to predict the outcome of one or many 
processes (Banks et al., 2010). 

Simulation can facilitate the plans for expansion of a process. Thanks to simulation there are several 
ways to change the design in the planning phase. Parameters in the planning phase do not cost as 
much as they will do later when the system is built. Doing changes when the system is built can be very 
expensive, but making changes in the planning phase can significantly reduce that cost. Simulation is 
one of the most widely used operations-research and management-science techniques, if not the most 
widely used (Law, 2014). 

2.2.4 Discrete Event Simulation 
According to Law (2014) discrete event simulation (DES) is the modeling and representation of a 
system over time in which the state variables may instantaneously change at separate events in time. 
These events are also regarded as instantaneous and occur at, in mathematical terms, a countable 
number of points in time. The models are analyzed by numerical methods which creates an artificial 
history for the system based on the model assumptions (Banks et al., 2010). In contrast to continuous 
simulation, the time between events does not need to be simulated since the state of the system 
remains the same. Studies within DES are discussed in 3.2 Studies in Simulation. 

2.3 Simulation Studies 
Law (2014) presents an outline for simulation studies which a model builder should follow to create an 
accurate and reliable model. The guide contains 10 steps which details the study from the initial 
problem formulation to the final documentation and presentation. Law (2014) also emphasizes that it 
is not a sequential list to follow and backtracking may be necessary as the study proceeds. Banks et al. 
(2010) developed a similar guide with 12 steps which could serve for further reading, but for the sake 
of brevity only the 10 step outline by Law will be included in the report, see Figure 2. 

1. Formulate the problem and plan the study: Make sure the problem is stated correctly and 
that it is quantifiable. Determine the objectives of the study, questions that should be 
answered, which performance measures that are of interest and the scope of the study. A 
timeframe, necessary resources as well as the modeling software tool needs to be decided. 

2. Data collection and model definition: Identify the system structure and operation procedures. 
These may not be formal and inaccurate information may need to be screened for. Use 
multiple sources. If possible, collect data regarding the model parameters and input 
probabilities. Document the data in a written assumptions document. If possible, examine the 
existing system to gather performance data for future validation of the model. Determine the 
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necessary model detail, there is no need for a complete correspondence between the model 
and the system. Start with a basic model and build on it as needed to prevent unnecessary 
waste of resources. Maintain regular contact with essential personnel which can provide 
insight and support from their own experiences, as well as criticize incorrect assumptions. 

3. Validate the models assumptions: Conduct a detailed walkthrough of the assumptions 
document with the relevant personnel. Make sure the assumptions document is complete and 
in compliance with reality. Promote interaction and ownership of the model. Perform this step 
before programming to prevent work going to waste. 

4. Construction and verification: Construct the model either in a programming language or with 
the aid of simulation software. Programming languages offer greater control and may result in 
a faster model and while simulation software tools are more expensive to obtain, they lower 
the required programming skills, time and usually project costs. Verify the model. 

5. Pilot runs: Perform pilot runs to collect data for validation.  

6. Validate the model: If possible, compare the model to the real system using the performance 
measures chosen. Have experts in the field review the model results. Perform a sensitivity 
analysis to reveal which factors affect the performance measures the most and therefore 
needs more attention when being modeled. 

7. Design experiments: Specify the simulation horizon, the model warm-up time and the number 
of replications using a fresh batch of random numbers. 

8. Production runs: Perform production runs to gather appropriate output data. 

9. Analyze data: The two major objectives in output data analysis are to determine the absolute 
performance of different system configurations and to compare the results between 
configurations. 

10. Documentation, presentation and utilization: The assumptions, model and results from the 
study need to be documented for future use. Present the results from the study in a way the 
non-experts can grasp the study, such as showing animations of the model. Discuss the 
construction of the model and the process of validation to instill faith in the results. The results 
need to be both valid and credible to be utilized.  
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1. Formulate problem and 
plan the study

2. Collect data and define a 
model

4. Construct a model and 
verify

3. Assumptions 
document valid?

5. Make pilot runs

6. Model valid?

7. Design experiments

8. Make production runs

9. Analyze output data

10. Document, present 
and use results

Yes

Yes

No

No

No

 

Figure 2: Interpreted flowchart of the guide to simulation studies (Law, 2014, p. 67) 
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2.4 Verification and Validation 
When developing a model, it is of vital importance that the results can be trusted and offer an accurate 
imitation of the real system. To achieve this, every model should be verified and validated. A model 
which has not gone through the process of verification and validation loses credibility and may provide 
a faulty output (Banks et al., 2010). 

2.4.1 Verification 
The process of verification assures that the model is built correctly. In essence, it is a comparison to 
the conceptual model which contains all of the assumptions formulated before programming the 
model (Banks et al., 2010). There are several techniques for model verification, from having others 
review the model to checking if it behaves as predicted under certain conditions (Law, 2014). 

2.4.2 Validation 
Raunak and Olsen (2014, p. 637) state that “Validation is primarily a confidence building activity for 
simulation models”. Law (2014) claims the most definitive test of model validity is to compare the 
output of the simulation model to the real system. The results from the simulation model should 
resemble the output data from the real system, preferable to such a degree that the dataset from the 
model could be passed off as data from the system. This is known as a Turing Test, where people with 
insight into the system are presented with two datasets, one from the system and another from the 
model, and are asked which is which. If they manage to distinguish between the datasets, any signs 
that helped them could be used to improve the model (Law, 2014). 

Banks et al. (2010) notes that calibration of models is usually performed in conjunction with validation. 
While validation is the overall process of confirming that the model is representative of the system, 
calibration is an iterative process of adjustments to the unknown input parameters to improve the 
accuracy of the model (Jun & Ng, 2013). Comparisons used in calibration may be both subjective and 
objective. The subjective tests rely on people with insight of the system which allows them to make 
judgments about the model. The objective tests on the other hand rely on data from the system to 
make sure the model is representative. A problem with these tests is that the calibration usually makes 
use of only one dataset, which creates the possibility that the model is “tuned” to give the right 
answers instead of imitating the system. To prevent this a final validation using a new dataset should 
be performed to make sure the model is accurate (Banks et al., 2010). 

Even if the system that is the subject of the simulation study does not exist, it is possible to model a 
similar system. If the data from the similar system and the model resemble each other, that model is 
considered valid. Changes that make the model reflect the proposed system then need to be made. 
Validating this new model is a challenge and there is no definitive approach, but if the previous steps 
were successful this lends some credibility to the model (Law, 2014). 
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2.5 Steady state analysis 
Steady state analysis is a method that provides a set time needed to reach a stable state. When the 
model has reached a stable level of throughput (TH) the steady state is reached. By using the number 
of products in the system the modeler can acquire additional insight into when the model reaches a 
steady state (Law, 2014).  

Before the simulation reaches a steady state, there is the Initial Transient period. The Initial Transient 
period is when the output of the simulation has not come to be stable. The initial transient part does 
not give accurate output numbers since the simulation output is variable and unstable. Due to this 
variance, the data from the initial transient period is disregarded and this is called Warm up time 
(Currie & Cheng, 2013). 

2.6 Replication analysis  
A simulation model can behave differently in any replication because of the input variables and the 
random number of streams. To get a more accurate validation of the simulation value there is a need 
of increase the number of replication. By studying the output data Robinson (2004) mentions The 
Graphical Method for replication analysis and the Confidence Interval Method. 

Graphical Method 

The Graphical Method collects the number of replications and the cumulative mean of the mean time 
in the system to create a graph, see Figure 3. The graph varies depending on the cumulative mean and 
the line flattens out as the mean value gets more similar with each replication. Robinson (2004) 
mentions that at least 10 replications should be performed, but the number of replications needed 
varies from simulation project to simulation project.  

 

Figure 3: Example of the graphical method, inspired by Robinson (2004) 
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Confidence Interval Method 

By using mathematical formulas there is a way to calculate the numbers of replications that are needed 
for the simulation. With the use of confidence interval method that shows how credible the mean 
average of the value is estimated. According to Robinson (2004) the confidence interval with this is 
calculated as: 

𝐶𝐶𝐶𝐶 = 𝑋𝑋 � ± 𝑡𝑡𝑛𝑛−1,∝2
𝑆𝑆
√𝑛𝑛

 

𝑋𝑋 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑚𝑚 𝑜𝑜𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡 𝑑𝑑𝑚𝑚𝑡𝑡𝑚𝑚 𝑜𝑜𝑓𝑓𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑚𝑚 𝑓𝑓𝑚𝑚𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑜𝑜𝑛𝑛𝑟𝑟 

𝑆𝑆 = 𝑆𝑆𝑡𝑡𝑚𝑚𝑛𝑛𝑑𝑑𝑚𝑚𝑓𝑓𝑑𝑑 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑜𝑜𝑛𝑛 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑚𝑚 𝑜𝑜𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡 𝑑𝑑𝑚𝑚𝑡𝑡𝑚𝑚 𝑜𝑜𝑓𝑓𝑜𝑜𝑚𝑚 𝑡𝑡ℎ𝑚𝑚 𝑓𝑓𝑚𝑚𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑜𝑜𝑛𝑛𝑟𝑟 

𝑛𝑛 = 𝑁𝑁𝑜𝑜𝑚𝑚𝑁𝑁𝑚𝑚𝑓𝑓 𝑜𝑜𝑜𝑜 𝑓𝑓𝑚𝑚𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑜𝑜𝑛𝑛𝑟𝑟 

𝑡𝑡𝑛𝑛−1,∝2 = 𝑉𝑉𝑚𝑚𝑟𝑟𝑜𝑜𝑚𝑚 𝑜𝑜𝑓𝑓𝑜𝑜𝑚𝑚 𝑟𝑟𝑡𝑡𝑜𝑜𝑑𝑑𝑚𝑚𝑛𝑛𝑡𝑡′𝑟𝑟 𝑡𝑡 − 𝑑𝑑𝑟𝑟𝑟𝑟𝑡𝑡𝑓𝑓𝑟𝑟𝑁𝑁𝑜𝑜𝑡𝑡𝑜𝑜𝑟𝑟𝑛𝑛 𝑤𝑤𝑟𝑟𝑡𝑡ℎ 𝑛𝑛
− 1 𝑑𝑑𝑚𝑚𝑑𝑑𝑓𝑓𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑜𝑜𝑓𝑓𝑚𝑚𝑚𝑚𝑑𝑑𝑜𝑜𝑚𝑚 𝑚𝑚𝑛𝑛𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑛𝑛𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟𝑚𝑚𝑛𝑛𝑟𝑟𝑚𝑚 𝑟𝑟𝑚𝑚𝑑𝑑𝑚𝑚𝑟𝑟 𝑜𝑜𝑜𝑜 𝑚𝑚/2 

There are other approaches on how to proceed with the replication analysis. Robinson (2004) 
mentions a way to rearrange the confidence interval formula so the formula calculates the number of 
replications needed in the left side as the formula below: 

𝑛𝑛 = (
100𝑆𝑆 ∗ 𝑡𝑡𝑛𝑛−1,𝛼𝛼2  

𝑑𝑑𝑋𝑋
)2 

𝑑𝑑 = 𝑡𝑡ℎ𝑚𝑚 𝑜𝑜𝑚𝑚𝑓𝑓𝑟𝑟𝑚𝑚𝑛𝑛𝑡𝑡𝑚𝑚𝑑𝑑𝑚𝑚 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟𝑚𝑚𝑡𝑡𝑟𝑟𝑜𝑜𝑛𝑛 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑚𝑚 𝑟𝑟𝑜𝑜𝑛𝑛𝑜𝑜𝑟𝑟𝑑𝑑𝑚𝑚𝑛𝑛𝑟𝑟𝑚𝑚 𝑟𝑟𝑛𝑛𝑡𝑡𝑚𝑚𝑓𝑓𝑑𝑑𝑚𝑚𝑟𝑟 𝑚𝑚𝑁𝑁𝑜𝑜𝑜𝑜𝑡𝑡 𝑡𝑡ℎ𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛 

With the use of initial replications to determine the S and 𝑋𝑋, the usage of formula above depends on 
how the accuracy on S and 𝑋𝑋 becomes. 

2.7 Simulation-based optimization 
SBO concerns the process of maximizing (or minimizing) one or several performance measures in a 
simulation model. This is achieved by employing different methods for exploring which input factors 
impact the model output and then finding an optimal or near optimal configuration. Generally 
controllable input factors, such as buffer sizes or the number of AGVs, are the focus of optimization 
but uncontrollable factors may also be of interest. For example, a factory manager does not control 
the customer demand, but may very well want to explore the impact of a surge in demand (Law, 2014). 

Single-objective optimization, like the name implies, concerns just one output measure, were a 
possible optimal solution can be reached for that specific output. A more complex form of SBO is multi-
objective optimization which takes several objectives into account (Aslam, 2013). Reaching a definite 
optimal solution for multiple output measures is a challenge due to the conflict between the different 
outputs (Goienetxea, Urenda & Ng, 2015). One such case could be the attempt to maximize the TH of 
a model while at the same time keeping the WIP low, which contradicts Little’s Law. In these cases, 
there is always a trade-off and a judgement has to be made on which of the conflicting solutions is 
preferable. 
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To combat the complexities of multi-objective optimization, Banks et al. (2010) suggest several 
strategies. Firstly, all the performance measures could be combined into a single one, such as cost. 
Using this approach, it can be treated as a single-objective optimization instead. Another strategy is to 
only optimize one measure but keep the data of several good solutions. Afterwards the solution with 
the best overall performance can be chosen, since the one with the best performance in regard to the 
optimized measure probably also has diminishing returns in regard to the other outputs. The last 
suggestion is to once again optimize one output measure but introduce constraints on other measure 
of interest. If the constraints are exceeded or not reached by a solution it is discarded in favor of one 
that is within the bounds of acceptability. 

2.8 Input Data Management 
Due to the heavy reliance on high quality input data in DES studies the process of input data 
management requires a large allocation of the project time (Skoogh & Johansson, 2008). Skoogh & 
Johansson (2007) estimated that around 31% of a DES project is spent on input data management. 
Barlas and Heavey (2016) provide a similar number with their claim that on average over a third of the 
time is spent on input data. While automatic collection of data might ease the burden of data gathering 
there is no guarantee that these collection systems contain all the sought after information and smaller 
companies might not even have these systems in place (Skoogh & Johansson, 2008). There is also a 
risk that the available data has some bias or inaccuracies which need to be taken into account (Banks 
et al., 2010).  

To aid the process of input data management Skoogh and Johansson (2008) provide a methodology 
(see Figure 4) which they claim would make the process faster and thereby reduce the LT of the project 
as a whole. The guide contains 13 parts and several iterative loops which contribute to input data of 
high quality.  

1. The first step concerns the identification and definition of relevant parameters to the model. 
Knowing the system and conducting interviews with people who do is of great importance. 
Choosing the necessary level of detail for inputs might prove to be a challenge as well. In 
addition, to avoid confusion and waste of time, the measurement process for the inputs needs 
to be defined. Effort better spent elsewhere might otherwise be spent correcting faulty data. 

2. While an ideal study would allow for each parameter in the model to be represented with 
complete accuracy this is in practice not feasible. Therefore, a judgment on the accuracy 
requirement of each parameter should be made. Parameters with a high impact on the model, 
such as those pertaining to possible bottlenecks, need a higher accuracy than less significant 
ones. Yet again, insight into the system is required to make these judgments before the model 
is developed. Parameters with high variability are also in need of a higher amount of samples 
to ensure accurate representation 

3. Collecting already available data is one of the ways of reducing the overall time data collection 
requires. Due to the continuous data collection that occurs at many companies there may be 
vast amounts of information ready for use. These datasets and their sources should however 
be critically examined to determine if the sought after data can be found and used. Data from 
previous studies and projects or any additional sources of data might also be useful. 
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Figure 4: Input data management methodology by Skoogh and Johansson (2008, p. 1730) 
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4. There is no guarantee that the already available data will cover all the relevant parameters of 
the study. Therefore, a need for data collection arises and in cases where the data is impossible 
or impractical to collect it will need to be estimated instead. The methods of measuring data 
and estimating data need to be defined to be sure they are performed correctly even if done 
by different people. When measuring data, the method should be appropriate to the task and 
level of detail. On the other hand, when parameters need to be estimated Stewart Robinson 
(2004) suggests three approaches for making an educated guess: consult with experts and in-
house engineers, check similar systems for relevant data or make use of tables with 
standardized data. 
 

5. Check if it is possible to find all the relevant data, including their required level of detail. If the 
parameters prove impossible to represent the previous steps will need to be reiterated. 
 

6. Creating a data sheet will help keep the data safe and accessible. All the data, both raw and 
analyzed, should be compiled to the data sheet to make access easy for all involved. 
 

7. The available data should be extracted from its sources and processed according to its state. 
This can be reformatting or a filtering process which discerns which data points are relevant.  
 

8. Gather and estimate the non-available data. This step is based on previous requirements like 
necessary level of detail and which methods to use. Due to the nature of measuring data this 
might require a large chunk of time. Long cycle times and infrequent events might further 
increase the needed time for accurate results. Estimations might also demand time and effort 
if they are based on historical data from similar systems and not standard tables. 
 

9. Raw data itself is not a good way to represent data.  It will therefore need to be analyzed and 
processed according to its type and use in the model. While constant data usually proves easier 
to represent, more time may be necessary when representing variability in an accurate way.  
 

10. In this step the representations made are evaluated and their adequacy is determined. 
Goodness-of-fit tests may be utilized and graphical comparison between the representation 
and the original data may be useful in cases where the goodness-of-fit tests are too 
conservative. Sensitivity analysis may be performed later in the project to find critical 
parameters and further evaluate their accuracy requirements. If the representation fails to 
fulfil the accuracy requirements, additional data collection and analysis may be needed. 
 

11. Validating the data increases the chance that any mistakes in measurement, filtering, 
calculation and analysis are discovered and can be corrected before the model is constructed. 
There is however no guarantee that this step will be completely successful. It is also important 
to put more effort into validating parameters with high significance due to their impact on the 
model.  
 

12. If the validation is successful, the representations are ready to be used as input in a model, but 
the modeler should be aware that hidden problems might still linger and cause problems. 
 

13. To ensure future data validity all the details of the study should be compiled in a data report. 
This includes assumptions, methods of measurement, sources of data and the like. The data 
sheet should also be a part of the final documentation. 
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2.8.1 Input Data Modelling 

When modelling the input of a system it might be the first instinct of a junior modeler to collect a set 
of data and use the mean value as representation in the model. This may however immediately 
compromise the validity of the model and cause the behavior of the system to change. Instead, a 
probability distribution has to be specified (Law, 2014). Selecting appropriate probability distributions 
may be both time-consuming and resource intensive. The danger of performing a subpar input data 
modelling is however very real and may lead to unreliable outcomes in the model (Banks et al., 2010).  

In addition, the data itself might contain a bias or errors which need to be filtered. Even when any 
detectable errors are filtered, the unreliability of an input model can never be reduced completely. To 
examine if this unreliability impacts the model in a major way different possible input models can be 
compared and a conclusion to their effect on the model can be reached (Banks et al., 2010). 

Law (2014) presents three different approaches when modelling collected data. The first one is trace-
driven simulation, which picks a value from the collected data when it is needed in the model. The 
problem with this approach is that it can only repeat historical behavior, not predict what might 
happen in the future. It also requires a large amount of data to be useful. It is however a good 
alternative when modelling distributions is impractical and when validating the model. 

The second approach is the use of an empirical distribution function based on the data. Instead of 
utilizing the gathered data, the model will pick times between the endpoints of the data according to 
the distribution which allows new but predictable behavior to occur and thus avoiding some of the 
shortcomings of the trace-driven approach. 

The last method tries to “fit” the data to a theoretical distribution and then determine the goodness 
of fit. If a theoretical distribution that corresponds well to the data is found this is used by the model 
instead of the empirical distribution. An empirical distribution may contain irregularities that the 
theoretical distribution smooths out, especially if the sample size is small. Another upside with 
theoretical distributions is that values outside the range of the data can also be predicted and 
generated. They are also easier to change if new scenarios are to be explored and less cumbersome 
than empirical distribution with large datasets. 

2.9 Simulation Software 
When developing a model an inevitable choice that has to be made is how to construct it. Will a 
programming language be used or should the project opt for a software package and which language 
or software is appropriate for the task? There are arguments for and against using a software. It may 
be expensive to obtain and may not run as fast as a model by a programming language, but the overall 
programming time will be reduced. Software also allows for easier modification of models and 
improved chances of finding errors in the model (Law, 2014). Due to the limited time allotted for the 
project, a software would allow for less time spent on building the model and the author’s previous 
experience with several software packages make opting for a software the obvious choice. 

One such software is Factory Analyses in ConcepTual phase using Simulation, or FACTS for short (Ng, 
Urenda, Bernedixen, Johansson & Skoogh, 2007). Due to its use in research at the University of Skövde 
as well as it being the preferred simulation software of the partner company FACTS Analyzer will be 
used in the project. FACTS Analyzer also possess a built-in optimization client which will be used at the 
end of the project. 
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2.10 Lean 
Lean comes from the Toyota production system in Japan after the Second World War, when Japan’s 
economy was really weak. Toyota had to produce everything as efficiently as possible and therefore 
reduce all non-value adding time (Goienetxea, Urenda & Ng, 2015). “The principle of Lean 
manufacturing that aid in the elimination of waste have helped the company meet ever increasing 
customer demands while preserving valuable resources for future generations.” (Miller, Pawloski & 
Standridge, 2010, p. 1). Many believe that Lean is only applicable to the production in the industry, 
however, other companies and services also consider Lean. Lean is a way to deal with decisions in any 
place and location. It can be both decision making in the top of a company and at the shop floor level 
as well how the workers should behave and work in some occasions (Liker, 2009). 

2.10.1 Genchi Genbutsu  
Understanding a process is really important in Lean. Not only to rely on a report and think that the 
input data is correct but also to question the method on how the report was performed. A report can 
be done in several different ways. To make sure that the report is correctly performed the observer 
need to perform Genchi Genbutsu. Genchi Genbutsu is about to go and see the process to get a deeper 
knowledge of its purpose. This is important for simulation modelers that rely too much on the existing 
data rather than going out and getting a deeper understanding of the process itself (Liker, 2009). 

2.10.2 Value Stream Mapping  
Lean manufacturing gives examples of tools to use in production processes. It is important to identify 
the tools and the main purpose of them. When working with Lean tools without the complete 
understanding of the tool will not give the expected effect. Value stream mapping (VSM) is a tool within 
Lean management. VSM is used to create an image of the production to show how everything works 
together and how the products move through the lines and the buffers in specific order (Rother, 2010).  

Abdulmaled and Rajgopal (2006) describe a three step way in creating a VSM. The first step in the 
process is to decide which area or product should be improved. The second step is making a current 
VSM to see how things are being done and implement the improvements. The last step is to draw the 
future VSM and see how the system should be looking after the improvements have reduced the 
inefficiencies. The VSM give a view of which time of the products are value adding time and which time 
that is not during the process (Rother, 2010). For an example on a VSM, see Figure 5. 

 

Figure 5: Example of a Value Stream Map 
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2.10.3 7+1 waste 
Lean management contains a lot of different perspective on how things should be done, performed 
and considering. One major part in Lean is the waste reducing. One way to strive into a Lean production 
is to reduce the non-value adding time in the company and in best case change it to value adding time. 
The value adding time is when work is done that gives the customer object value (Bicheno, 2009). 
Following list is inspired from Liker (2009): 

• The waste of over production. When a company produce more parts then is ordered by the 
customer. These product results in more cost to storage and space. 

• The waste of waiting. As a machine is ready to produce but has no access to raw material. This 
leads to an unnecessary waiting for both the machine and operator as well. With the machine 
not working and the operator waiting cost money to the company. 

• The waste of unnecessary motions. Every motion that is not adding value to the product or 
service is a waste. 

• The waste of transporting. As Bicheno (2009) writes “customers do not pay to have goods 
moved around unless they have hired removal service”.  

• The waste of over processing. When doing work that is not required for the product.  
• The waste of unnecessary inventory. With big storages of material that just is put for wait is a 

great cost for the company. Not only for the value the material is sitting on but the place and 
handling time for the material when it´s stored cost money as well. 

• The waste of defects. Producing an object or service in a faulty way means that it is going to 
take more time to restore than it would if the production would have done it right in the first 
time. 

• Untapped/Unused creativity. When ideas and creativity from workers are not taken into 
account to project or other changes. 

2.11 Lean, Simulation and Optimization 
Lean and Six Sigma methodologies have become generally accepted and recognized within the 
manufacturing industry as well as other sectors of public and private enterprise. That said, they are 
not without limitations and there are several challenges these methodologies have hard time of 
meeting (Jia & Perera, 2009). 

One of the most prominent tools when introducing Lean Manufacturing is VSM (Gurumurthy & Kodali, 
2011). While VSM is undoubtedly a powerful and useful methodology when working to improve a 
process, it fails to identify complex interactions that are present in real systems. This makes simulation 
an obvious option as a complementary tool (Jia & Perera, 2009).  

Standridge & Marvel (2006) argue that simulation can support the Lean process by addressing its 
shortcomings. Their points include the ability of simulation to identify both random and structural 
variation, assess interactions between components in a system and evaluate future states of a process. 

Simulation can provide a systematic perspective and analyze how parameters in a component 
influence the system. When analyzing complex systems and finding the potential for improvement 
simulation lends itself quite well to the task (Goienetxea, Urenda, Ng & Oscarsson, 2015). 

Using simulation to support Lean processes may itself improve the results, but finding optimal 
solutions by what is in essence a trial and error approach is time consuming and does not guarantee 
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an optimal solution (Goienetxea, Urenda & Ng, 2015). Since neither Lean nor simulation are 
optimization tools, it seems obvious to also include SBO in the process to help in the determination of 
optimal or near-optimal solutions. In cases where there are multiple conflicting objectives, SBO can 
provide a range of solutions to choose from (Goienetxea, Urenda, Ng & Oscarsson, 2015). 

2.11.1 LeanSMO Framework 
The LeanSMO Framework was designed to facilitate the connection of Lean, simulation and 
optimization. The framework is broken down in three parts: Educational purpose, Facilitation purpose 
and Evaluation purpose (Goienetxea, Urenda & Ng, 2015). Due to the project aim being to design and 
evaluate a future system design, the Evaluation purpose for future states will be the main focus of 
discussion. 

One part of the evaluation purpose is to support decision makers by supplying information about the 
current state and alternative future states. By utilizing simulation and Lean the current state of the 
system can be analyzed and understood. The future state can be evaluated by Lean, simulation and 
optimization to find the best alternative designs. The knowledge gained from the study allows for 
highly informed decisions to be made (Goienetxea, Urenda & Ng, 2015). 

During the evaluation process the Lean principles need to be present in every step. An abridged version 
of the general steps in this part of the framework is presented below: 

Evaluate current state: The first step involves the definition of the process and the current state of it. 
Several Lean tools are recommended to understand the situation, including VSM. Time studies may be 
used to gather data. The current state may be modeled by means of simulation, for which VSM may 
provide valuable input. The main aim is to acquire understanding of the system behavior. 

Define target and target condition: With the current state hopefully understood, a desired target 
condition needs to be defined. A set of objectives need to be defined and they should coincide with 
the Lean principles and the company goals.  

Design and evaluate target condition: In this stage a way to achieve the target condition needs to be 
designed. Many different Lean tools are useful to evaluate the future design, such as future VSM, 
Ishikawa to find the cause of problems, brainstorming in kaizen workshops and so on. Simulation may 
be used to define future states that meet the target condition. It is important to use the results from 
the Lean tools as inputs in the simulation. Optimization also serves a role in finding the best 
configurations. After these activities a range of possible alternatives which achieve the target condition 
will be defined. 

Presentation to management and decision making: All the information obtained in the previous steps 
is to be compiled and presented to the decision makers. This process produces the best possible basis 
for deciding the future course of action. 

2.12 Material handling system 
In a production there are materials in constant movement between processes and distributor. One 
term for these systems is Logistic. In the industry there are two types of logistic terms. There are 
Internal logistic and external logistic. The external logistic contains transportation methods such as air, 
ship, truck, rail and pipeline from areas to other areas in a bigger perspective. The internal logistic is 
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often more common as material handling in a local perspective which involves the transportation and 
storage inside the factory or a factory area (Groover, 2015). 

2.12.1 Material Handling Methods 
Transporting material can be a critical movement from time to time. There are several factors that are 
needed to pay attention to before deciding a transportation method. The first factor to take into 
account is the shape of the product and its weight. Depending on the objects shape and form, the 
transportation can vary from object to objects as some objects may fit on a pallet and other products 
might need specially designed pallets. 

The second factor is about the transport of the product. How far is the product needed to transport 
and what are the obstacles that the transport can encounter? Which alternatives are there to choose 
among, can the shortest path be the most effective path and which one is the most economical? 

The third factor is about the condition on the transport. Are there any big differences in the weather 
or climate that will affect the product and the transportation alternatives? 

The fourth factor is which level of automation the transport is to be. In an automated system, how 
integrated is the system with other existing system and equipment? The last two factors contain the 
human skill and how the economic aspect is considered when selecting a suitable transport solution 
(Kalpakjian, Schmid & Sekar, 2014). 

2.13 Automated Guided Vehicle 
An important key to the logistic process is the cost of transportation. In the industrial environment, 
Automated Guided Vehicle (AGV) has become more a standard of transportation (Zajac et al., 2013).  

The process for loading, unloading and also transporting the goods to the desired destination costs 
both time and money. AGVs are designed to help industries to achieve high productivity at a reduced 
cost (Bouguerra, Andreasson, Lilienthal, Åstrand & Thorsteinn, 2009). 

AGV is a driverless vehicle that is used in an automated guided vehicle system (AGVS) (Le-Anh & De 
Koster, 2005). AGV have many different features especially in the industry where it has an application 
such as material handling. There are three types of categories the AGV can be divided into: 

1. Towing vehicles for driverless trains 
2. Pallet AGV 
3. Unit load carriers 

Towing AGVS was the first system to be used in the industry and is today frequently used. The Towing 
AGV consists of several wagons pulled by an AGV that together reminds of a train. Towing AGV is used 
for transportation of materials from one place to another with either a heavy load of material or a 
smaller unit but at a larger amount of material. Pallet AGV is used to transport material on palletized 
load. The Pallet AGV uses forks to transport the pallets between either storage areas or processes. The 
Pallet AGV can transport up to 1000 kg and in some models also take two pallets at the same time. The 
AGV Unit load carrier is more a transportation between operations and storages. The carriers usually 
load and unload automatically without the human need of monitoring. When a problem occurs an 
operator will get a notice and start to search for the error (Groover, 2015). 
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2.13.1 Automated Guided Vehicle Technologies 
AGV as a driverless vehicle there it is a need for advanced techniques in order for the AGV to perform 
in a desirable way. Groover (2015) list five different types of techniques used in AGV. 

• Imbedded guided wires 
• Paint stripes 
• Magnetic tape 
• Laser-guided vehicles 
• Inertial navigation 

Imbedded guided wires 
With imbedded guided wires technique that is buried in the ground the AGVs detect the frequency of 
the wires with its sensors. The AGV will then follow the wire in a path to transport the material to the 
desired position (Barbera & Pérez, 2010). This type of guidance system requires careful planning since 
the wires are buried under ground and when the wire is buried it will be difficult to change the path 
which the wired is buried in (Groover, 2015). 

Paint Stripes 
With paint stripes the AGV uses optical sensors to detect the stripe in order to follow it to the desired 
destination. The guiding stripes can also be taped, sprayed and painted on the ground for the AGV. 
This type of techniques is suitable for areas where there is lot of electric noise.  Since this type of 
control does not get affected by the frequency as imbedded guided wires does, it is much more suitable 
in areas where there is a lot of frequency. However, if the stripes are unclear for the AGVs sensor the 
AGV can get problem with its reading and guidance. 

Magnetic tape 
Magnetic tape is similar to the imbedded guided wires. The tape is mounted on the floor to give the 
AGV the desired pathway instead of burying it in the ground.  This leaves the flexibility to change the 
path of the AGV when it is needed. 

Laser-Guided vehicle 
Laser-guided vehicle (LGV) is controlled by a laser beam that is sent out from the AGV. When the beam 
hits a reflector spot, the AGV controller computes the AGVs location and therefor know where the AGV 
is and where it is heading after. 

Inertial system 
AGVs with inertial system uses an on-board gyroscope and magnetic spots to detect its position. By an 
onboard computer on the AGV it calculates the variation of speed and acceleration to determine the 
position of the vehicle (Groover, 2015).  
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2.13.2 Vehicle Safety 
Because the AGVs are driverless there are a lot of things that must be taken in consideration when 
planning and using AGVS. A thumb rule according to Groover (2015) is that the AGV should not have 
higher velocity than the average walking speed of a person. Most of the AGV have safety features such 
as automatic stop and obstacle sensor. The automatic stop ensures that the AGV avoids collisions as 
some object or person can fall in front of the AGV (Groover, 2015). 

Obstacle sensor in an AGV can vary from model and application one application on the AGVs is the 
laser sensor. There are many different laser safety features that meet the markets strict requirements 
on safety aspects. One way to use the laser safety system on an AGV is to control it with alarm zones. 
The zones of the AGVs are divided in two types of zones. When an obstacle comes in the first zone that 
reaches longest out of the AGV, the AGV starts to slow down. When the AGV approaching the obstacle 
in the second zone that is closer to the AGV the AGV stops immediately and does not move until the 
obstacle gets out of the way this zone is called the safety zone (Zajac et al., 2013). 

Most of the AGV got emergency bumpers, when in contact with some obstacle or person the AGV 
stops directly in emergency stop mode. When an AGV has stopped in emergency an operator must 
restart the AGV manually. Other types of safety devices can be sound and light warning on the AGV 
(Groover, 2015).  

2.13.3 Areas of Application for AGVS 
There are several areas of application with AGVS.  AGVS is suitable for areas were humans are not 
suitable for staying. AGVS are common used in storage, distribution, assembly line applications, and 
flexible manufacturing systems. It is not unusual that storage and distribution processes are connected 
to the AGVS. In assembly line productions there might be AGV with their work unit during the entire 
production line. This is a common application in the automobile industry at the final assembly line. In 
the flexible manufacturing system, the AGV delivers parts to different workstations in the factory. 
When the parts have been delivered to the workstation the AGV either pick up some finished 
assembled parts or either go back to get new material for either that station or another depending on 
the decided programming (Groover, 2015). In ports AGV is widely used for transportation of containers 
and other materials. It started first in 1993 at the Delta/Sea land terminal in Rotterdam (Henesey, 
2006). 
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3 Literature Review 
This chapter contains a literature review of studies performed within fields relevant to the thesis. The 
three main areas that will be explored are DES, Lean and material handling.  

3.1 Areas of interest 
This thesis encompasses several different fields relevant to manufacturing and makes it a central point 
in combining them in a useful and productive manner. While the main aim is to support decision 
makers by suggesting transportation systems suitable for the future state of production, tools are 
needed to reach this goal. One such tool is Lean, which has established itself as a vital component of 
contemporary manufacturing. In addition, DES has become increasingly popular and its application can 
serve to assist in the evaluation and design of systems. Included in simulation is the use of SBO, as it is 
a highly relevant subject for the thesis. Therefore, in this literature review DES, Lean and material 
handling systems and their overlapping application will be explored, see Figure 6. 

 

Figure 6: The overlapping fields of interest in the thesis 

 

3.2 Studies in Simulation 
Wiseth and Hobson-Rohrer (2016) describe a new approach in simulation of warehouse automation 
systems. They claim the systems are traditionally already designed, approved and assigned to a 
contractor for construction before a simulation model of the system is developed. Digi-Key Electronics 
have however adopted an approach were concepts are simulated far in advance. Using an abstract 
process flow model, different input settings can be assessed. These different combinations can then 
be compared and help determine the most efficient and cost effective design. With the approach of 
abstract modelling early in the process, informed decisions are enabled and a visualization for the 
management is provided. 
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Jason Smith (2015) highlights the basis for decision making that DES can provide in regard to 
production equipment utilization in a case study performed at Northrop Grumman’s Salt Lake City 
facility. He argues that due to the high complexity of product manufacturing and the multitude of 
supporting systems, results are difficult to predict. This problem is alleviated in part by simulation 
which allows for insight in several areas of a system and the evaluation of different improvements. 
Therefore, DES was applied when an older production line was restarted to resume production on 
short notice. The model provided a reliable image of the process between the current and future state. 
It allowed the development of strategies to handle predicted problems and verified the capacity of the 
production line. Additionally, it severed as justification for further funding to both internal and external 
customers, as well as providing them with insight into the process. In this case, simulation was not 
utilized to reduce existing costs, but to provide visibility, forecasting and oversight to its customers.  

3.3 Studies in Material Handling 
Manufacturing companies are moving towards the adoption of more environmentally friendly 
equipment in recent times due to pressure from the public, governments and international entities 
such as the World Health Organization. With the goal of aiding this development, a research project 
focused on material handling was performed. A multi-criteria evaluation method was created to assist 
corporations in choosing material handling systems based on both the economic and environmental 
merits. The authors claim that while the purpose of material handling systems, namely to carry 
material between different points, cannot be eliminated since they are integral parts of the supply 
chain, the emissions they cause can be reduced. Due to the profit seeking nature of corporations, the 
environmental impact is not a central point of contention which causes the meagre compliance with 
the environmental regulations and no further consideration. To counteract this and make ecological 
consequences a part in the decision making process a framework was developed. The framework 
provides a mixed environmental and fiscal perspective where alternative solutions are compared on a 
list of parameters such as equipment lifecycle, energy consumption, scrap value, efficiency and so on. 
Using this method, the different alternatives can be compared based on the weight of each parameter 
and provide a basis for the decision makers to choose the best balance of economical and 
environmentally friendly solution (Sahu, Sahu & Sahu, 2017). 

AGVS have come to be an important part of the Flexible Manufacturing systems (FMS) as it with the 
flexibility and adaptability that AGVS brings to the FMS. Ozden (1988) studied the possibility how the 
design of the material handling will be affected with AGVS depending on how the buffer capacity and 
numbers of AGVs and the load of AGVs. The study has not taken into account other possible routes of 
the AGVs, also the speed and other moving obstacles as people or trucks that will affect the AGVs 
traffic. The author did two case studies were the first case was a simulation of how many AGVs is 
enough for the AGVS. In the cases where the numbers that were varied was the carrying capacity of 
the AGVs, the buffer capacity of the machines before the AGVs, number of pallets in the AGVS and 
how many AGVs there were in the system. At case one there were four replications with different 
values the buffer size, capacity of the AGV and number of pallets in the system. The purpose was to 
see how the system changed when the parameters could change in a discrete manner and to measure 
the performance of the system as the TH would vary. In case two, the quantity of AGVs, capacity of 
AGVs and the buffer was fixed. In purpose to see how the number of pallets affected the system. The 
experiment was performed three times with the AGVs quantity at 10, 12 and 15 for the system. These 
studies show the importance on how the design parameters can affect the outcome and how small 
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changes can make big differences in the outcome as the TH in this simulation. What will be relevant 
for this report is how the utilization differed on the AGVs when simulating for more AGVs and fewer 
pallets (Ozden, 1988). 

3.4 Studies in Lean Production 
A case study in Lean production was carried out in an assembly line for electronic communication 
plastic parts. Nee, Juin, Yan, Theng & Kamaruddin (2012) describe the importance of Lean practices 
such as just-in-time, line balancing and bottleneck analysis. The study followed a methodology with 
five phases. First the project scope is defined, where the problem is determined and the goal is 
identified. This is mainly accomplished by Genchi Genbutsu to observe inefficiency which in turn 
provides a basis for further study, such as overcrowding on the shop floor. Then, measurements of the 
process are made, where the data is gathered through time studies and an understanding for the 
process is formed. After the measurements are done an analysis provides opportunities for 
improvement with the help of tools such as brainstorming with company personnel and pareto charts. 
After these solutions, overall process improvement is considered. This includes line balancing, 
optimizing the number of operators to reduce overcrowding and implementing takt time. Lastly pilot 
implementation, final implementation and continuous monitoring are performed to complete the 
study. At the end of the project the assembly line had been improved in several aspects, including a 
7% reduction in cycle time and almost 82% reduction in idle time. 

Another case study in Lean production was performed to show the potential for increasing profitability 
when using scientific labor management and demonstrate the advantage it brings for operators. The 
subject of the study was a production line at one of the biggest automotive electronics suppliers in the 
world. It raises the issue of survival for this kind of company in the post-Great Recession world. To cope 
with the bleak future and increasing demand of flexibility, the Lean manufacturing principles provide 
some much needed guidance. The study presents an example where the reduction of personnel in a 
car radio production line forces operators to run multiple workstations, thus introducing unnecessary 
movement to the line. A Lean workshop which involved all process personnel from manufacturing 
planners to line operators was organized to eliminate the waste and improve line flexibility. Following 
a list of rules, the line was rationalized and the efficiency increased without interfering with the process 
itself (Zhuravskaya, Michajlec & Mach, 2011).  

3.5 Overlapping Studies 
The writers Goinetxea, Urenda, Ng and Oscarsson (2015) have discussed the problem that Lean and 
simulation both works for a common goal but rarely works together. A common way in the industry is 
that a modeler makes a simulation model and the Lean worker waits for the simulation result and 
works from there. This is not an effective way to work. The authors believe that combining Lean, 
simulation and optimization could provide great advantages in system improvements. The authors 
describe the challenges that Lean, simulation and optimization are facing and also the possibilities of 
combining them in the daily work.   

The paper described a project on an automotive production line where a company wanted to increase 
the production since the line was the bottle neck of the plant facility. The improvement group started 
to work with building a simulation model and come to mind that several improvements and 
optimizations has to be made in order to reach the desired throughput. When the model was finished, 
the personnel of the project where gathered in kaizen workshops to work with the improvements. If 
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the improvement group only would have follow the Lean approach the problem would have cost a lot 
of time and it is not sure that improvements would have been discovered. The result from the 
optimization showed that the improvement should be on another place in the line rather than the 
engineers expected where the improvement needed. Combining Lean, Simulation and optimization 
tools will give us a great advantage when designing and solving some of the problems listed in our goal. 
The authors point out the benefits of using Lean together with simulation and optimization (Goinetxea, 
Urenda, Ng & Oscarsson, 2015). 

A simulation study was performed at an Indian steel plant stockyard to counteract the problem of an 
increasing inflow of materials due to a production expansion. The main aim of the study was to 
determine ability of the stockyard and its infrastructure to deal with the increasing pressure. The study 
determined that DES was an appropriate tool due to its ability to handle the complexity of the process 
as well as capture the variation. Several scenarios were modeled and analyzed to assess the impact. 
To meet these challenges, the study identified changes in the infrastructure required to achieve higher 
TH. In addition, several changes to increase workplace safety were also proposed (Sarwar, Gupta, 
Ghosh, Shambharker & Shrivastava, 2015). 

A case study was made on a sandwich producing company, here a VSM has been made to get an 
overview of the system. Since the VSM only gives a snapshot of the production a simulation needed to 
be made in order to see a more detailed picture of the system. The simulation got two models one for 
push system and one model for a pulling system. The key factors in the simulation they were looking 
at was Production Lead Time (PLT), Value Added Time (VAT) and Process Cycle Efficiency (PCE). The 
result showed that the simulation with push method got 2.14 days in PLT compared to the pull 
simulation which got 0.91 days. After an optimization of batch size and numbers of workers the push 
simulation got a PLT to 0.51 days instead of 2.14 days. The pull simulation got 0.43 instead of 0.91. The 
conclusion from the paper is that VSM does not give a full view of the production as the simulation 
does which also got a better analysis. Simulation gave the modelers prerequisites to change 
parameters and see more clearly on bottlenecks and utilization and the difference of pull and push 
system (Jia & Perera, 2009). 

Different of major companies trying to become a Lean manufacturer. According to Abdulmaled and 
Rajgopal (2006) is “The focus of the approach is on reduction by eliminating non-value added activities” 
The case told by the author demonstrate how the Lean tools in manufacturing helps the processes 
when used correctly. To get current state picture of the whole production a VSM was made and data 
information was gathered. With the VSM of the current state there were several objectives that were 
important to peek as the author mention “(a) large inventories, (b) the difference between the total 
production LT and the value added time, which is under 10% of the total, and (c) each process 
producing to its own schedule”. When creating the idealistic future map, they look over the complete 
VSM and following up with several questions that they trying to answer with Lean methods that will 
reduce different waste in the current system. The system got buffers with big quantities of products. 
By changing some buffers into stores and add a Kanban system that continuously has connection with 
the daily production schedule made the production to go further away from a pushing system into a 
pull system. In the future VSM there are pointed where different Lean tool can be used in order to 
reduce waste and some of these Lean tools were SMED, 5S, VSM, Just-in-time and production leveling 
as these Lean tools are applicable in various levels of the production (Abdulmaled & Rajgopal, 2006). 
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The authors Deroussi, Gourgand and Tchnernev (2000) describe in their case study a way to work with 
DES and optimization in a flexible manufacturing system. The company got a job shop layout of their 
production and AGVs transports the products between several machines. The problem that the 
company got is the scheduling for the production, in what way should the production and routing of 
the AGVs be scheduled in order to optimize it and find the best optimal solution. The studied problem 
that the authors mention is described as a double complexity with both algorithmic and structural. The 
complexity of the problem is solved by DES or optimization, where they use historic data to build their 
simulation models. In their case they use DES for the structural part and optimization for the 
algorithmic part. The result of their case is that their optimization method is a competitive method.  

The modeling and simulation of automated material handling systems (AMHS) for semiconductor 
wafer fabrication is presented in a paper by Pierce and Stafford (1995). While the production time for 
a wafer may be within several days under favorable conditions, the actual LT may be weeks or months. 
Variability and high WIP in the system are mainly responsible for this. AMHSs are preferred to manual 
handling due to the risk of mishandling. To analyze the material handling system DES is utilized. To 
eliminate the need to model the production lines a table containing the average transport requests 
was generated from historical data. A drawback of this approach is the loss of any information that can 
assist the production process itself, but if the AMHS is the only subject of the study this saves time in 
both the creation and execution of the model. The authors also note that “establishing the car requests 
per hour without historical data or a detailed simulation model can be quite challenging” (p. 167). 
When compared to a detailed model, the mean values and Constant, Normal and Exponential 
distributions gave slight differences in the outcome of the model. 

3.6 Analysis of literature 
The literature review attempts to gather case studies and research projects which can provide some 
insight into the fields of simulation, Lean and material handling and the combination of them. The 
areas themselves are hardly niche or unknown parts of modern engineering and manufacturing but 
the simultaneous application of them seems to still be a somewhat novel idea. Therefore, it is essential 
that the implementation of each part is well understood and that possible conflicts between them are 
resolved in a way that promotes the thesis as a whole. With that in mind studies which may not 
completely correspond to the task that is undertaken in the thesis has been studied to provide 
knowledge of certain aspects of what the project hopes to accomplish. 

Both Jason Smith (2015) and Wiseth and Hobson-Rohrer (2016) argue for the powerful decision making 
potential that is inherent in DES, with Smith giving the perspective of an existing system with a current 
and future state and Wiseth and Hobson-Rohrer providing a system design angle. Since the thesis aims 
to design a completely new system alongside the future state of an existing one, these studies impart 
useful insight. However, these technocratic tools stand in stark contrast to the almost communal spirit 
of the Lean studies. Zhuravskaya, Michajlec and Mach (2011) especially drive home the point of 
interaction across traditional hierarchies to reach the best solution from different perspectives. 
Utilizing the experience of the personnel in the company, from project managers to operators, will be 
critical to the results of the study. 
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Overall there is a very solid basis for working with Lean and simulation in regard to material handling 
systems. DES has been identified as an appropriate tool for the thesis and several ways of applying it 
have been discussed. The complexity and variability of modern manufacturing is the perfect proving 
ground for the application of DES and it has been successful in previous comparable scenarios. Lean 
has also been validated as an important part of industrial science which DES can complement well. It 
is imperative that the Lean philosophy is present in the thesis to provide an efficient solution which 
minimizes waste. In addition, the material handling system should be evaluated with sustainability in 
mind to reach a fiscally and environmentally responsible result.  
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4 Current State Analysis 
This chapter contains the identification and evaluation of the current state of production and 
transportation at the partner company. The first part describes the identification of the product flow 
and breaks it down into several parts. The second part evaluates the product flow and provides a 
detailed analysis. 

4.1 Identification of current flow 
To initialize the project, a study was performed on the current operation of the product flow. With the 
aid of onsite engineers, forklift drivers, operators and assembly line personnel the flow was mapped 
and each part identified. In accordance to Lean philosophy Genchi Genbutsu was also utilized to make 
sure an accurate overview of the entire process was produced. 

The main flow of products can be divided into three parts: PVX Internal Handling, Outdoor 
transportation, and PVS Internal Handling.  

4.1.1 PVX Internal Handling 
The PVX Internal Handling was identified as the starting point of the product flow. This part of the flow 
includes the processing of raw materials to create a product ready for assembly. The flow begins at the 
raw material stock which supplies the process. One machine performs two machining operations on 
each batch before the products are pressed and washed, and finally secured for transport. They are 
then moved to an interim storage from which they then are transported by forklift to the PVX outflow. 
The flow is detailed in Figure 7 below. 

Raw 
Material 

Stock

Machining 
Operation 1

Machining 
Operation 2

Washing & 
Pressing

Securing for 
transport Interim 

storage

Forklift Operation 2

PVX Outflow

Forklift Operation 1
 

Figure 7: Flowchart of the current PVX Internal Handling 

4.1.2 Outdoor transportation 
The outdoor transportation of the products presented some issues when being analyzed. The system 
as it operates today is not a simple transportation between PVX and PVS, but instead a more complex 
system which handles a large portion of the outdoor logistics on the site. That being said, a simplified 
version of the flow can be produced which gives a somewhat accurate portrayal of the transportation 
of the concerned products, see Figure 8.  
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Pallets of finished products are moved by forklift from the PVX outflow to a material cart, when one is 
available. They then follow a route which eventually takes them to the PVS inflow. There the products 
are unloaded by another forklift operation and placed on the PVS inflow.  

TransportationLoading

PVX Outflow

Unloading

PVS Inflow

 

Figure 8: Flowchart of the current outdoor transportation 

4.1.3 PVS Internal Handling 
As with the outdoor transportation, the PVS Internal Handling is a complex logistical process of which 
the concerned products only make up a small part. However, the product flow is far more predictable 
and can therefore be depicted quite accurately. The flow starts with the products arriving at the PVS 
inflow. From there they are transported by forklift to the PVS Stock. At the behest of one of the 
assembly lines, the material is delivered by forklift and used in the assembly process. The goal of the 
entire flow up to this point is to deliver non-defective products at a rate which allows the assembly 
process to continue undisturbed. The flow is represented in Figure 9 below. 

PVS Inflow

Forklift Operation 1

PVS 
Stock

Forklift Operation 2 Assembly Lines
 

Figure 9: Flowchart of the current PVS Internal Handling 

4.1.4 Critique of the current product flow 
There are several shortcomings of the current system which are easily identified. One of these 
shortcomings, which the personnel at the partner company identified at several levels, is the excessive 
handling of material at several points in the product flow. As a non-value adding activity, the concern 
about it is justified and provides a major point of improvement. 

Another problem which became apparent during the initial study was the lack of any balancing in 
regard to logistics. Instead of smaller material deliveries at evenly spaced times, the forklift drivers 
experienced sudden spikes in activity when an incoming delivery arrived or an outgoing delivery 
needed loading. These high volume transports contribute to several wastes in the process, such as wait 
and unnecessary buffers. Another natural consequence of the current system is an unnecessary 
inflation of the LT which will need to be addressed in an alternative transportation system. 
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4.2 Current state simulation 
According to the LeanSMO Framework a simulation model of the current state may be constructed if 
appropriate. The model can serve several functions, from communicating the current structure and 
highlighting issues, to providing a basis for validation. In cases were a model is deemed unnecessary 
or impractical an evaluation through the Lean tools will have to suffice. 

When evaluating whether to develop a current state model or not, the potential benefits it would 
provide had to be weighed against the effort it would require. A current state model could definitely 
show a clearer picture of how the system functions today and allow for experimentation. Since the 
system exists, it would also provide an excellent point of validation with the available process data. It 
would also allow for a comparison to the future state and give an estimate of the performance 
improvements provided. 

On the other hand, a current state model might not be entirely relevant. Since the production part of 
the product flow will change and the company expressed a strong will to replace the transportation 
system as well, any experimentation with the current system becomes obsolete. The layout of the 
current system also does not lend itself to easy simulation. Modelling the PVX Internal Handling may 
be possible, but the transportation system operates on the entire site, supplying several different 
workshops as well as handling myriad product families. To model this system with any degree of 
accuracy would require a significant amount of effort and since it will not be a part of the future state 
this effort is deemed a waste.  

Due to these reasons, the project will instead rely on the Lean tools to evaluate and map the current 
state, and use the acquired knowledge to support the modelling of the future state. 

4.3 VSM 
To confirm and quantify the wastes perceived in the system VSM was utilized. The VSM is more 
detailed than the product flow in previous figures 7, 8, 9. The final VSM is available in 10.1 Appendix 1 
– Current State VSM. It includes every buffer which was identified in the production flow while 
performing Genshi Genbutsu. During the Genshi Genbutsu work, there were noticed that no dedicated 
buffers were in place within the Buffer_1 to Buffer_4. The pallets that were placed in these buffers 
could vary in numbers of pallets and there was only the floor space to limit the total number of pallets 
for buffer. 

The point of the system starts with the operator reading an electronic work order in the computer that 
the Logistic and Planning department has sent away for production as the orders might update during 
the day. When the work order has started the operator then goes and retrieves the pallet of raw 
materials with a forklift and places it close to the machine. The products are produced in various batch 
sizes affected by how many products that fit on a pallet.  

In this VSM there is only one machine doing machining on the products, but the work is divided in 
operation one and operation two since the machine has to change tool for each operation. As the 
machine has changeover between each operation the products are produced in batches to minimize 
the frequency of the changeover times. Due to a very complex outdoor transportation, there were no 
LT study for the VSM. To be able to perform a LT study a GPS tracker was needed. Due to reasons such 
as shortage of time and the authors were late out. As the outdoor transportation system is going 
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different routes and has various departure times, it is not possible to get an accurate measuring 
without a GPS tracker.  

After the pallet has arrived at the PVS Inflow, the forklift driver takes the pallet and delivers it to the 
assigned storage location. When the pallet is placed in the storage system the driver enters the location 
of the pallet into the logistics computer system. The Logistic and Planning can always see what is stored 
in the PVS Stock.  

4.3.1 Future VSM 
In order to see how the future production flow would look, a future VSM was made to visualize the 
future state, see Figure 10. For the future there are two different VSM as one with an AGV representing 
the outdoor transportation and the other one with manual transport. The big change from the first 
VSM as appeared in current state is the operation one and two is now on each different machine. The 
future state will have two machines doing each operation in order to reduce the changeover time 
between the operations. After the products have gone through machine one the product will be placed 
on Buffer_2 that is located between the machines.  

When machine two is ready for machining the operator will put the oldest product from Buffer_2 into 
the machine since the buffers works as first in and first out and then start the final operation for the 
product. During the machine time the operator will also wash and pressure test some of the products 
and make a quality check before securing them for further transportation. 

In the PVX Outflow the transporter will pick up the gods for delivery to the PVS inflow. Where another 
forklift driver will gather the pallet and place in the PVS Stock. In the future system the production flow 
will go by a pulling system. 
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Figure 10: Value Stream Map of the future state 
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5 Data Collection 
This chapter shows the main part of the input data collection process as well as analysis of said data. 
The methodology by Skoogh and Johansson (2008), which is described in 2.8 Input Data Management, 
acted as a cornerstone for the work this chapter recounts. 

5.1 Identifying and evaluating relevant parameters 
It is essential to determine what data is needed for the future simulation models. If this is not done 
there is a risk that the collection process leaves out important data which will waste time in going back 
and forth between data collection and model building. It is also important to identify the sources of 
data and determine if the accuracy they provide is sufficient. This first part of the chapter will describe 
the results from what roughly corresponds to the first loop in the guide by Skoogh and Johansson 
(2008). The assessment of the demand is discussed in more detail in 5.3.2 PVS demand distribution. 

5.1.1 Assessment of parameters for PVX 
To accurately assess the future performance of the production in PVX several parameters were 
identified. As the PVX will undergo changes in the future state a direct measuring of the process will 
not be possible, but with current data in combination with knowledge of the future state a model can 
be constructed. 

Process times 
The process times for each variant were picked from a computer system at the partner company. 
However, the provided data was unreliable in several ways. The first point of contention was the fact 
that every point of data was an idealized time, not even a mean value and certainly not a distribution. 
The times do not seem to be derived from a system of continuous measurement, thus indicating that 
the data in the system may not be current and complicating the possibility of a new estimation. The 
last problem is the fact the since the process is being revamped, there is a very real risk that the process 
times will change from what they are today and what they were at the point of documentation. 

To increase the reliability of these parameters it was determined that a time study would be an 
appropriate tool. Due to the time constraints of the project as well as the low volumes of certain 
variants the main objective of the time study is to gauge the accuracy of the process time for one high 
volume variant in the current system and attempt to introduce some form of distribution to the 
process time. The outcome of this time study is discussed in 5.2 Time Study. 

Sequential setup times 
As with the process times, these values were available in the company computer system. These values 
maintained the shortcomings of the process times with the added difficulty that in the future state it 
is expected that they would change drastically. This in conjunction with the relative rarity of a setup 
and potential for large variation in time makes a time study impractical and unviable. It was 
determined that these estimations needed to be made in cooperation with onsite engineers with 
insight into the revamped state of the PVX production. This estimation will need to be verified when 
the future state is established, but until then it will be introduced into the models. 
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Pallet size 
While the amount of products on each pallet may initially seem mostly insignificant, there are several 
parts of the flow that are reliant on fully loaded pallets, such as the securing of the load and forklift 
operations. In addition, it is essential to accurately represent the volume of products and since less 
products per pallet puts a heavier load on the logistics, the pallet size becomes important when 
modelling a transportation system. 

The amount of products per pallet was supplied via the company computer system as with the previous 
measures and it was wrongly assumed that the data provided in this case was reliable. Since each 
variant has a set size, the quantity that would fit on a pallet will not change and it is for the most part 
very easy to determine the number that is appropriate to load. For unknown reasons the computer 
system listed the wrong amount for two of the variants. Due to the attention of a knowledgeable 
engineer this data was put into question and the real amount for each variant was verified by going to 
the assembly lines and the PVS stock to look up several examples of each. 

Batch sizes 
The batch sizes are entirely determined by the company and all these inputs are gathered from the 
company computer system. It may however be necessary to modify the batch sizes to become 
multiples of the pallet sizes in the eventual simulation models due to the logic of the simulation 
software. 

Reliability measures 
The source of most of the variation in this process is the failure rate and stop times of the machines. 
Data for these purposes was sourced from the maintenance operations and does not rely on the 
previously mentioned computer system. However, the historical data which is available needs to be 
fitted for the new process and the values of MTTR and availability are expected to fluctuate and 
decrease over time. This presents yet another point of uncertainty in any subsequent models and 
verification when the future state is implemented may be necessary. 

5.1.2 Assessment of parameters for outdoor transportation 
In contrast to the PVX workshop the future of this part of the overall process is undecided. This fact 
introduces some difficulty to decide what parts of the process are critical, but some parameters will 
need to be addressed in any eventual solution. To provide a basis for these solutions and the eventual 
estimation of the critical parameters, they should be discussed and evaluated. 

Loading and Unloading time 
As the first and last part of the transportation between PVX and PVS these parameters are important 
for several reasons. The time it takes to load and unload pallets from a transportation vehicle affects 
the overall LT of the process. It also prolongs the time the vehicle stands still which is time not spent 
transporting products. A long loading time also worsens the effects of a failure, either by the vehicle 
or in the production, by prolonging the time it takes to start delivering products to the PVS again. In 
the context of the simulation software the utilization of the vehicle is also largely dependent on the 
loading and unloading times. Due to these factors it is essential that the loading and unloading time is 
considered in the possible solutions for the future system. 
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Transportation Time 
The average speed of an alternative transportation vehicle needs to be estimated for the obvious 
reason of determining the time of each transportation. The routing of the transport will also have a 
major effect on the TH of the transportation system. Shorter distances from start to finish will lessen 
the transportation time. The routing also needs to take into account disturbances that may occur along 
a route, such as traffic or environmental factors. A shorter route may appear to be the best, but if a 
longer route proves more reliable times it may be the better candidate. Some routes may also require 
larger investments than others which may reduce the upsides of a high performing but expensive 
route. The safety is also a major factor in choosing the route, with unsafe routes being discarded or 
required to be made secure before use. The speed of the vehicle will be based on specifications from 
similar units and the routing will be decided with input from a Kaizen Event. 

Vehicle Capacity 
The capacity of a transportation vehicle is of utmost importance when determining the volume it can 
transfer during a set time. As with the speed, this parameter may seem obvious but there are tradeoffs 
when binding large volumes of products in a vehicle. This factor will have to be a balance between 
transfer volume, vehicle utilization and leveling. The current system has a varying capacity depending 
on what type of materials are loaded, which the new system does not need to take into account. Since 
this is a part of the design which could be changed before implementation, the appropriate capacity 
will be explored through simulation. 

5.2 Time Study 
In order to assess the accuracy of the process times provided by the company a time study was 
planned. The goal of the time study was to verify the data in the company computer system as well as 
provide basis for the modelling of a statistical distribution for use in the simulation model. In 
preparation for the study a form was created which included instructions on how the measurements 
would be conducted as well as what information would be included. The study utilized continuous 
measuring and all the times were rounded to the closest second. 

With a large part of the study already conducted in the PVX workshop and familiarity with the 
personnel established, an attempt at the time study was performed there. This turned out to be a 
miscalculation and the continuation of the study in the workshop was deemed infeasible. It became 
rapidly evident that the current meagre production volumes would not provide the study with enough 
data to do even the most minimal analysis. In addition, the machine in questions was not prioritized 
by the operators when other machines required their attention and thus any times collected would 
depend on the utilization of other machines as well. This would cause any measurements to be 
unreliable and not fit for purpose. 

Due to these facts the study was moved to the PVS workshop. In the current state the vast amount of 
the concerned product family is produced in the PVS and could therefor allow for a greater amount of 
measurements. The machine was also fully manned which made the times independent from other 
tasks and operations. The study could however not escape the relatively long cycle times of the 
machining operations which increased the time consumption of the study even when not a large 
amount of data was gathered.  
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5.3 Modelling of Statistical Distributions 
Following the collection of the necessary data and the compilation of it in a datasheet, the analysis of 
the data could begin. To prepare for implementation into the simulation model, it was decided that 
several of the datasets would be represented with statistical distributions. To accomplish this the 
software ExpertFit was used. The software is designed to facilitate the evaluation of different 
distributions in relation to the datasets.  

5.3.1 Process time distribution 
The first datasets to be analyzed and modelled were the results from the time study. The main purpose 
of the study had been to provide a basis for verification and modelling of the processing times in the 
current state. In Machining Operation 1 (MO1) there was a 12% difference in the mean value of the 
measured time and the supposed processing time in the company computer system. For Machining 
Operation 2 (MO2) this difference was just over 13%. That being said, the meagre sample size might 
justify some skepticism towards the validity of these differences. 

Three different distributions which are included in the chosen simulation software FACTS were 
evaluated for MO1, see Figure 11. All three passed the Chi-Square test without being subjected to 
rejection. The Beta distribution was picked as the difference between the distributions was determined 
to be minimal in the model and as such the choice deemed arbitrary. 

 

Figure 11: Density-Histogram Plot of the times from MO1 
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As MO2 had a sparser sample size, about half of MO1, the modelling of a fitting distribution proved 
more of a challenge. As previously done, three distributions which are present in FACTS were picked 
to evaluate the dataset. The dataset was deemed too small to create a reliable distribution, and thus 
MO2 will be modelled in the same manner as MO1 due to the similar nature of the operations.  

5.3.2 PVS demand distribution 
In the simulation model the demand for products will be a vital part in determining if the system can 
handle the expected volumes. As the assembly lines which are at the end of the product flow will not 
be modelled it is important to create a valid representation of their demand. The demand of products 
will shift in amounts and variants and to properly assess the spikes in activity a statistical distribution 
is needed. The 2017 weekly consumption of each variant was provided by the company and with that 
data as a foundation the modelling could be performed. 

Problems arose when attempting to model this data in the simulation software however, as limitations 
in the software needed the data converted into a format it could understand. With this in mind, the 
average demand in seconds for each week was extrapolated from the dataset and entered in ExpertFit, 
see Figure 12. The Lognormal distribution passed the Chi-Square test and was picked. 

 

Figure 12: Density-Histogram Plot of the 2017 average weekly demand in seconds 

 



University of Skövde   Fredrik Vuoluterä 
School of Engineering Science  Oliver Carlén 

    

   

39 
 

6 Future State 
In this chapter the future state of the production and transportation flow is discussed. The future 
production state is established and possible future transport solutions are developed and evaluated. 

6.1 Future state of the product flow 
The new machine layout in the PVX will allow the workshop to manufacture a larger volume of 
products, as well as being able to produce four variants previously assigned to the PVS workshop. The 
new layout includes a second machine which will allow each machine to be dedicated to one of the 
processing operations, eliminating the need for a setup at the half-point of every batch. 

The planned expansion of production in the PVX workshop will naturally increase the product flow 
between PVX and PVS. In addition, the change will carry with it increased material handling in both 
workshops. Looking through the lens of the Lean philosophy this will amplify the downsides of the 
current product flow. As the LT of the current transportation system is rather high, burdening it with 
more products will only serve to increase the pressure on the PVX logistics. This may also increase the 
necessary safety storage of products in the PVS Stock as the LT of the four new variants now is 
dependent on the outdoor transportation. 

In regard to the balancing, the increased product flow will only worsen the spikes in activity for the 
forklift drivers, as the tow trains now either need to carry a larger amount of pallets or arrive with 
increased frequency. 

6.2 Brainstorming of possible transportation solutions 
To meet the challenges of increasing product flow between the PVX and PVS workshops several 
different solutions were conceived. These varied in feasibility and efficiency, but provided a stepping 
stone for the project. One of the first solutions that received attention was the possibility of using a 
system of automatic logistics drones on the site. A fleet of drones would be a very flexible solution, 
allowing for easy expansion of the system with the addition of loading and unloading stations around 
the site. The system was also predicted to have a high availability since idle drones could recharge and 
more units could be introduced if demand increased or older units broke down. The enthusiasm for 
this solution dropped sharply when the technology was further evaluated. In contrast to other 
solutions, drones within logistics is still a relatively new technique and is not tried and tested. Other 
concerns regarding safety and permission to use the airspace above the site also halted this solution. 

Other solutions that were discussed were different variations of a dedicated system, which would be 
hard to alter and less flexible than other solutions. These ranged from carts on rails, to conveyor lines 
and tunnel systems. In addition to the inflexibility already mentioned, these systems would be rather 
expensive to construct and risk interfering with other established systems. The relatively long routes 
that are under consideration better lend themselves to systems which don’t require a constant 
presence. 

The two contenders that survived the brainstorming were an AGVS and a variation of the current tow 
train system. An AGVS would provide a more even product flow with products arriving at more points 
in time instead of a large volume arriving all at once. It also presents the possibility to reduce the 
material handling at several points in the flow. From a safety standpoint an AGV can be secured much 
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easier than any manual operation, such as forklifts. If pallets are accumulating in a buffer the AGV can 
“catch up” during a break or between shifts.   

A variation of the current system was also in consideration. This system would act much like the old 
one, but with a few key differences. Mainly lower capacity per transport, more frequent transports as 
well as a different routine for loading the material cart. Alternative routing would also be considered 
to minimize the waste of the system. 

6.3 Definition of future state solutions 
The two selections from the brainstorming need to be properly designed and defined in order for the 
study to continue. These assumptions will function as input for the simulation models presented later 
in the report, see 6.6 Conceptual model.  

Since both of these systems will handle pallets of material going between the workshops the possibility 
of including other product flows is considered. Having two parallel systems performing the same task 
is an obvious source of waste and as such the other products going from PVX to PVS may be assigned 
to the new system instead.  

6.3.1 AGVS 
The AGVS is imagined as one or several AGV unit load carriers transporting one or several pallets 
between two points in the Outdoor transportation part of the product flow. The appropriate number 
of AGVs and their capacity will be investigated in a DES model. The system will exclusively act outdoors 
with loading and unloading conveyor stations providing the AGV with material. The battery charging 
will occur during any downtime at the loading station. The loading and unloading stations will need 
signals which tell the AGV if it is safe to leave or retrieve material. Maintenance routines must be 
established to keep high availability. Safety protocols will be included in the AGVS to prevent collisions 
and other accidents which endanger persons or property.  

To handle the weather conditions, there are two alternatives which are deemed viable. The first one 
would be to construct a custom AGV which can handle rain, snow and other foreseeable conditions as 
well as protecting its cargo from these conditions. The second option is to erect a roof over the area 
which the AGV will have to traverse. While constructing such a roof might seem expensive at first, 
developing and maintaining a custom AGV design is with all likelihood more costly. This would provide 
an alternative to the current method of handling the weather, which is to place a plastic cover on each 
pallet bound for outdoor transportation. The plastic covers provide the products with protection from 
rain and snow, but also brings water inside the logistics areas. This is a safety concern as it may cause 
slipping and bad conditions for the forklifts. 

A choice that had to be made is whether the system acts as a blind system or a smart system. A blind 
system is defined as the AGV not being aware of what kind of pallet it is carrying or where it is going. 
It will simply follow a preprogrammed route and deliver each pallet as any other. A smart system 
however, would be aware of all the information pertaining to the carried pallet and also be able to 
make decisions regarding priority and route. Any information can also be transferred to the next 
system in line. This creates the possibility to have greater awareness of each pallet and allows for more 
complex interactions with other systems.  



University of Skövde   Fredrik Vuoluterä 
School of Engineering Science  Oliver Carlén 

    

   

41 
 

The smart system approach has many downsides in the context of this project. The system will require 
integration into the current logistics system which will be expensive and maybe not even viable. In 
addition, no major gains would be made in the system since it will act as a simple transportation 
between two points and not have to worry about priority or routing. Due to these reasons the project 
will assume the system acts as a blind one, but also entertain the possibility of introducing smart 
aspects of it if future developments make it more viable. 

In regard to using the single product flow originally intended or introducing multiple product flows the 
AGVS is an excellent solution. Due to the nature of the system either the capacity or number of AGVs 
can be increased if the TH of the system proves to be too small. This fact makes it possible to at first 
make pilot runs with the single flow and as the system is properly established and understood, more 
flows can be introduced and the TH can be increased accordingly. The process of developing the AGVS 
is detailed in Figure 13. 

Transport System

Tow Train System AGV System

Blind System Smart System

Single Flow Multi Flow
 

Figure 13: Selection diagram for the AGVS 

6.3.2 Tow train system 
The new iteration of the current tow train system is imagined as a cart loaded with pallets and when 
full, or when the contents are needed on short notice, it is driven from the PVX to the PVS and then 
unloaded. The appropriate capacity of the tow train will be determined using a DES model. This system 
will require part of a workday for one operator and what percentage will be determined using a DES 
model.  
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6.4 Routing 
When considering the transportation solution, the routing has a major impact on the system. For 
example, if one route is 50m longer than another it will cause great difference in the long term. In this 
case 50m might not seem like a big difference but if the route is used hourly this parameter will cause 
several kilometers of extra unnecessary movement over the coming months. This will contribute to 
longer LTs, higher energy consumption as well as requiring more maintenance.  

During the project five different possible routes have been identified for the transportation solution. 
Each route has its own advantages and disadvantages which were compared to select the most suitable 
one. All the routes are based on one of two possible exit points from PVX (A and B) and one of two 
possible entry points in the PVS (1 and 2). The outdoor routing is portrayed in Figure 14 and the indoor 
transportation in Figure 15. For details on each route see Table 1 below. 

Table 1: Parameters of each possible route 

Name Distance Outdoor Distance Indoor Disturbances Outdoor Disturbances Indoor 
A-1 160m 90m Medium High 
A-1-2 200m 60m Medium Low 
B-1 200m 90m Medium High 
B-2 190m 60m Low Low 
B-1-2 230m 60m High Low 

 

 

Figure 14: Possible routing solutions for the Outdoor transportation 
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Figure 15: Possible routing solutions for the PVS Internal Handling  
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6.5 Kaizen Event 
Due to the difficulty of measuring the outdoor transportation as well as evaluating the hypothetical 
routes, the choice was made to perform a kaizen event at the company. A kaizen event consists of a 
gathering of people with connection to the concerned topic in order to gain insight into a problem and 
get different perspectives from the participants. In this case, the purpose of the event was to examine 
the viability of the suggested routes and provide basis for the modelling of disturbances in the 
transportation system model.  

The participants of the event were logistics personnel of different levels which encounter the current 
transportation system in their everyday work. All of them have several years of experience with 
logistics on the site and together provided deep knowledge of the entire current system. Among the 
participants was a workplace safety representative, which helped to focus the discussion on safety, 
but most of the participants had their own stories of accidents or near misses.  

The event started with a round of introduction, where everyone familiarized themselves and got to 
know each other’s area of expertise. Then the main aim of the project was presented and the current 
state of logistics on the site was discussed. The participants had a great deal of opinions on the current 
situation, ranging from the function of the current transportation system to stress in the everyday 
work. Some of the input gained supported the previous critique of the system while other input 
contradicted it. 

After gaining a sense of the current situation the different routing options were presented and 
explained. The group took a tour of the different alternatives and discussed the viability of each as well 
as how they would fit in with the overall system. Several safety and investment concerns were lifted 
on several of the options, as well as a few being dismissed outright. 

Some positive aspects of using the ‘A’ exit point were discussed, such as removing the need for moving 
each outgoing pallet through the entire workshop to get to the ‘B’ exit. With the already high usage of 
the ‘B’ exit, the ‘A’ exit might alleviate some pressure and free up space in both areas. Some problems 
were however pointed out, such as the requirement of an investment to establish the ‘A’ point as a 
logistics zone. In addition, the raw materials and other incoming goods are sent to the ‘B’ point which 
would cause some transport carts to return empty. Moving this inflow to the ‘A’ point would just move 
the problem and not offer any great improvement. 

The group was also critical of any transportation in the passage between the PVS and the Goods 
Terminal. As this part of the site is rarely open to vehicle traffic it is utilized by people going on foot 
between the Goods Terminal and the PVS. Even with the suggestion of a slower vehicle the participants 
feared other drivers might use the passage as a shortcut instead of the longer designated route. 

The group was also unanimously in opposition to using entry point ‘1’ in the PVS. This entry point is 
already highly utilized and the transportation inside the PVS is wrought with risks and does not offer 
any upside compared to the inside transportation from point ‘2’. Transportation past point ‘1’ is 
possible, but would be subject to disturbances from the already established traffic. With all this input 
in mind, the B-2 route was selected for the tow train system and, with the assumption that the passage 
between the Goods Terminal can be made accessible only with an AGV, the A-1-2 route was picked for 
the AGVS. 
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6.6 Conceptual model 
Based on the input from the Future VSM, the Kaizen Event and other previous activities, a 
conceptualization of the future systems could be performed. A conceptual model was created for each 
of the possible future transportation systems. Using the experience of the simulation software FACTS 
Analyzer and knowledge of the system, an assumptions document was created during the course of 
the project. The models share most of the assumptions but also differ at a few points. A selection of 
the assumptions is presented below. Input for model parameters are also presented. 

Shared assumptions: 

• All products will go through a Quality Check. 
• No defective products will be produced. 
• The Raw Material Stock will never run out. 
• The arrival of raw materials will not be modeled. 
• There are always available pallets. 
• Only products bound for the PVS are produced. 
• All batch sizes will be adjusted to fit the pallet sizes of each variant. 
• The buffer levels will be optimized to meet the demand with the lowest possible WIP. 
• In the model deliveries will only be performed when the transporter is fully loaded. 
• The storage levels in the PVS Stock will determine what batches of variants are produced. 
• If all the variants are above their minimum storage levels in the PVS Stock no new batch will 

start production. 
• The machines are always manned. 
• Non-critical buffers are modeled in a reasonable but arbitrary manner. 

AGVS assumptions: 

• The AGV will perform deliveries on breaks and outside of workhours. 

Tow train system assumptions: 

• Only one vehicle will be present in the model. 
• The tow train will not perform deliveries on breaks or outside of workhours. 

Inputs: 

• The demand will be modelled by statistical distribution as described in 5.3.2 PVS demand 
distribution. 

• The process times of the machines will be modelled by statistical distribution as described in 
375.3.1 Process time distribution. 

• The availability and MTTR will be modeled after historical data supplied by the company. 
• The routing will be modeled after input from the Kaizen Event. 
• The modelling of disturbances and failures during the transportation will be based on input 

from the Kaizen Event. 
• The AGV speed will be modeled after specifications of similar units. 
• The tow train speed will be modeled after specifications of similar units. 
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6.7 Simulation models: Single Product Flow 
With the conceptual models as basis, two DES models were constructed with FACTS Analyzer. Both 
models are built on the same base model, but with the transportation systems having different settings 
such as capacity, route time and loading times. The model is designed as a pull system, where OP1 will 
stay idle if none of the variants in the PVS Stock are below their minimum storage levels. An overview 
of the generic model can be seen in Figure 16. 

For the purposes of the replication analysis as well as providing accurate outputs later in the process, 
three custom outputs were created, namely Real_WIP, Real_LT and Real_TH. The outputs were 
necessary due to the fact that the accumulated products in the Raw Material Stock heavily skewed the 
default LT and WIP outputs while the outgoing pallets affected the TH output. Real_TH was designed 
to be the sum of the TH of each variant, and thus excludes the TH of the pallets. Real_WIP was 
accomplished by taking the sum of each variant WIP and then subtracting the WIP in the Raw Material 
Stock. The Real_LT output utilizes the other two outputs by applying Little’s Law, which shows that the 
LT is equal to the WIP divided by the TH. 

This does however mean that it is impossible to accurately examine the LT and WIP of each individual 
variant, only the average value in the product family. Due to the ability to adjust the PVS Stock, the 
WIP and the LT are highly controllable. That fact in conjunction with the Backlog parameter in the 
Demand object, the WIP of each variant could be lowered until it corresponds to the demand with 
minimal WIP and LT. The results from this set of models can be found in 7.2 Output Analysis of Single 
Flow Models. 

 

Figure 16: Single Product Flow Simulation Model 

6.8 Adjustments to conceptual model 
Due to the results from the first set of models several adjustments to the model assumptions had to 
be made. The most significant change made is the inclusion of several new product flows from the PVX 
to the PVS. In contrast to the original product flow these new flows will not have their respective 
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production flows modeled, but instead utilize historical data to introduce generic pallets to the 
transportation flow. While not as accurate or reliable as the modeling of the original product flow, it 
will help determine the performance of the transportation systems and their ability to handle larger 
volumes of pallets. To allow for more accurate analysis of the flow, the AGV will be simulated as idle 
during breaks and outside of workhours. 

New shared assumptions:  

• Several product flows will be handled by the transportation system. 
• The new flows are modeled with a generic pallet. 
• The new flows are stored and consumed separately from the original flow. 
• All generic pallets are assumed to arrive at the same entry point and will therefore not include 

different routing. 

New AGVS assumptions: 

• Only one AGV, with the capacity of one pallet, will be present in the model. 
• The AGV will not perform deliveries on breaks and outside of workhours. 

New tow train system assumptions: 

• The tow train will mix pallets from the main flow and the generic flow. 

New inputs: 

• The arrival of generic pallets will be modelled by statistical distribution based on historical data 
in the same manner as the process times and the product demand. 

6.9 Simulation models: Multiple Product Flows 
To accommodate the new assumptions a set of two additional simulation models were developed in 
FACTS. These models are based on the previous ones but with the major difference of an additional 
flow of generic pallets. This flow represents the arrival of additional product flows based on the 
historical volumes produced in the PVX workshop. Using a statistical distribution, a sufficiently credible 
measurement of the total load the transportation systems will have to deal with can be made. Since 
the products from the additional flows will not have their production modeled and different products 
will be represented as the same generic pallet, no attempt to measure the demand for these units will 
be made. The purpose of including these flows is exclusively to determine the ability of the 
transportation systems to handle the increased volumes, not determine optimal configurations for the 
additional flows. 
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7 Results 
In this chapter the results from the study are presented and analyzed. The preparatory experiments as 
well as the output results from the simulation models are discussed and a walkthrough of the 
optimization of the final set of models is made. Lastly, an investment cost calculation is performed. 

7.1 Preparatory Experiments of Single Flow Models 
Before the final production runs for the set of single flow models could be performed a series of 
preparatory experiments had to be made. First in line was the steady state analysis which would 
determine the initial transient period, or warm-up time, for the models. A graph over the concerned 
outputs was generated and analyzed, see Figure 17. The steady state analysis found that both the WIP 
and the TH are stable after about 200 hours of simulation for both of the models. 

 

Figure 17: Graph of the TH per hour for the Single Flow Tow Train model 

After the steady state analysis was concluded, a replication analysis was needed to decide the 
appropriate number of replications for the models. The confidence interval method was used with 
material from previous university projects acting as a base for the analysis. The analysis used the 
custom outputs described in 6.7 Simulation models: Single Product Flow. It could be argued that these 
outputs provide a different outcome than the default outputs, but since these outputs accurately 
represent the vital measurements of the model, whatever outcome is produced will be the one most 
suited for the model.  

The starting point for the analysis was set to ten replications and with each new experiment a value is 
given indicating if there is a need for more or fewer replications. Quite unsurprisingly the models 
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performed similarly, with the AGV model having a somewhat lower standard deviation. The study 
concluded that four replications for the tow train model, see Table 2, and three replications for the 
AGV model would be the optimal numbers for a 95% confidence interval. To avoid the risk of confusing 
and to simplify the output analysis both models will be run with four replications. 

Table 2: Replication Analysis of Single Flow Tow Train model 

 

7.2 Output Analysis of Single Flow Models 
With the warm-up time and amount of replications determined, the final simulation runs could be 
made. During the preparatory experiments it was discovered that the output data from the model did 
not correspond to the expected values due to the TimeTable object which determined breaks and 
workhours. As such this object was removed to acquire the results without need of converting the 
output. This does mean that the AGVs will appear as completely idle during breaks and outside of 
workhours. This does not impact the performance of the AGV in a significant way, due to the fact that 
it is idle most of the simulation. Because of this only one AGV will be simulated, as any additional ones 
would not improve the system performance in any way. As with the number of AGVs, the capacity is 
limited to one pallet per AGV in the model.  

Both models handle the product demand with ease. As the model only produces new batches when a 
variant in the PVS Stock falls below a certain percentage, OP1 and OP2 are idle just over 40% of the 
time, see Figure 18. This may be caused by the fact that the model does not take into account the 
production of products which are internal to the PVX. 

 

Figure 18: Machine Utilization of Single Flow AGV model 
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The transportation systems suffer from an even lower utilization percentage. Using the Transport and 
Back buffer objects the total transportation portion can be calculated, and in combination with the 
loading and unloading times the total utilization can be extrapolated. The AGV system was estimated 
to have a utilization of 3,6% and the number in the tow train system was 1,7%. The transportation 
portion of each solution can be seen in Figure 19 and Figure 20. The discrepancy in the systems can be 
attributed to the difference in amount of transportations, as the tow train has a capacity of four pallets 
it will naturally do less transporting in comparison to the AGV system with the capacity of one pallet. 
As the AGV system is slower and therefore requires more time to complete the route it will additionally 
inflate the utilization.  

On the other hand, the tow train requires longer loading and unloading times which will increase the 
utilization slightly compared to the AGV system. As for comparing the WIP of these models to the 
current system, both the models had a 7% higher WIP than the one recorded in the VSM. However, 
the VSM does not provide an average over time and these models are not yet optimized. 

These results indicate that a single flow of products would not come close to fully utilizing any of these 
transportation solutions. With this in mind the scope of the project was expanded to include additional 
product flows from the PVX to the PVS. The late inclusion of these flows left little room for complex 
modelling, but the data on the amount of transported pallets for 2017 was available and allowed for a 
simplified model to be constructed.  

 

Figure 19: AGV transportation portion in Single Flow AGV model 

 

Figure 20: Tow train transportation portion in Single Flow Tow Train model 
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7.3 Preparatory Experiments of Multiple Flow Models 
As with the previous set of models, the new set required steady state analysis and replication analysis 
to be performed. Arguments could be made for ignoring this step since the new models share most of 
their design with the old set, but to ensure accuracy the preparatory experiments were performed. 
The steady state found that the overall TH appeared more stable in both models, likely caused by the 
introduction of the generic pallets, but still reached the steady state at 200 hours of simulation, see 
Figure 21. 

 

Figure 21: Graph of the TH per hour for the Multiple Flow AGV model 

The replication analysis differed more from the previous set, with the results for the new AGV model 
indicating that two replications was the suitable amount, see Table 3, while the tow train model 
remained at four replications. The main driver in this reduced need for replications in the AGV model 
can most likely be attributed to the generic pallets stabilizing the process and thus reducing the 
standard deviation for the LT.  

Table 3: Replication Analysis of Multiple Flow AGV model 
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7.4 Output Analysis of Multiple Flow Models 
The output results from the new set of models closely resemble the results from the single flow models 
in several ways. The machine utilization is for all intents and purposes exactly the same and only very 
minor differences can be detected in the key performance measures for the original product flow. The 
set also manages to produce with no backlog and since no changes in demand or production capacity 
have been made these similarities are entirely consistent with the expectations of the models. The 
only point in the system where the additional flows impacted the model in a significant way is the 
transportation system. The utilization of the individual transporters rose to 11,0% for the tow train and 
25,9% for the AGV. While the increased utilization is remarkable, it is still very low for the overall 
system. The utilization also helps to highlight the miniscule amount of pallets produced by the original 
flow. 

The division of the utilization is also a point of interest. In the AGV system most of the active time is 
spent transporting the pallets and a small fraction is spent on loading and unloading. The tow train 
system does, in contrast, spend very little time actually moving the pallets and instead allocates a clear 
majority of the active time to loading and unloading. While neither transport system is under enough 
load to impact the TH of the system, these differences are important to understand when comparing 
the advantages and disadvantages of each approach. If the entry and exit points of a workshop are 
constantly busy and blocked an AGV coming and going in quick succession might be preferable to a 
material cart occupying even more space. On the other hand, if a slow moving AGV creates problems 
in the traffic between the points a faster transport with higher capacity might very well be the optimal 
choice. The transportation portion of each solution is shown in Figure 22 and 23. 

 

Figure 22: AGV transportation portion in Multiple Flow AGV model 

 

Figure 23: Tow Train transportation portion in Multiple Flow Tow Train model 
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7.5 Optimization Results 
As a part of the initial objectives and the LeanSMO Framework, optimization was of interest from the 
start of the project. Since the logistics can have a major impact on the WIP and LT, such an investigation 
of the transportation systems was needed to find the best configurations in the allotted time. The 
ambition of optimizing the number of transporters and their capacity in the simulation models was 
however quickly made unnecessary. With the systems being able to handle all the product flows from 
the PVX to the PVS with only one transporter, any investigation would give conclusions which are 
obvious to even a cursory glance of the models. Due to this situation the points of optimization moved 
from the transport system itself to the PVS Stock while the goal of minimizing the LT and WIP remained. 

The PVS Stock in the simulation models possess a safety percentage of each variant which determines 
when a new batch is ordered. By lowering that percentage for a variant, the next batch will be ordered 
later. Doing this will reduce the overall LT and WIP, but might also risk products to not arrive in time. 
The different percentages also interact, which may cause several variants to need products at the same 
time. This complexity is best handled with SBO. 

For the optimization the Multiple Flow AGV model was selected to accurately gauge the impact of 
mixing in generic pallets which might delay a transport. The goals of the optimization were set to 
maximizing TH while minimizing LT, WIP and backlog. The NSGA-II algorithm was recommended in the 
LeanSMO framework (Goienetxea, Urenda & Ng, 2015) and was therefore picked. About 4000 
evaluations were made before the data analysis was performed. The dataset containing every 
evaluation needed extensive filtering before any use. The first filter applied excluded every solution 
which had any backlog, leaving only the ones which managed to supply the demand of the assembly 
lines. The next filter limited the WIP and LT to the lower end of the remaining solutions. After this 
process 11 possible solutions remained, but not a single one which was deemed the clear candidate.  

To find the best possible solution, the lowest safety percentages of each variant found were used as 
input in the model and tested with a simulation horizon of 500 days and 10 replications. Minor backlog 
was found in 4 of the variants and thus minor increases in those safety percentages were made. This 
process was repeated once more until a configuration with no backlog was found. The performance of 
the new configuration is a major improvement compared to the pre-optimized model. The large 
reduction in the safety storage carries with it a 25,4% reduction in WIP and a 25,3% reduction in LT. 
This represent a 19,5% decrease in WIP from the amount recorded in the current state VSM. As the 
demand is still met, the TH of the system remains unchanged. Table 4 details the change in Buffer 
Safety Percentages below. 

Table 4: Buffer Safety Percentages before and after optimization 

Old Buffer  
Safety Percentage 

Optimized Buffer  
Safety Percentage 

30 15 
35 28 
10 6 
10 6 
30 20 
30 20 
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7.6 Investment cost 
The idea of building a roof over the transportation path for the AGV was conceived in discussions with 
the supervisor of the project. That route demands a roof over the route which can vary from 2000 to 
3000 m² depending on the construction and other parameters. A construction contractor provided a 
rough estimate of the cost for 3000 m² roof with walls, with a height of 5 m, at about 7 million SEK. In 
addition to this cost, the control system for the AGV is estimated at about 1 million SEK or more, and 
each AGV unit at around 485.000 SEK. This rough estimate of the entire AGV solutions is deemed to 
be about 9 million SEK in total. These costs do not include operating costs such as maintenance cost. 

The tow train investment cost is divided in two parts. An appropriate vehicle is estimated to cost 
135.000 SEK and each material cart another 70.000 SEK. This brings the estimated total of the tow train 
system to 415.000 SEK. This cost does not include the training and salary for the driver and other 
operating costs. The simulation models indicate that about 11% of an operator’s workday would need 
to be dedicated to operating the system, but this would with all likelihood be less efficient than having 
dedicated drivers like the current transportation system. 
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8 Discussion 
In this chapter an evaluation of the project is performed and the methods used are discussed. A 
discussion on the ethics of automation is included. 

8.1 Progression of the project 
During the course of the project, several major changes had to be made which were initially 
unforeseen. The most obvious one was the expansion of the simulation models to include additional 
product flows to compensate for the abysmally low utilization of the transportation systems. Other 
notable changes were the time study, where a new object for the study was necessary, and the 
optimization, where the subject moved from the transportation systems to the PVS Stock. These new 
directions incurred significant time loss as the project had to redirect its efforts to produce results 
which would allow for a reasonable conclusion. While the overall aim of the project remained the 
same, these changes in how to reach that aim may have had less of an adverse impact if more time 
had been spent in the planning phase of the study.  

The project also suffered from some lack of clarity in regard to the expectations from the solutions. As 
the new transportation systems needed to be designed and evaluated, a large chunk of them had to 
be simplified to keep the project inside the allotted time. While conclusions can be made from the 
results of the thesis, the solutions presented are very rough around the edges and the scope of the 
project did not allow for clearer definitions and closer evaluations. 

8.2 Evaluation of methodologies and tools 
The three methodologies used provided the project with much needed guidance in the performance 
of the thesis. While some of the steps presented may seem obvious in hindsight, the guides helped to 
direct the efforts and contributed to the structure of the project in a major way. If these guides were 
not available it is very possible that a lot of time would have been spent correcting things that would 
have been missed. 

The input data management guide by Skoogh and Johansson (2008) provided an excellent foundation 
of the entire data collection process. It helped the authors to appreciate the complexities of data 
collection early on, which in turn caused critical evaluation of any collected data. In addition, it allowed 
the authors to quickly realize that the needed data had to be specified. It is however regrettable that 
the utilization of the methodology was limited, as many parameters in the models ended up as 
estimations. The input data management guide is something that is not currently included in the 
simulation courses at the University of Skövde, mainly because these courses focus on the use of the 
simulation software and do not include data collection. This way of doing things might be a mistake, 
since a valid model structure will provide unreliable output if the input data is lacking in the necessary 
quality. 

The simulation guide by Law (2014) was another cornerstone of the thesis in a more general way than 
the input data guide. The structure of the study was informed in a major way by the guide, but many 
of the details of the execution was left vague and therefore flexible. This made the guide easy to 
integrate in parallel with the other methodologies, avoiding contradictions by giving the general steps 
that needed to be performed but not the exact way to reach them. In regard to designing a future state 
however, it did not provide any major support. 
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The LeanSMO Framework by Goienetxea, Urenda and Ng (2015) proved much more useful for defining 
the future state. It also helped to integrate Lean tools into the study, which also proved to be powerful 
input for the simulation models and produced a sizeable involvement from the personnel at the site. 
This is especially true in regard to the routing solutions of the system, which would have been very 
hard to evaluate without the Kaizen Event. The final optimization of the models was also helped by the 
framework, providing recommendations for optimization algorithms and more. In addition to these 
points, the framework also contributed to the structure of the project in a major way and together 
with the other guides formed an excellent method for the thesis. The authors believe that what 
allowed these methodologies to function well together is their different strengths and areas of focus. 
They provided steps to follow and if something was unclear there was always something in the 
literature that could provide clarity. 

As for the tools themselves, some were utilized better than others. The time study was not nearly as 
extensive as would have been desired due to the failure of the first attempt, the long cycle times and 
the irregular production of the measured variant. If more resources and time had been available a time 
study of each variant as well as the loading and unloading times of pallets would have been very 
interesting.  

The VSM is another tool that was not used to the fullest potential as all the times from the current 
transportation system were unavailable and the attempts to measure it were unsuccessful. The 
partner company had a GPS tracker which could record the movements and travel times of pallets, but 
this point was brought up late in the project and thus too little time remained to perform that study. 

One tool that was used with total success was the Kaizen Event, where a lot of input was gained. While 
the event was mainly about the routing of the transportation system, the discussions provided 
perspectives about everything from the raw material logistics to workplace safety. Overall it was very 
pleasant and bestowed insight of the logistics which could only be gained from experience. 

The simulation software FACTS proved very troublesome in several cases. While the authors had 
experience using the software and the initial construction of the models was performed quickly, as 
soon as more complex interactions were required the development tended to grind to a halt. The most 
prominent problem was without a doubt the creation of the pull system in the models. As the function 
of the Batch object is very rigid, the structure of the model had to change. Instead of pallets in the PVS 
Stock, products were placed as individual units to allow the Batch object to place an order for those 
specific units, something it couldn’t do with the pallets. This also required a large raw material stock 
at the start of the model which skewed the default model output measures in a major way, making 
them unusable. In a more advanced simulation software like Plant Simulation this function could have 
been specified using the built-in coding language.  

This pattern is clear in all the instances where problems where encountered in FACTS. The 
implementation is generally rather quick and easy, but as soon as any functionality which is absent in 
the software needs implementation it requires extensive utilization of the limited tools at the disposal 
of the modeler. While FACTS may be a good starting point for simulation and much of the initial model 
infrastructure is created from the start, the inclusion of more advanced functionality would be a very 
welcome addition.  
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The investment cost for AGVS is a very rough estimated investment cost and for the future this 
investment needs more specific planning and evaluation. The possibility of using the existing buildings 
as a support for the roof needs to be calculated, but the roof area is not in an optimal shape for just 
one big roof. This probably would gain some custom-made solutions and therefore might cause higher 
investment cost. With an AGVS that is capable to meeting the Nordic weather conditions it will not 
require a roof over the outdoor route. If that is the case the investment for the roof may be excluded 
and the investment cost will therefore be lower. However, an AGVS that is fitted for outdoor climate 
is possibly more expensive.  

8.3 Discussion of the results and future work 
The results of the thesis are somewhat unsatisfactory and are not as clear cut as would have been 
wanted. In an ideal world the new transportation systems would have shown clear advantages and 
allowed for a strong recommendation. This is however not the case, as the major findings all point to 
the need for a more complex study. The transportation system which spans the entire site today does 
not allow for a small dedicated transportation system to be in competition. The product flow between 
the PVX and the PVS is far too small to justify the investment, even if there are a number of flaws in 
the current system.  

There may however be a possibility to expand the scope of our study to include flows from other 
workshops and, if enough resources are available, the logistics of the entire site. The partner company 
is currently conducting several other projects with similar goals which might provide the same results 
that are found in this thesis. If other studies also find that the utilization of a small-scale system isn’t 
worth the investment, maybe such systems can be combined to form a larger and more efficient 
system.  

The benefits of these possible solutions should not be discounted just because the current iteration of 
them have proved somewhat unviable. The optimized AGV system especially shows a great potential 
in reducing both the WIP and the LT of the original product family, and it is not unreasonable to assume 
that this effect might apply to other relevant product families. The system also provides a greater 
control over the logistics and reduces the risk for human error. This is also true regarding the safety of 
the personnel as the operation of forklifts have a high inherent risk factor. From a Lean perspective 
the solutions also reduce several wastes like waiting and unnecessary buffers, and they provide a much 
more balanced flow.  

Both systems can also utilize renewable energy instead of the current reliance on fossil fuels. This does 
not necessarily mean that they are more energy efficient as a more even flow is dependent on more 
frequent transportations. In the current iteration of the systems they do not take the raw materials 
into account for their routing and as such traverse half of their route empty. These facts may very well 
cause the solutions to consume more energy than the current system. To ensure a sustainable solution 
any eventual implementation of a replacement system will have to take these points into account. 

The hope of the authors is that this project and the results produced can lay the groundwork for 
continued investigations into more efficient, safer, more sustainable, more Lean transportation 
systems. 
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8.4 The Ethics of Automation 
Disclaimer: We’ve tried our best to collect and articulate some of our views on the subject of 
automation, although some perspectives aren’t shared by both authors. This part of the report treads 
outside the bounds of science and into the realm of opinion. 

In appendix 2 of the law regulating Swedish university studies, Högskoleförordningen (SFS 1993:100), 
it is stated that a bachelor student of engineering should demonstrate an ability to make judgements 
regarding relevant scientific, societal and ethical aspects as well as show insight into the human 
responsibility of how technology is used from social, economic, environmental and workplace safety 
perspectives.  

One subject we’ve found ourselves increasingly pondering over the last few months is the ethics of 
automation. These thoughts are hardly unique or new and ethics has become a central part of the 
Society 5.0 concept originating in Japan. Automation seems to us as an inevitable evolution of all the 
tools that are used to increase the efficiency of human labor. As with many innovations throughout 
history it allows fewer people to produce more. The surplus generated allowed people to occupy 
themselves with other tasks. As farming created the opportunity for people to do things other than 
simply survive and produce food, it paved the way for the civilization of today. Farming is a good 
example of how innovation may shift the use of human labor, even in modern times. Just a few 
hundred years most of the population in Europe spent their entire lives farming and today we’re able 
to produce much more with a fraction of the labor. This process of increasing efficiency does however 
require that the source of said labor, namely people, be displaced. 

In regard to automation, some might say that this displacement is inevitable and we would tend to 
agree. Corporations will always strive to be as competitive and profitable as possible. Luddites might 
carry some populist momentum for a while but in the end we can’t see a world embracing 
technological regression. If we get politicians running on a platform to ban combine harvesters to 
restore work in the agricultural industry we may rethink this sentiment, but until then we’ll assume 
the continuing application of known technologies. 

On the other hand, it would be irresponsible and reckless to disregard the potential displacement of 
labor when developing and implementing technologies. Some might argue that it would be a good 
thing, that if one sector suddenly sees a sharp drop in employment others will be able to expand or 
new sectors might become viable with a larger pool of cheap labor. And in the case of automation, 
why wouldn’t it be a good thing? Most people within the sectors which are currently being targeted 
by automation would probably relish the opportunity to do something other than repetitive, simple 
and unfulfilling tasks. Let the machines take the hamburger orders, drive the trucks on the highway, 
assemble the cars in the factory and handle the goods in the warehouses. Seen from this light, 
automation may be one of the most liberating sciences of today, allowing people to leave their work 
for greener pastures. 

The problem is, there is no guarantee of greener pastures. There may not be any pasture at all. With 
automation the same service is performed and the same products are manufactured, but the people 
are now excluded from any participation and thus their livelihood. They are willing and able to perform 
a task which is now obsolete, and with the growing amount of labor which can be replaced with 
automation this may become a problem plaguing the large masses instead of the marginalized few. 
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One of the authors was unable to agree with the rest of the section, and thus what follows is the 
perspective of his co-author. 

If the alternative is to become cheap labor for some other sector I believe most people would choose 
to stay in their familiar occupations. Especially if it is relatively well paying work, part of the worker’s 
identity and something they’ve been doing for a long time. And as stated, even if they have no choice 
but to look for occupation in other places no one can make a promise of employment for every 
displaced person. 

Justifications for their alienation will surely be made. People who feel safe in their situation might, with 
the wisdom of hindsight, suggest that it is the fault of these people for not preparing for the rise of 
automation and lay the blame by the feet of the excluded. On the other hand, ask experts within the 
automation sector today and even they will not be able to provide more than educated guesses of 
what work is due for wide scale automation in the coming decades. And the fact stands that work 
which is due for automation still needs to be performed until the day those solutions are implemented. 
It is hardly the fault of individual people for trying to create a livelihood without total awareness of the 
trends of technology. 

At this point these issues are outside the scope of any single engineer or company, and in my opinion 
political action is needed to prepare for the possible consequences of an increasingly automated world. 
Several possible solutions to these problems are currently being developed and tested around the 
world. A prominent policy is the Universal Basic Income (UBI) which would guarantee each citizen in a 
nation money for rent, food and basic utilities. UBI is far from a perfect compromise as it run the risk 
of the markets adjusting and it would compete with the traditional social safety nets for funding. Other 
models might provide potentially viable solutions, but at this point I haven’t seen any single policy 
which has me convinced. 

When discussing this subject with my peers I’ve been met with either apathy, with which I can relate 
to a degree, or with searing optimism, which somewhat frustrates me. Claims that the production and 
implementation of automation will fill the hole of the replaced labor ring hollow in my ears and the 
absolute certainty that the economy will adjust by itself reveals the clear intention of inaction. It is an 
uncomfortable position to even question if our education prepares us to contribute to the alienation 
of the people around us, and I can understand the unwillingness of some to engage in the discussion. 
As I freely admit, my concerns may be totally unfounded and hopefully I will look back on these 
thoughts in a few years wondering how I could have been so wrong. However, until that day the effects 
of automation need to be investigated and the burden to act lies on all of us today, not on the people 
who will suffer because of our passivity. 
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9 Conclusions and Future Work 
In this chapter the conclusions of the thesis are discussed based on the results presented in the previous 
chapter as well as recommendations for further exploration within the same field. 

9.1 Project Aim 
By following the thesis method and conducting studies according to the relevant literature the aims of 
the project have been fulfilled. Below follows the goals broken down in regard to where in the report 
they are discussed. 

 Evaluate the current transportation system. 

The evaluation of the current system is mainly performed in the chapter 4 Current State. The system 
is mapped and evaluated using VSM. Part of this analysis was also performed with the Kaizen Event, 
described in the chapter 6 Future State. 

 If it is deemed appropriate suggest one or more suitable transportation systems between the 
PVX and PVS workshops capable of meeting the volume demands of the company. 

The process of developing the new suggested systems is described in chapter 6 Future State and the 
verification of their ability to handle the required volumes is completed in chapter 7 Results. 

 The system design has to align with both the company goals and the Lean principles. 

The design of the systems, their models and the subsequent optimization ensured that the solutions 
were as Lean as possible while maintaining the ability to meet the volume demands. This is mainly 
included in chapter 6 Future State and chapter 7 Results. 

 An estimation of the investment cost will be performed. 

The estimation is performed in the section 7.6 Investment cost. 

 A sufficiently credible and valid discrete event simulation model of the suggested systems will 
be developed. 

To develop a credible and valid simulation model a data collection process was performed. The 
gathered data was then analyzed and represented in an appropriate fashion. This is detailed in chapter 
5 Data Collection. The models themselves are detailed in chapter 6 Future State.  

 Simulation-based optimization will be performed. The optimization will aim to minimize the 
total WIP and LT while maintaining the minimum required TH to not create a backlog of 
products. 

The optimization process and the results are described in the section 7.5 Optimization Results. 

 The project will aim to maintain a high utilization of the transporting equipment. 

While the project did aim to maintain a high equipment utilization, this was not achieved. The attempt 
to evaluate multiple product flows was the first major action in this regard, detailed in the chapters 6 
Future State and 7 Results. When this failed, further recommendations were made in the chapter 8 
Discussion, mainly in the section 8.3 Discussion of the results. 
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9.2 Recommendations for Future Work 
As indicated in the discussion, the authors do not recommend the immediate implementation of either 
of the evaluated systems. Both systems suffer from an incredibly low utilization and do not justify the 
investment that would be required to implement them in their current state. This does not mean that 
no valuable information about their operation was gained. As shown in the results the systems are 
able to handle a great capacity and provide a potentially faster transportation of products. The even 
product flow that is made possible allows the lowering of buffers and minimizing unnecessary material 
handling. The AGV system especially performs well in this regard with the almost 20% decrease in WIP 
compared to the current state VSM and provides a safer alternative to the current state. 

The main issue of the current iteration of these systems is the scale and scope of their operative area. 
If expanded and implemented in a wider setting it is possible to gain more benefits while avoiding an 
unjustifiable investment cost. Therefore, the recommendation of the authors is to merge past and 
present studies and investigate the possibility of a logistical system which is able to supply a larger 
portion of the site.  

The partner company also expresses interest in the application of simulation on their site and possess 
the knowledge to work with these kinds of projects. If this is the case, the company has to further 
develop their data collection systems to be able to obtain credible data without extensive studies. If 
simulation is to be integrated into the day to day operation of the production, credible critical input 
parameters like the availability, MTTR, process times and setup times need to be available. 
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10.1 Appendix 1 – Current State VSM   
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