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 Abstract 
 
In line with the company-wide CS09 project being carried out at Volvo CE Components, Cell 14 
will have changes in terms of distribution of machines and parts routing to meet the lean 
manufacturing goals established.  These changes are of course dependant on future production 
volumes, as well as lot sizing and material handling considerations. 
 
Some questions regarding this transformation arise: 

 
• What is the throughput of Cell 14 with the new changes? 
• Which are the bottlenecks of the Cell? 
• How big should the buffers before the bottlenecks be? 
• How long does it take for a manufacturing batch to go through the cell? 
• What is the cell overall equipment efficiency? 

 
In this context, an important emphasis is given to the awareness of the performance measures that 
support decision making in these production development projects.  By using simulation as a 
confirmation tool, it is possible to re-assess these measures by testing the impact of changes in 
complex situations, in line with the lean manufacturing principles. 
 
The aim of the project is to develop a discrete event simulation model following the methodology 
proposed by Banks et al (1999).  A model of Cell 14 will be built using the software Technomatix 
Plant Simulation ® which is used by the Company and the results from the simulation study will be 
analyzed. 
 
 
 
 
 
Keywords: Discrete-event simulation, Production Development, Lean Manufacturing, 
Performance measures 
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1. Introduction 
 
Several have been the challenges faced by manufacturing companies in recent years.  Some of 
these challenges are derived from competitive factors involving responsiveness and costs as 
differentiators.  There has been a fundamental shift in the way companies perform their 
operations in order to support effectively the requirements of their customers while maintaining 
a high control on efficiency. 
 
Lean manufacturing philosophy has been considered the next paradigm after the well known 
mass production concept.  Although Lean manufacturing philosophy has been mostly applied 
to manufacturing settings, its concept can be extrapolated to the whole organization in order to 
respond to the current business challenges. 
 
Common reported benefits of becoming “lean” have included, among others, an increase in 
efficiency by reducing costs while at the same time improving responsiveness and thus 
customer satisfaction.  These benefits have made lean manufacturing attractive to diverse 
companies and its implementation has been a strategic objective for many. 
 
As companies change their processes in order to adjust them to the lean philosophy by 
investing in strategic projects, several operational and conceptual problems arise which need to 
be tested in order to assess the benefits and consequently decide on the course of action for 
such projects. 
 
Having been present in the manufacturing industry for more than four decades, Discrete Event 
Simulation (DES) has been considered as an important tool in different applications within 
production, logistics and supply chain management (Holst, 2004).  It has been argued however 
that surprisingly DES has not been widely used in industry and its benefits have not been 
completely reaped by those companies that in fact use it, mostly because of a lack of a holistic 
integration in terms of strategy, operations, data, and enablers. 
 
Despite these integration issues, the present study departs somewhat from the question of how 
simulation in particular can be incorporated in specific on-going operations and arrive to 
another practical question in terms of what constitute the important performance measures to 
incorporate in a simulation study, specifically regarding different scenarios in a complex 
setting involving several products with different attributes and routes. 
 
In this context, an important emphasis is given to the awareness of the performance measures 
that support decision making in these production development projects.  By using simulation as 
a confirmation tool, it is possible to re-assess these measures by testing the impact of changes 
in complex situations, in line with the lean manufacturing principles. 
 
The aim of the project is to develop a discrete event simulation model following the 
methodology proposed by Banks et al (1999).  The model will include the necessary 
performance measures to aid in the decision making process of the transformation project of 
Cell 14 at Volvo CE in line with the company-wide CS09 project. 
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2. Aim of project 
 
The aim of the project is to develop a discrete event simulation model following the 
methodology proposed by Banks et al (1999).  The model will include the necessary 
performance measures to aid in the decision making process of the transformation project of 
Cell 14 at Volvo CE in line with the company-wide CS09 project. 
 

3. Project directives 
The present study has been commissioned by Volvo CE Components as part of the project of 
the transformation of Cell 14 in line with the CS09 project. 
 
The study is to be performed as a thesis work during the spring semester of 2009.  During this 
time, a discrete-event simulation model of Cell 14 is to be developed.  For this purpose, the 
software Technomatix Plant Simulation® is to be used. 
 
Refer to Appendix A for the corresponding project plan with the projected activities and 
deadlines.  

4. Problem statement 
 
As mentioned in the introduction, there exist some practical questions in terms of what 
constitute the important performance measures to incorporate in a simulation study, specifically 
regarding different scenarios in a complex setting involving several products with different 
attributes and routes. By using simulation as a confirmation tool, it is possible to re-assess these 
measures by testing the impact of changes in complex situations. 
 
In line with the CS09 project being carried out at Volvo CE Components, Cell 14 will have 
changes in terms of distribution of machines and parts routing to meet the lean manufacturing 
goals established by the company-wide CS09 project.  These changes are of course dependant 
on future production volumes, as well as lot sizing and material handling considerations. 
 
The calculations for future behaviour of the manufacturing cells have been traditionally carried 
out in a static way, using Excel sheets with the relevant data and consequent calculations for 
yearly demands.  Questions about what would happen in the manufacturing cell during the 
years under study are not easy to answer because of the static nature of these calculations. 
These questions are for example: 
 

• What is the throughput of Cell 14? 
• Where are the bottlenecks of the Cell? 
• How big should the buffers before the bottlenecks be? 
• How long does it take for a manufacturing batch to go through the cell? 
• What is the cell overall equipment efficiency? 
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Since Discrete-event simulation has proven to be a valuable tool in these situations, as will be 
explained in the theoretical background of the study, it is the method of choice to be used to 
gain insight into these questions in order to support the decision making process.  A model of 
Cell 14 will be built using the software Technomatix Plant Simulation ® which is used by the 
Volvo Group. 

5. Project limitations 
 
The present study has been performed during the spring semester of 2009, with a total duration 
of 20 weeks.  During this time, a discrete-event simulation model, containing the different 
entities that are present at Cell 14, will be built using the simulation software Technomatix 
Plant Simulation owned by Volvo CE Components. 
 
The developed DES model will be a simplification of the real system but will include the 
relevant attributes that best define it according to the available data and the required 
information to be obtained from it. 
 
The data and information to be used for the construction of the model will be based on the 
company’s demand forecast (LRP2008), maintenance historical data for the machines, 
projected parts routing and lot sizing, processing and set up times for the parts established in 
the planning system, historical information regarding quality rejection parts, and expert 
knowledge from the relevant stakeholders of the transformation project of Cell 14. 
 
Finally, the results of the simulation are intended to be used as reference in order to gain insight 
about the behavior of the Cell.  For this reason, the study will include three different scenarios 
with their respective analysis that are to be considered sequential and that will serve as 
reference for further discussions, should the Company decide to continue using the model in 
future studies. 
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6. Theoretical background & solutions 
methods 

 
6.1 System Simulation 
 
According to Banks et al (1999), simulation refers to “the imitation of the operation of a real-
world process or system over time”.  Additionally, Page (1994) defines simulation as “the use 
of a mathematical or logical model as an experimental vehicle to answer questions about a 
reference system”.  Regarding these two previous definitions, Holst (2004) concludes that 
simulation can be defined in terms of three important characteristics which include: (1) the 
answering of questions; (2) the imitation of systems; and (3) an increased understanding of the 
world. 
 
Different methods to carry out simulations of real-world situations are used in practice.  
According to Banks et al (1999), on one hand, analytical approaches are used when the solution 
to the model can be obtained through mathematical methods such as differential calculus, 
probability theory, algebraic methods, etc.  On the other hand, as complexity of the models 
arise, the authors state that it is often necessary to use “numerical” approaches with the aid of 
computers in order to collect data over time and thus estimate the measures of performance of 
the system. 
 
According to Holst (2004), in general terms, simulation is understood to be performed with the 
aid of computers due to their speed in handling large amounts of data over time.  As the present 
study is based on the development of a simulation project of a complex manufacturing system, 
the term simulation, when used throughout the report, will refer to computer aided Discrete-
Event Simulation or DES. 
 
In order to understand the concept of Discrete-Event Simulation (DES), in the next sections, a 
summarized description of the purposes and common areas of application of simulation, 
including its advantages and disadvantages is mentioned.  Following this description, a brief 
explanation of the components of a simulation model is introduced. Next, some simulation 
project methodologies are described, which together with the concepts of simulation modelling 
and DES, will serve as a basis for the present study.  Finally, a description of the application of 
simulation tools in manufacturing is presented. 
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6.1.1 Purpose and areas of application of simulation: 

 
6.1.1.1 Purpose of simulation: 
 
According to Johansson (2006), “What if” questions to test scenarios regarding real systems 
can be asked by using DES. Additionally, DES aids in the design of new and conceptual 
systems. In this respect, the author claims that this methodology has become indispensable for 
the solution of real-world problems. 
   
Naylor et al (1966) point out the following purposes to which simulation can be applied: 
 

• Simulation enables the study of complex systems and the internal interactions within 
them. 

• Alterations in different systems can be simulated in order to evaluate the corresponding 
effect. 

• Improvements to the system under study can be obtained through the knowledge gained 
during its modelling. 

• The interaction and importance of the different variables of a system can be obtained 
through changing simulation inputs and assessing the corresponding outputs. 

• Simulation serves as an educational tool. 
• New designs can be tested with the use of simulation before implementation. 

 
 
6.1.1.2 Applications of simulation: 
 
As Johansson (2006) suggests, DES can be applied to any system in which there exists a 
logical coupling of events over a specified time.  This makes simulation to be a flexible tool 
with a wide range of applications. As some examples of applications of simulation, Banks et al 
(1999) lists the following: 
 

Manufacturing systems: 
 

• Material handling system design for semiconductor manufacturing. 
• Interoperability for spare parts inventory planning 
• Aircraft assembly operations. 
• Finite capacity scheduling system. 
• Inventory tracking of a Kanban production system. 
• Strain of manual work in manufacturing systems. 

 
Public systems: 

 
• Health care: Reducing the length of stay in emergency departments. 
• Military: Issues in operational test and evaluation. 
• Natural resources: Solid waste management system. 
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Transportation systems: 
 

• Container port operations. 
• Distribution network operation. 

 
Construction systems: 

 
• Applications in earthmoving mining. 
• Strengthening the design/construction interface. 

 

6.1.2 Advantages and disadvantages of simulation: 

 
Pegden et al (1995) list some advantages and disadvantages of using simulation. Some of these 
are listed below: 
 
6.1.2.1 Advantages: 
 

• New policies, operating procedures, decision rules, information flows, organizational 
procedures, among others, can be explored without disrupting ongoing operations of the 
real system. 

• Hypotheses about how or why certain phenomena occur can be tested for feasibility. 
• Bottleneck analysis can be performed indicating where work in process, information, 

materials, and so on, are being excessively delayed. 
• “What if” questions can be answered. 

 
6.1.2.2 Disadvantages: 
 

• Model building requires special training. 
• Simulation results may be difficult to interpret. Since most simulation outputs are 

essentially random variables, it may be hard to determine whether an observation is a 
result of system interrelationship or randomness. 

• Simulation modelling and analysis can be time consuming and expensive. 
• Simulation is used in some cases when an analytical solution is possible, or even 

preferable. 
 
Although these disadvantages are latent, Pegden et al (1995) also mention how they are being 
dealt with respectively: 
 

• Vendors of simulation software have been actively developing packages that contain 
models that only need input data for their operations. 

• Many simulation software vendors have developed output analysis capabilities within 
their packages for performing very thorough analysis. 

• Thanks to the advances in software and hardware, it is possible to construct and run 
simulations faster every time. 

• Closed-form models are not able to analyze most of the complex systems that are 
encountered in practice. 
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6.1.3 Definition of Systems: 

 
According to the definition given by Banks et al (1999), a system consists of a group of objects 
that are joined together in some regular interaction or interdependence toward the 
accomplishment of some purpose.   Systems are characterized by certain components and may 
be categorized as continuous or discrete. 
 
6.1.3.1 System Components: 
 
The next table shows the common components of a system, according to Banks et al (1999): 
 
Table 1. System components definition (Banks et al, 1999) 

Component of a system Definition 
Entity Object of interest in the system 
Attribute Property of an entity 
Activity Time period of specified length 
State Collection of variables necessary to describe 

the system at any time, relative to the 
objective of the study 

Event Instantaneous occurrence that may change 
the state of the system. 

 
 
6.1.3.2 Categories of Systems 
 
The next table shows the definition of the categories of systems as described by Banks et al 
(1999): 
 
Table 2. System categories definition (Banks et al, 1999) 

System category Definition 
Discrete System System in which the state variables change 

only at a discrete set of points in time. 
Continuous System System in which the state variables change 

continuously over time. 
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The following figures illustrate these system categories: 
 

 
Figure 1. Discrete system state variable (Banks et al, 1999) 

 

 
Figure 2. Continuous system state variable (Banks et al, 1999) 

 
 
6.1.3.3 Model of a System: 
 
As defined by Banks et al (1999), a model is a representation of a system for the purpose of 
studying the system.  In conclusion, a model is a simplification of a system, since only those 
aspects necessary to define it, depending on the objective of the study, are considered in the 
model. 
 
In general, Banks et al (1999) classifies models as: 
 

• Mathematical models: uses symbolic notation and mathematical equations to represent 
a system. A simulation model is a particular type of mathematical model of a system. 

 
• Physical models: The model is represented in the physical world. 
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Simulation models in particular can be classified as shown in the next table (Banks et al, 1999): 
 
Table 3. Types of simulation models (Banks et al, 1999) 

Type of simulation model Description 
Static simulation model Represents a system at a particular point in 

time. It is sometimes called a Monte Carlo 
simulation. 

Dynamic simulation model Represents a system as it changes over time. 
Deterministic simulation models Models that do not contain random variables. 

These models have a known set of inputs 
which will result in a unique set of outputs. 

Stochastic simulation models Models that contain one or more random 
variables as inputs which lead to random 
outputs.  The results are considered as 
estimates of the true characteristics of a 
model due to its randomness. 

 
A further classification of simulation models includes Discrete and Continuous simulation 
models, being their characteristics analogous to the ones described in the system category 
section.  In general, simulation models can be either discrete or continuous, or a combination of 
both and this depends on the characteristic of the system and the objective of the study (Banks 
et al, 1999). 
 
Finally, as defined by Page (1994), descriptive models are limited to describe the behavior of 
the system.  On the other hand, prescriptive models describe the behavior of the system in 
terms of the quality of such behavior.  These types of models (prescriptive) give a description 
of the solution as optimal, suboptimal, feasible, and infeasible, etc. 
 
For illustration, the next figure shows the dichotomy of the various types of models as 
expressed by Holst (2004): 
 

 
Figure 3. Types of models (Holst, 2004) 
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6.1.4 Simulation project methodologies: 

 
According to Johansson (2006), there exist several methodologies to facilitate DES projects.  
Banks et al (1999) gives reference to other methodologies and develops an approach.  Law and 
Kelton (2000) have an additional methodology which is similar to that described in Banks et al 
(1999). 
 
Both these approaches are illustrated in the following figures.  A further explanation given by 
Banks et al (1999) of the typical steps is presented and will be the adopted for the present 
study. 
 



15(83) 

 
Figure 4. Steps in a simulation study (Banks et al, 1999) 
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Figure 5. Steps in a simulation study (Law and Kelton, 2000). 
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6.1.4.1 Problem formulation: 
 
Every simulation project should begin with a statement of the problem.  This statement has to 
be agreed upon the analyst preparing the simulation and the client of the simulation and should 
be precise and easy to understand.  As Banks et al (1999) also suggest, even though there is a 
good preparation of the problem statement, sometimes the problem should be reformulated as 
the project progresses. 
 
6.1.4.2 Setting of objectives and overall project plan: 
 
It is necessary that the project plan includes a statement of the scenarios to be evaluated.  
Additionally, resources for the simulation project, such as the required hardware, software and 
people involved, should be clearly established, along with the expected duration of the project. 
 
6.1.4.3 Model conceptualization: 
 
During this step, the real-world situation is simplified into a model comprising logical 
relationships between the different components.  This process requires that the users of the 
simulation model give as much input as possible in order for the analyst to grasp the concept in 
detail.  It is advisable to start with a simple initial model and build towards a more complex 
one, depending off course on the objective of the study and the level of complexity required. 
 
6.1.4.4 Data collection: 
 
This step is performed simultaneously with the model conceptualization, since the type, quality 
and amount of data is set by the level of complexity of the conceptual model and the objectives 
of the study.  It is recommended to start as soon as possible collecting the required data, since 
this step usually takes a large portion of the project duration.  Finally, sources of data might 
come from historical information already collected, observations from the real-world situation, 
or expert estimates. 
 
6.1.4.5 Model translation: 
 
In this step the conceptual model is translated into an existing computer simulation software or 
programming language using the appropriate logical functions (Johansson, 2006).  In newer 
simulation packages it is possible to conceptualize and translate the model simultaneously. 
 
6.1.4.6 Verification 
 
The purpose of this step is to check whether the computer program in which the system is 
modeled is performing properly.  During this step, frequent debugging is required, along with 
common sense, in order to verify the translation of the model. 
 
6.1.4.7 Validation 
 
In this step, a determination whether a model is an accurate representation of the real system is 
made, and a further calibration is executed.  This steps consists of an iterative process in which 
the model is compared to the real system until the results are satisfactory. 
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6.1.4.8 Experimental design 
 
In this step the alternatives that will be simulated are determined.  Decisions such as the length 
of simulation runs, the variables to alter and number of replications should be made in order to 
obtain a set of results to analyze. 
 
6.1.4.9 Production runs and analysis. 
  
Depending on the experimental design, the simulation is executed and an analysis is made in 
order to estimate the measures of performance of the system.  
 
6.1.4.10 More runs 
 
Regarding the production runs and subsequent analysis, a decision is made whether additional 
runs are required. 
 
6.1.4.11 Documentation and reporting 
 
Program documentation refers to the information of how the translated model operates.  This 
type of documentation is important if the program will have other users. On the other hand, 
progress documentation refers to information about the sequential execution of the project.  
According to Musselman (1994), progress reports should be frequent so that the simulation 
stakeholders are updated about the status of the project. 
 
A final report should be written in which the methodology of the project is described and the 
results discussed and analyzed. 
 
6.1.4.12 Implementation 
 
This step strongly depends on the success of the previous steps, as well as on the level of 
involvement of the stakeholders.  Finally, the remaining task is to implement the results in the 
real system. 
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6.1.5 Simulation of Manufacturing Systems 

 
According to Banks et al (1999), simulation has been extensively used as an aid in the design 
of new facilities for manufacturing, as well as an important tool in the evaluation of suggested 
improvements to existing systems.  In this respect, manufacturing and material handling 
systems are one of the most important applications of simulation. Additionally, as Johansson 
(2006) describes, since many of the measures used in the assessment of manufacturing system 
design are dynamic in nature, Discrete-event simulation becomes an important tool in this 
respect and is one of the most powerful decision support tools available in the manufacturing 
industry today.  This statement is supported by Ericsson (2005) who describes DES as being 
rated among the top three tools used in management science. 
 
Banks et al (1999) suggests that the purpose of simulation is to give insight and understanding 
about a new or modified system will work.  In order to provide this insight, the author suggests 
using visualization through animation and graphics and having a proper statistical analysis for 
stochastic models.   
 
 
 

6.2 Statistics in simulation 
 
 
Having defined the necessary background on simulation and its application in manufacturing 
development, the next sections will discuss briefly the relevant statistical theory used in the 
present study.  This includes the use of random numbers to generate stochastic behavior, the 
common statistical distributions in simulation and the Goodness-of-Fit tests used to fit 
historical data to known distributions. 
 
 

6.2.1 Random numbers: 

 
According to Banks et al (1999), the use of random numbers is important in simulation of 
discrete systems since they generate random variables in these models.  The author’s 
explanation about the properties of random numbers, an explanation of pseudo-random 
numbers and an analytical technique used in their generation is summarized next. 
 
6.2.1.1 Properties of Random Numbers 
 
A sequence of random numbers R1,R2,…, has two important statistical properties which are 
uniformity and independence. Each random number in this sequence is an independent sample 
taken from a continuous uniform distribution between 0 and 1. The probability density 
function, the expected value of each random number and the variance is shown in the next 
equations: 
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Equation 1. pdf of random number sample 

 
 
And the density function can be drawn: 
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Figure 6. PDF for random numbers (Banks et al, 1999) 
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Equation 2. Expected value of random number 
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Equation 3. Variance of a random number 

 
 
 
6.2.1.2 Pseudo-Random numbers 
 
When performing simulations with a computer, random variables are generated using pseudo-
random numbers instead of pure random numbers.  This is because computers perform 
calculations to generate them based on pre-defined algorithms; therefore true randomness is not 
obtained since the method is known. 
 
Due to the numbers generated not being truly random, but instead replicate randomness, they 
are called pseudo-random numbers.  The methods that exist to generate these pseudo-random 
numbers try to produce a sequence of numbers between 0 and 1, imitating the properties of 
uniform distribution and independence that were explained previously in the random numbers 
section. 
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The technique used for generating these types of numbers is explained in the next section. 
 
 
6.2.1.3 Linear Congruential Method: 
 
According to Banks et al (1999) this technique is the most widely used for generating random 
numbers.  This method was originally proposed by Lehmer (1951) and produces a sequence of 
integers between zero and n-1 following the recursive relationship: 
 

mcaXX nni mod)( +=+  
Equation 4. LC Recursive Relationship (Banks et al 1999) 

 
Where: 
 
Xn is the sequence of pseudo-random values; Xo is the seed or start value; a is a constant 
multiplier; c is the increment, and m is the modulus. 
 
In general, this method produces acceptable pseudo-random numbers, but it is very sensitive to 
the choice of the values of c, m, and a. 
 
When c = 0, the pseudo-number generator is called multiplicative congruential method and is 
the type of generator used by the simulation software Technomatix Plant Simulation ® which 
is used for the present study. 
 
 

6.2.2 Statistical Distributions 

 
Due to the fact that simulation models often include stochastic behavior, it is necessary to use 
some form of statistical distribution, whether discrete or continuous, that best describe it. In the 
following sections the Lognormal, Exponential, Weibull, Gamma, Erlang, and Binomial 
distributions will be explained.  These distributions are used in the present study to simulate the 
stochastic behavior of events. 
 
6.2.2.1 Log-normal Distribution 
 
This is a continuous distribution which has been used to model reliability and maintenance 
variables (Banks et al 1999; Høyland and Rausand 1994).  Any random number whose 
logarithm is normally distributed has a log-normal distribution.  In other words, if X is a 
random variable with a normal distribution, then Y=exp(X) has a log-normal distribution. 
 
The probability density function is given by: 
 

2

2

2
))(ln(

2
1)( σ

μ

πσ

−
−

=
x

e
x

xf  

Equation 5. pdf Log-normal distribution 
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Where μ and σ are the mean and standard deviation of the natural logarithm of the variable and 
x>0. 
 
The parameters (mean and standard deviation) of the log-normal distribution are given by: 

2

2

)(
σ

μ+
= eXE  

Equation 6. Mean of Log-normal distribution 
 
 

1)( 2

2

−=
+ σ

σ
μ

eeXStdDev  
Equation 7. Standard deviation of Log-normal distribution 

 
 
 
6.2.2.2 Exponential distribution: 
 
The density function with x>0 for this distribution is given by: 
 

β

β

x
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Equation 8. pdf Exp distribution 
 
Where β is the average time between two events, and the mean and variance of the distribution 
with β>0 are given by: 
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Equation 9. Mean and variance exp distribution 
 

The exponential distribution has been used to model random interarrival times, as well as 
variable service times (Banks et al, 1999). 
 
 
6.2.2.3 Weibull Distribution 
 
According to Banks et al (1999) and Høyland and Rausand (1994), the Weibull distribution is a 
continuous distribution that has been used to model a wide range of failure applications such as 
for example repair times. 
 
The probability density function of the Weibull distribution for x>=0 is given by: 
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Equation 10.pdf Weibull distribution 
Where: 
 
α is a scale parameter and  β is the shape parameter.  Both parameters need to be greater than 
zero.  The mean and variance are given by: 
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Equation 11.Mean and variance Weibull distribution 
 
Γ(x) corresponds to the Gamma function. 
 
 
6.2.2.4 Gamma Distribution 
 
The density function for this distribution is given by: 
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Equation 12. pdf Gamma distribution 
 
6.2.2.5 Erlang Distribution 
 
The Erlang distribution is the sum of k independent, exponentially distributed random numbers 
with the same argument beta.   The probability density function of the distribution is given by: 
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Equation 13. pdf Erlang distribution 
 
 
 
6.2.2.6 Binomial Distribution 
 
This is a discrete distribution which accounts for the number of successes in a sequence of n 
independent experiments with outcomes being either yes or no with a probability of p.  These 
types of experiments are also known as Bernoulli trials. 
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An event of interest will occur with a probability of p. By repeating the test n times, the 
probability of an event of interest to occur x  times is given by: 
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Where q=1-p; n=number of Bernoulli trials 
 
 

6.2.3 Goodness-of-Fit Tests: 

 
In order to evaluate which distribution function reflects the behavior of the collected data for a 
certain simulation model, it is possible to apply Goodness-of-Fit tests.  The tests used in the 
present study are the Chi-Square test, the Kolmogorov-Smirnov test (also known as KS) and 
the Anderson-Darling test (also known as AD). 
 
 
6.2.3.1 Chi-Square Goodness-of-Fit test: 
 
According to Banks et al (1999), the test consists of arranging n observations into a set of k 
class intervals.   The test statistic is given by: 
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Where Oi is the observed frequency in the class interval i and Ei is the expected frequency in 
that class interval.  The hypotheses of the test are: 
 
Ho: The data follow a specified distribution. 
H1: The data do not follow the specified distribution. 
 

2
0χ  approximately follows the chi-squre distribution with k-s-1 degrees of freedom, where s 

represents the number of parameters of the distribution being considered and α is the level of 
significance. 
 
The hypotheses Ho is rejected if: 

2
1,

2
0 −−> skαχχ  
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6.2.3.2 Kolmogorov-Smirnov Goodness-of-Fit test: 
 
According to Chakravarti et al (1967), the Kolmogorov-Smirnov test is as follows: 
 
The hypotheses of the test are: 
 
Ho: The data follow the distribution 
H1: The data do not follow the distribution 
 
The test statistic is: 
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Where F is the cumulative distribution considered and N corresponds to the number of data 
points. 
 
The hypotheses Ho is rejected if D is greater than a critical value obtained from a specific 
Kolmogorov-Smirnov critical value table with a level of significance α. 
 
 
6.2.3.3 Anderson-Darling Goodness-of-Fit test: 
 
According to Stephens (1974), the Anderson-Darling test is as follows: 
 
The hypotheses of the test are: 
 
Ho: The data follow the distribution 
H1: The data do not follow the distribution 
 
The test statistic is: 
 

SNA −−=2  
 
where 
 
 

 
The hypotheses Ho is rejected if S is greater than a critical value obtained from a table of 
critical values table dependant on the type of distribution being considered, with a level of 
significance α. 
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6.3 Performance measures 
 
According to Neely et al (1995), performance measures can be defined as a metric used to 
quantify the efficiency and effectiveness of an action.  Despite this broad definition, Hopp and 
Spearman (2001) suggest that it is not possible to define a single set of performance measures 
for all manufacturing systems in particular, given the broad range of production environments. 
 
However, Banks et al (1999) suggest some common measures of performance included in 
simulation models.  These are: 
 

• Throughput under average and peak loads. 
• Utilization of resources, labor and machines. 
• Bottlenecks and choke points. 
• Queuing at work locations. 
• Queuing and delays caused by material handling. 
• Work in process (WIP) storage needs. 
• Staffing requirements. 
• Effectiveness of scheduling systems. 
• Effectiveness of control systems. 

 
 
Hopp and Spearman (2001) summarizes the above mentioned measures and gives a brief 
definition which is given below.  
 

• Throughput: Is defined as the average output of non-defective parts of a production 
process per unit time. 

 
• Lead time:  Is defined as the time allotted for production of a part on its specific line. 

 
• Work in Progress (WIP): Is defined as the inventory between the start and end points 

of a production line. 
 
A further measure of performance is described by Bicheno (2004).  This corresponds to the 
Overall Equipment Efficiency (OEE), which is defined as: 
 

• OEE = Availability x Performance x Quality 
 
Where: 
 

 timeproduction Planned
 timeproduction Available

=tyAvailabili  

 

 timeproduction Available
 timecycle x units Produced

=ePerformanc  

 

parts produced
parts defective-non

=Quality  
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6.4 Lean Manufacturing 
 
Lean is a manufacturing philosophy with the goal of producing what is needed when it is 
needed, using the necessary supporting tools and reducing waste. This philosophy has been 
popularized by Toyota with its TPS (Toyota Production System), which has been developed 
throughout several decades and created a new perception of what effective car manufacturing 
should be. 
 
Bicheno (2004) adopts the five lean principles originally introduced by Womack and Jones 
(1996) and makes some adaptations.  The five lean principles, as described by the author are: 
 

• Specify value from the point of view of the customer:  This is the starting point in 
any lean effort.  It is important to understand what the customer needs. 

• Identify the value stream: What are the processes that really contribute to the creation 
of value. 

• Flow:  Try to make the product flow through the value adding process as fast as 
possible, ideally in one-piece flow. 

• Pull: Produce only what is needed and when needed. 
• Perfection: Reduce waste as much as possible and in a continuous manner. 

 
Finally, Liker (2004) has summarized the lean principles applied by Toyota (TPS principles). 
His summary shows that the principles are designed around waste reduction, flexibility and 
respect for suppliers and workers.  They are presented next: 
 

• Principle 1: Base your management decisions on a long-term philosophy, even at the 
expense of short-term financial goals. 

• Principle 2: Create continuous process flow to bring problems to the surface 
• Principle 3: Use pull systems to avoid overproduction. 
• Principle 4: Level out the workload. 
• Principle 5: Build a culture of stopping to fix problems, to get quality right the first 

time. 
• Principle 6: Standardized tasks are the foundation for continuous improvements and 

employee empowerment. 
• Principle 7: Use visual control so no problems are hidden. 
• Principle 8: Use only reliable, thoroughly tested technology that serves your people 

and processes. 
• Principle 9: Grow leaders who thoroughly understand the work, live the philosophy, 

and teach it to others. 
• Principle 10: Develop exceptional people and teams who follow your company’s 

philosophy. 
• Principle 11: Respect your extended network of partners and suppliers by challenging 

them and helping them improve. 
• Principle 12: Go and see for yourself to thoroughly understand the situation. 
• Principle 13: Make decisions slowly by consensus, thoroughly considering all options; 

implement rapidly. 
• Principle 14: Become a learning organization through relentless reflection and 

continuous improvement. 



28(83) 

6.5 Interviews and Direct Observation as sources of evidence 
 
Some of the sources of information for the present study come from personal conversations, 
both semi-structured and open, with the production engineers and project leader.  Additionally, 
there has been a participation in the corresponding project meetings and additional visits to the 
manufacturing floor have been conducted.  As a theoretical background, a brief description into 
these techniques is given below.  A further description of the applied methodology is given in 
the corresponding section. 
 
According to Yin (1994), two sources of evidence in research, specifically during case studies, 
include direct observation and interviews. The author describes interviews as one of the most 
important sources of case study information.  These may take several forms, among which the 
most common are interviews with an open-ended nature, where the respondent’s opinions and 
insights into the events under study serve as the basis for further inquiry. 
 
Finally, Yin (1994) describes the direct observation method as another source of evidence in a 
case study.  The author explains that this method can involve, for example, observation of 
meetings or factory work and suggests that observational evidence is often useful in providing 
additional information about the topic being studied. 
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7. Applied solution procedures 
 

7.1 Literature Study: 
 
In order to obtain a deeper understanding of the required theory behind the present work, a 
study of the relevant literature was conducted.  The subjects considered included: 
 

• Discrete-event simulation literature. 
• Lean manufacturing literature. 
• Statistical literature. 
• Maintenance and reliability literature. 
• Research methodology literature. 

 
The books and academic articles used for the study were searched using Mälardalen University 
Library catalogue as well as the search engine for articles ELIN@mälardalen, using as 
keywords the previously mentioned subjects.  Additional references were obtained from the 
researched literature and were studied further depending on their relevance and applicability in 
the present work. 
 
Although the literature available was considerably large, due to time restrictions only the 
relevant practical information was considered.  It is important to note that the authors selected 
have also served as references for other academic works. 
 
The result of the literature study is a summary of the frame of reference used for the present 
work.  This information can be found on the theoretical background section of this report and 
the corresponding references are mentioned in the respective section. 
 

7.2 Interviews and Direct Observation 
 
Interviews with the project participants and direct observation in the manufacturing floor were 
carried out throughout the whole project execution.  A better understanding of the system under 
study was obtained. 
 
The interviews consisted of unstructured questionnaires aimed at evaluating the level of knowledge 
of the participants about simulation tools.  These interviews served as well as a tool to learn about 
the possible measures of performance that would satisfy the goals of the project. 
  
In general, the following subjects were discussed: 
 

• Previous knowledge of simulation tools by the participants. 
• Previous application of simulation projects at Volvo CE Components. 
• What alternatives to simulation have the participants used before in these types of projects. 
• How are scenarios of manufacturing changes evaluated and what performance measures are 

used? 
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The participants in the interview included: 
 

• 1 Project leader for Cell 14. 
• 2 Production Engineers. 
• 1 Maintenance Engineer. 

 
Additional to the interviews, several visits were made to the manufacturing cell under study.  In 
these visits the process was directly observed and the necessary notes were taken in order to form a 
more detailed picture of the sequence of activities that were to be modeled and simulated. 
 
 

7.3 Simulation Study: 
 
For the development of the discrete-event simulation project for Cell 14, the methodology 
proposed by Banks et al (1999) was followed.  The steps taken in the project are described 
next. 
 

7.3.1 Problem formulation, setting of objectives and overall project plan: 

 
7.3.1.1 Background – CS09 Project (Component Step 2009) 
 
The background for the transformation project in Cell 14 at Volvo CE Components lies on the 
Company project called CS09 (Component Step 2009).  Due to expected increase in production 
volumes, the company has decided to make the necessary investments in order to transform the 
factory in different stages following the Lean philosophy. Therefore, the objectives of the CS09 
project are to obtain greater efficiency, quality and capacity for future increases in production 
volumes while decreasing waste. 
 
In the case of Cell 14, investment in a new robot cell, a new layout of the machines, as well as a 
redistribution of the articles produced by them has been proposed.  This configuration will 
guarantee a more visual and balanced flow of materials throughout the cell while achieving a 
reduced amount of work in progress.  Since Cell 14 produces different article types which flow 
through the different machines, the process can be considered as complex.  For this reason, some 
practical questions that may be answered by executing a discrete-event simulation are in order. 
 

• What is the throughput of Cell 14 with the new changes? 
• Which are the bottlenecks of the Cell? 
• How big should the buffers before the bottlenecks be? 
• How long does it take for a manufacturing batch to go through the cell? 
• What is the cell overall equipment efficiency? 
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7.3.1.2 Procedure for problem formulation, setting of objectives and overall project plan. 
 
In this part of the project, several meetings were held with the Project leader and the production 
engineers involved in the transformation project.  Additional assessment of the project plan was 
carried out with the aid of the interviews discussed previously. 
 
Throughout the duration of the simulation project, the author attended weekly meetings regarding 
the transformation project of Cell 14.  During these meetings, discussions about the status of the 
simulation project and its applicability to the issues being treated were carried out.  This constant 
interaction with the project team for the transformation of Cell 14 was beneficial in terms of a 
better understanding of the system to be modeled, as well as the expected results form the 
simulation. 
 
The performance measures to be used were agreed upon and serve as a foundation to answer the 
questions presented in the background of the problem.  A summary of these measures is presented 
in the next table. 
 
Table 4. Performance measures 

Type of performance measure Measure to simulate 
Work in Progress Average buffer size in KG2 

Maximum buffer size in KG2 
 
Average buffer size in KG3 
Maximum buffer size in KG3 
 
Average buffer size in KG4 
Maximum buffer size in KG4 
 
Average buffer size in 36423 
Maximum buffer size in 36423 
 
Average daily work in progress. 
 

Throughput Throughput per hour of the manufacturing cell. 
 
Throughput time vs. Takt time. 
 

Cycle Time Average Lead Time per manufacturing batch. 
 
Average Lead Time per article. 
 

Overall Equipment Efficiency OEE of the cell 
 

 
 
The project had a total duration of 20 weeks, and the corresponding Gantt Chart showing the 
required tasks is presented in Appendix A. 
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7.3.2 Model conceptualization: 

 
Taking into consideration the results from the interviews, meetings and direct observations in the 
manufacturing cell, it is possible to characterize the process as explained below. 
 
7.3.2.1 Process description of Cell 14: 
 
Cell 14 manufactures transmission gears with the aid of regular machines, as well as robot cells. 
The objective is to design the cell in order to process approximately 57 different types of articles, 
each having its unique yearly demand, routing through the machines in the cell, manufacturing 
batch sizes and transportation batch sizes.  This creates a complex situation in which it is not 
straight forward to analyze the impact from the required changes in these variables. 
 
The process includes operations such as turning, drilling, hobbing, deburring, washing, broaching, 
and shaping.  . These operations are executed in different machines and routings. A new robot cell 
(KG3) will also be included in the process. The available time per year used for production 
calculations in the manufacturing cell is 5124 hours.  The next tables show the distribution of the 
available times in the manufacturing cell. 
 

Table 5. Distribution of production hours 
Total Production Days 230
Hours/day 22,3
Hours/shift 7,4
Pause per shift 0,57
Total pause/day (3-shifts) 1,72

Total production hours/year 5520,00
Planning time/year 396,00
Available Prod. Time 5124,00

Shifts From To
Shift1 6 13,43
Shift2 14 21,43
Shift3 22 5,43

Working Hours

Hours/Year

 
 
 
The information of the machines used for the operations is summarized in the next table: 
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Table 6. Machines in Cell 14 
Machine type Machine code Operation 

19126 Turning 
19127 Turning 
19128 Turning 

Turning Machines 

19129 Turning 
27310 Hobbing 
59060 Deburring 
27912 Shaving 

KG2 robot cell 

81134 Washing 
27315 Hobbing 
590XX Deburring 

KG3 robot cell 

81132 Washing 
27315 Hobbing 
59067 Deburring 
27913 Shaving 
81133 Washing 
34014 Broaching 

KG4 robot cell 

811XX Washing 
Drilling machine 49101 Drilling 
Shaping machine 36423 Shaping 

 
 
The raw material for the gears (blanks) is supplied from storage by the logistic department with 
forklifts. The manufacturing process for the transmission gears in Cell 14 all starts with the turning 
process. Since the raw material come in pallets of fixed quantities from the suppliers (Supplier lot 
size), often more is deliverable to the turning machines than is needed for the actual manufacturing 
lot. For this reason, often leftover material needs to be handled back into temporary storage.  If a 
specific article type is programmed again for manufacturing, the leftover material is used if 
available. 
 
After the turning process is finished, the manufacturing lot is moved to the drilling machine or to 
one of the robot cells; KG2, KG3 and KG4, depending on the required processes. Within the robot 
cells the gears first go through a hobbing operation.  Next the gears go through a deburring process 
and then move to a shaving process.  Finally a washing operation takes place. 
 
In the case of KG2, after the washing operation the gears leave the cell and are taken to the thermal 
treatment operation which is not part of the cell.  After KG3 some articles are moved to thermal 
heating and others are moved to the shaping machine (36423) to be moved then into thermal 
treatment.  In KG4 the process after washing continues with broaching and then to another washing 
operation.  After leaving this robot cell some articles are also taken to the shaping machine and 
others are taken directly to the heat treatment operation outside the cell. 
 
Finally, the articles that go through the drilling process are taken then to an outsourced process 
(thermal deburring).  After completing this process, the articles arrive again to the cell to enter the 
process of KG3. 
 
In the next figures, the process diagram containing the machines, as well as the future layout of the 
cell, are presented. 
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Figure 7. Process diagram-Cell 14 
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Figure 8. Cell 14 layout.  Courtesy of Volvo CE Components 
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7.3.2.2 Article and machine characterization 
 

• Article demand forecast and defined lot sizes. 
 
Forecast data for the articles manufactured by the cell comes from the company’s long range 
planning (LRP2008) and will serve as input for the simulation model.  The articles, with their 
respective supplier (or blanks), manufacturing and transportation lot sizes, and the forecasted 
production amounts are presented in the next tables. 
 

Table 7. Article lot information 
Article Type Blanks 

Lot Size
Manufacturing 

Lot Size
Transportation 

Lot Size
art11103039 36 36 36
art11127857 100 75 75
art11144752 60 48 40
art11144781 100 64 77
art11144782 106 52 65
art11144939 40 40 40
art11144940 64 60 30
art11145773 112 112 91
art11145775 60 120 100
art11145777 20 104 13
art11158249 100 40 40
art11418028 60 144 168
art11418029 60 120 90
art11418204 75 120 91
art11418406 20 20 20
art11418413 60 72 55
art11418474 144 96 140
art11418477 150 120 99
art11418481 144 96 140
art11418508 120 78 78
art11418509 100 48 120
art11418510 48 24 48
art11418572 60 64 55
art11419105 60 40 40
art11419120 72 48 75
art11419122 24 36 6
art11419124 60 56 78
art11419126 60 60 120
art11419128 60 40 40
art11419254 200 200 200
art11419294 160 160 192
art11419308 72 96 77
art11419311 80 60 45
art11419316 80 90 60
art11419497 50 48 48
art11419498 100 45 60
art11419549 160 72 264
art11419550 84 96 55
art15001064 96 48 77
art15001065 96 48 77
art15001066 96 96 65
art15001067 96 48 90
art15001068 96 48 120
art15001069 96 48 77
art15001070 48 48 42
art15001071 96 48 140
art15001073 80 48 66
art15006262 35 20 30
art15034972 60 208 39
art15038632 64 60 30
art15062001 100 52 32
art15062004 100 52 32
art15078029 60 110 55
art15078033 60 110 55
art4720881 60 90 100
art4770431 100 180 160
art4871575 130 80 135  
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Table 8. Production forecast 2008-2017 (LRP2008) 
Article/Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

art4871575 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art4770431 8678 9624 0 0 0 0 0 0 0 0
art4720881 0 5705 5933 6065 6253 6464 10363 10869 11904 15349
art15078033 5413 5705 5933 6065 6253 6464 10363 10869 11904 15349
art15078029 5413 5705 5933 6065 6253 6464 10363 10869 11904 15349
art15062004 2714 2426 2428 2604 2880 3082 3021 3175 3450 3784
art15062001 2714 2426 2428 2604 2880 3082 3021 3175 3450 3784
art15038632 2486 2626 2673 2739 2844 2938 3046 3169 3310 3434
art15034972 12344 13048 13558 14028 14522 15074 22994 24280 26620 33590
art15006262 759 819 846 949 1008 1073 1134 1271 1406 1446
art15001073 2714 2426 2428 2604 2880 3082 3021 3175 3450 3784
art15001071 1384 1457 1458 1564 1730 1912 1934 2063 2243 2460
art15001070 1384 1457 1458 1564 1730 1912 1934 2063 2243 2460
art15001069 1330 969 970 1040 1150 1170 1087 1112 1207 1324
art15001068 1330 969 970 1040 1150 1170 1087 1112 1207 1324
art15001067 1384 1457 1458 1564 1730 1912 1934 2063 2243 2460
art15001066 5428 4852 4856 5208 5760 6164 6042 6350 6900 7568
art15001065 1330 969 970 1040 1150 1170 1087 1112 1207 1324
art15001064 1384 1457 1458 1564 1730 1912 1934 2063 2243 2460
art11419550 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11419549 0 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11419498 0 969 970 1040 1150 1170 1087 1112 1207 1324
art11419497 0 969 970 1040 1150 1170 1087 1112 1207 1324
art11419316 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11419311 0 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11419308 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11419294 8362 8546 7912 7826 8038 8198 8172 8126 8080 7880
art11419254 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11419128 759 819 846 949 1008 1073 1134 1271 1406 1446
art11419126 759 819 846 949 1008 1073 1134 1271 1406 1446
art11419124 759 819 846 949 1008 1073 1134 1271 1406 1446
art11419122 759 819 846 949 1008 1073 1134 1271 1406 1446
art11419120 759 819 846 949 1008 1073 1134 1271 1406 1446
art11419105 759 819 846 949 1008 1073 1134 1271 1406 1446
art11418572 0 1457 1458 1564 1730 1912 1934 2063 2243 2460
art11418510 1384 1457 1458 1564 1730 1912 1934 2063 2243 2460
art11418509 0 1457 1458 1564 1730 1912 1934 2063 2243 2460
art11418508 0 1457 1458 1564 1730 1912 1934 2063 2243 2460
art11418481 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11418477 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11418474 4181 4273 3956 3913 4019 4099 4086 4063 4040 3940
art11418413 1518 1638 1692 1898 2016 2146 2268 2542 2812 2892
art11418406 0 0 0 0 0 0 0 0 0 0
art11418204 5854 6158 6520 6652 6818 7052 14634 15400 17188 23830
art11418029 5413 5705 5933 6065 6253 6464 10363 10869 11904 15349
art11418028 5413 5705 5933 6065 6253 6464 10363 10869 11904 15349
art11158249 1290 1689 0 0 0 0 0 0 0 0
art11145777 5413 5705 5933 6065 6253 6464 10363 10869 11904 15349
art11145775 5413 5705 5933 6065 6253 6464 10363 10869 11904 15349
art11145773 4972 5252 5346 5478 5688 5876 6092 6338 6620 6868
art11144940 0 3079 3260 3326 3409 3526 7317 7700 8594 11915
art11144939 0 0 0 0 0 0 0 0 0 0
art11144782 0 969 970 1040 1150 1170 1087 1112 1207 1324
art11144781 0 969 970 1040 1150 1170 1087 1112 1207 1324
art11144752 0 2426 2428 2604 2880 3082 3021 3175 3450 3784
art11127857 2250 2279 0 0 0 0 0 0 0 0
art11103039 0 2254 2274 2221 2348 2479 2593 2736 2967 3074  

 
 

• Manufacturing times and distribution in the machines 
 
Each article has a specific process and setup time depending on which machine it is assigned.  For 
the current process the distribution of the articles in the different machines along with their 
corresponding process and setup times is shown in the tables below.  It is important to note that the 
process and setup times assumed in the simulation model are deterministic and correspond to the 
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information stored in the Company’s planning system (Mapics).  These deterministic times are 
generally accepted by the production engineers in the company and are used regularly for planning 
purposes; therefore they will be used in the model without additional adjustments.  Additionally, 
the information used for KG3 (process and setup times, maintenance and quality considerations), 
comes from estimates based on similar machines which are installed in KG2 and KG4. 
 
Table 9. Article distribution and times (process and setup) in Machines 

  

Article
Process 

Time 
(sec)

Setup 
Time 
(sec)

art11145773 178,25 3240
art11418028 120,75 3240
art11418029 156,40 3240
art11418413 218,50 3240
art11419120 180,55 3240
art11419124 133,40 3240
art11419126 103,50 3240
art11419294 98,90 3240
art11419308 143,75 3240
art11419316 152,95 3240
art11419550 146,05 3240
art15001064 244,80 3240
art15001065 239,04 3240
art15001066 180,72 3240
art15001067 143,64 3240
art15001068 119,52 3240
art15001069 194,40 3240
art15001071 126,36 3240
art15001073 256,32 3240

19126

Article
Process 

Time 
(sec)

Setup 
Time 
(sec)

art15034972 271,44 5400
art11103039 444,96 3240
art11144939 318,96 5400
art11144940 296,64 5400
art11145777 549,72 5400
art11418406 304,56 5400
art15001070 272,52 5400
art11419122 561,24 5400
art15006262 304,92 5400
art15038632 296,64 5400

19127

Article
Process 

Time 
(sec)

Setup 
Time 
(sec)

art4720881 120,24 2700
art4770431 177,12 2700
art4871575 149,40 2700
art11127857 183,96 3240
art11144752 295,20 3240
art11144781 222,84 3240
art11144782 241,56 3240
art11145775 181,70 3240
art11418204 209,30 3240
art11418477 224,28 3240
art11418508 281,52 3240
art11418509 127,80 3240
art11419254 100,08 3240
art11419549 152,28 3240
art11419311 173,88 3240
art11158249 199,08 6192

19128

Article
Process 

Time 
(sec)

Setup 
Time 
(sec)

art15078033 296,64 3240
art15078029 296,64 3240
art11418474 147,60 3240
art11418481 147,60 3240
art11418510 276,92 3240
art11418572 288,00 5400
art15062001 321,84 4680
art15062004 313,92 4680
art11419105 313,92 3240
art11419128 324,36 3240
art11419497 295,20 3240
art11419498 295,20 3240

19129

Article
Process 

Time 
(sec)

Setup 
Time 
(sec)

art11103039 112,68 2520
art11145777 87,48 2520
art11418477 39,56 2520
art11418510 64,86 2520
art11418572 108,00 2520
art15062001 65,16 2520
art15062004 65,16 2520
art11419122 81,72 2520

36423

Article
Process 

Time 
(sec)

Setup 
Time 
(sec)

art11103039 224,28 2880
art11418510 180,00 2880
art11419105 432,00 2880
art11419128 432,00 2880
art15062001 180,00 2880
art15062004 180,00 2880
art15078029 180,00 2880
art15078033 180,00 2880

49101
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Table 10. Article distribution and times (process and setup) in KG2 

Article

Process 
Time 
27310 
(Sec)

Setup 
Time 
27310 
(sec)

Process 
Time 
59060 
(Sec)

Setup 
Time 
59060 
(sec)

Process 
Time 
27912 
(Sec)

Setup 
Time 
27912 
(sec)

Process 
Time 81134 

(Sec)

Setup 
Time81134 

(sec)

art11145773 158,76 3600 59,8 1800,00 83,95 2880 59,76 0
art11145775 141,45 3600 34,92 1800,00 83,95 2880 59,76 0
art11418028 87,48 3600 60,95 1800,00 83,95 2880 59,76 0
art11418029 121,90 3600 60,95 1800,00 83,95 2880 59,76 0
art11418204 158,76 3600 59,8 1800,00 83,95 2880 59,76 0
art11418413 201,25 3600 60,95 1800,00 86,25 2880 59,76 0
art11419120 137,88 3600 34,92 1800,00 83,95 2880 59,76 0
art11419124 165,60 3600 60,95 1800,00 83,95 2880 59,76 0
art11419126 134,55 3600 60,95 1800,00 83,95 2880 59,76 0
art11419294 105,84 3600 62,1 1800,00 85,1 2880 54,00 0
art11419308 103,68 3600 59,8 1800,00 83,95 2880 59,76 0
art11419316 101,16 3600 59,8 1800,00 83,95 2880 59,76 0
art11419550 101,20 3600 59,8 1800,00 83,95 2880 59,76 0
art15001064 169,20 3600 59,76 1800,00 78,12 2880 59,76 0
art15001065 137,88 3600 60,84 1800,00 111,6 2880 59,76 0
art15001066 137,88 3600 63,36 1800,00 78,12 2880 59,76 0
art15001067 169,20 3600 60,84 1800,00 78,12 2880 59,76 0
art15001068 128,88 3600 60,84 1800,00 78,12 2880 59,76 0
art15001069 128,88 3600 60,84 1800,00 78,12 2880 59,76 0
art15001070 195,48 3600 60,84 1800,00 78,12 2880 59,76 0
art15001071 216,00 3600 60,84 1800,00 78,12 2880 59,76 0
art15001073 244,80 3600 60,84 1800,00 78,12 2880 59,76 0

KG2

 
 
 

Table 11. Article distribution and times (process and setup) in KG3 

Article

Process 
Time 
27315 
(Sec)

Setup 
Time 
27315 
(sec)

Process 
Time 

590XX 
(Sec)

Setup 
Time 

590XX 
(sec)

Process 
Time 
81132 
(Sec)

Setup 
Time 
81132 
(sec)

art11103039 421,20 3600 34,92 1800,00 0 0
art11145777 188,64 3600 54 1800,00 0 0
art15078033 226,80 3600 52,2 1800,00 0 0
art15078029 226,80 3600 52,2 1800,00 0 0
art11418474 96,48 3600 52,2 1800,00 0 0
art11418481 96,48 3600 52,2 1800,00 0 0
art11419105 297,36 3600 52,2 1800,00 0 0
art11419122 166,68 3600 54 1800,00 0 0
art11419128 233,28 3600 52,2 1800,00 0 0
art11419254 106,92 3600 60,84 1800,00 0 0

KG3
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Table 12. Article distribution and times (process and setup) in KG4 

Article

Process 
Time 
27314 
(Sec)

Setup 
Time 
27314 
(sec)

Process 
Time 
59067 
(Sec)

Setup 
Time 
59067 
(sec)

Process 
Time 
27913 
(Sec)

Setup 
Time 
27913 
(sec)

Process 
Time 81133 

(Sec)

Setup Time 
81133 (sec)

Process 
Time 
34014 
(Sec)

Setup 
Time 
34014 
(sec)

Process 
Time 

811XX 
(Sec)

Setup 
Time 

811XX 
(sec)

art4720881 163,44 3600 34,92 1800,00 75,96 2880 54 0,00 42,84 1800 26,64 0
art4770431 204,84 3600 50,76 1800,00 70,2 2880 54 0,00 48,24 2880 26,64 0
art4871575 171,36 3600 35,64 1800,00 75,96 2880 54 0,00 35,64 2880 26,64 0
art15034972 192,96 3600 50,76 1800,00 73,44 2880 54 0,00 48,24 2880 26,64 0
art11127857 204,84 3600 50,76 1800,00 77,04 2880 54 0,00 0 0 0,00 0
art11144752 163,44 3600 34,92 1800,00 72 2880 54 0,00 43,2 1800 26,64 0
art11144781 106,92 3600 34,92 1800,00 72 2880 54 0,00 43,2 1800 26,64 0
art11144782 101,52 3600 34,92 1800,00 72 2880 54 0,00 43,2 1800 26,64 0
art11144939 177,48 3600 34,92 1800,00 288 2880 54 0,00 43,56 1800 26,64 0
art11144940 160,92 3600 34,92 1800,00 89,64 2880 54 0,00 46,08 1800 26,64 0
art11418406 120,60 3600 34,56 1800,00 72,36 2880 54 0,00 46,08 1800 26,64 0
art11418477 72,00 3600 34,92 1800,00 36 2880 54 0,00 0 0 0,00 0
art11418508 99,36 3600 34,92 1800,00 72 2880 54 0,00 43,56 1800 26,64 0
art11418509 113,04 3600 34,92 1800,00 72 2880 54 0,00 43,56 1800 26,64 0
art11418510 216,00 3600 34,92 1800,00 108 2880 54 0,00 0 0 0,00 0
art11418572 120,60 3600 34,92 1800,00 108 2880 54 0,00 0 0 0,00 0
art15062001 128,88 3600 24,84 1800,00 72 2880 26,64 0,00 0 0 0,00 0
art15062004 128,88 3600 24,84 1800,00 72 2880 26,64 0,00 0 0 0,00 0
art11419497 163,44 3600 34,92 1800,00 108 2880 54 0,00 43,2 1800 26,64 0
art11419498 97,20 3600 34,92 1800,00 72 2880 54 0,00 43,2 1800 26,64 0
art11419549 129,60 3600 34,92 1800,00 72 2880 54 0,00 43,56 1800 26,64 0
art11419311 75,24 3600 34,92 1800,00 72 2880 54 0,00 43,56 1800 26,64 0
art11158249 317,52 3600 49,32 1800,00 77,04 2880 54 0,00 0 0 0,00 0
art15006262 131,04 3600 34,56 1800,00 72,36 2880 54 0,00 46,08 1800 26,64 0
art15038632 160,92 3600 36,72 1800,00 89,64 2880 54 0,00 46,08 1800 26,64 0

KG4

 
 
 

• Maintenance considerations 
 
The simulation model includes breakdowns and time to repair. These variables are considered as 
stochastic.  It is possible to obtain data from the company’s maintenance system (Avantis) in order 
to fit it to a known statistical distribution and simulate future breakdowns and repair times 
accordingly.  The procedures used for the collection and adjustment of maintenance data will be 
explained on the next step of the simulation project methodology “Data Collection”. 
 
After having collected the required maintenance data for each machine, Goodness-of-Fit tests were 
conducted (refer to the theoretical background section of the report), to find the statistical 
distribution that best described the time between failures and the repair times.  The tests were 
applied using the “DataFit” tool of the software Technomatix Plant Simulation which performs the 
Chi-Square, Kolmogorov-Smirnov and Anderson-Darling Goodness-of-Fit tests to the input data.  
This software functionality permits to accept or reject several candidate statistical distributions 
simultaneously in a fast and reliable way. 
 
The chosen distributions for Mean Time Between Failures (MTBF) and Mean Time to Repair 
(MTTR) are presented in the next tables.  The corresponding distributions and their parameters are 
used as inputs in the model to simulate downtime intervals and durations in the machines. 
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Table 13. Distributions for Mean Time Between Failures (MTBF) 

Chi-square Kolgomorov-
Smirnov

Anderson-
Darling None Mu Sigma Alfa Beta

19126 FALSE TRUE TRUE FALSE Lognormal 1072686,27 15202001,47
19127 FALSE TRUE TRUE FALSE Lognormal 528156,05 3845601,25
19128 FALSE TRUE TRUE FALSE Lognormal 2464170,12 53097488,23
19129 NA TRUE TRUE FALSE Lognormal 2652269,10 45412750,83
27310 FALSE TRUE TRUE FALSE Lognormal 915034,56 9231435,58
27314 TRUE TRUE TRUE FALSE Lognormal 2082505,20 40644363,17
27315 FALSE TRUE TRUE FALSE Lognormal 5064414,41 94547135,64
27912 FALSE TRUE TRUE FALSE Lognormal 2249259,98 22445536,35
27913 NA TRUE TRUE FALSE Lognormal 3649096,86 83412923,12
34014 FALSE TRUE TRUE FALSE Lognormal 756375,16 5547640,57
36423 FALSE TRUE TRUE FALSE Lognormal 6535407,77 220791655,33
49101 TRUE TRUE TRUE FALSE Lognormal 1703696,44 18693090,29
59060 FALSE TRUE TRUE FALSE Lognormal 1497517,31 10801890,19
59067 FALSE TRUE TRUE FALSE Lognormal 4712168,56 125773722,28
81132 FALSE TRUE TRUE FALSE Lognormal 13482307,63 1061979677,10
81133 NA TRUE TRUE FALSE NegExp 2045618,18
81134 NA TRUE TRUE FALSE Lognormal 1873039,72 63485504,73

Machine Fitted 
Distribution

Tests passed Parameters

 
 
 
Table 14. Distributions for Mean Time to Repair (MTTR) 

Chi-
square

Kolgomor
ov-

Smirnov

Anderson-
Darling None Mu Sigma Alfa Beta

19126 FALSE FALSE TRUE FALSE Weibull 1,49 10796,43
19127 FALSE TRUE TRUE FALSE Lognormal 12409,41 11414,79
19128 TRUE TRUE TRUE FALSE Lognormal 9804,52 8387,62
19129 TRUE TRUE TRUE FALSE Lognormal 6892,52 4978,22
27310 FALSE TRUE TRUE FALSE Erlang 9712,89 6868,05
27314 FALSE TRUE TRUE FALSE Lognormal 8900,21 7374,66
27315 FALSE TRUE TRUE FALSE Lognormal 8039,46 5177,20
27912 FALSE FALSE TRUE FALSE Lognormal 8462,51 6318,67
27913 TRUE TRUE TRUE FALSE Gamma 1,60 5734,46
34014 FALSE TRUE TRUE FALSE Gamma 2,42 3936,57
36423 TRUE TRUE TRUE FALSE Lognormal 10480,72 9172,45
49101 FALSE TRUE TRUE FALSE Erlang 9448,83 6681,33
59060 FALSE FALSE TRUE FALSE Gamma 2,97 2837,57
59067 FALSE FALSE TRUE FALSE Lognormal 5394,37 2616,39
81132 FALSE TRUE TRUE FALSE Lognormal 7259,91 4542,43
81133 NA TRUE TRUE FALSE Lognormal 6599,65 4249,70
81134 NA TRUE TRUE FALSE Gamma 2,28 3522,89

Machine

Tests passed

Fitted Distribution

Parameters

 
 
 
 

• Quality considerations 
 
It has been decided to include the defect rate in each machine which will behave in a stochastic 
manner.  The number shown in the table below corresponds to the percentage of defects out of the 
production volume of one year in each machine.  Data for these numbers comes from the 
company’s planning system (Mapics) where the total number of damaged units of each article type 
is recorded daily. 
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Table 15. Scrap information 

Machine Yearly 
Scrap Rate Note

19126 0,708%
19127 0,652%
19128 0,888%
19129 0,105%
36423 0,548%
49101 0,094%
27310 0,001% KG2
59060 0,098% KG2
27912 0,140% KG2
81134 0,016% KG2
27315 0,000% KG3 (Not yet installed)
590XX 0,000% KG3 (Not yet installed)
81132 0,000% KG3 (Not yet installed)
27314 0,198% KG4
59067 0,086% KG4
27913 0,000% KG4
81133 0,047% KG4
34014 0,023% KG4
811XX 0,000% KG4  

 
 
In order to simulate the defect rates, a binomial distribution was assumed (refer to the theoretical 
background).  The model evaluates if the article entering each machine will be accepted or rejected 
by following the mentioned distribution.  In this situation only one Bernoulli trial is applied for 
each article entering the machine, and the probability of accepting the article is equal to 1-p, where 
p is the machine defect rate.  If the article is accepted in this trial, it is moved to the subsequent 
machines where new tests are performed according to the defect rate of each machine.  The 
scrapped parts are finally counted separately. 
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• Model components 
 
After having characterized the manufacturing cell, it is possible to summarize the model 
components as defined by the simulation literature. 
 
Table 16. Model components 

System Entities Attributes Activities Events State Variables 
Machines • Mean time 

between 
failures. 

• Mean time to 
repair. 

• Defect rate. 
• Overall 

Equipment 
Effectiveness. 

 
 

• Turning. 
• Hobbing. 
• Deburring. 
• Washing. 
• Shaving. 
• Drilling. 
• Broaching. 
 

• Breakdowns. 
• Part rejection. 
• Part entering the 

machine. 
• Part leaving the 

machine. 
• Shift change. 

• Working. 
• Setting up. 
• Failed. 
• Waiting. 
• Unplanned. 
• Blocked. 

Buffers • Average Size. 
• Maximum 

size. 
 

• Accumulating. • Part entering the 
buffer. 

• Part leaving the buffer. 

• Empty. 
• Accumulating. 
• Full. 

Articles • Processing 
time. 

• Setup time. 
• Lead time. 
• Cycle time. 
• Supplier lot 

size. 
• Manufacturing 

lot size. 
• Transportation 

lot size. 

• Being Processed. 
• Being 

Transported. 
• Being Stored. 

• Entering the machines. 
• Leaving the machines. 
• Entering the buffers. 
• Leaving the buffers. 

• Accepted. 
• Rejected. 
• Transported. 
• Processed. 

Supplier 
pallet 

• Supplier lot 
size. 

• Holding the parts. • Pallet entering the 
simulation. 

• Pallet taken out of the 
simulation. 

• Full. 
• Empty. 

Cell 14 

Transportati
on Pallet 

• Transportation 
lot size. 

• Holding the parts. • Transport between 
machines. 

• Pallet leaving the 
simulation. 

• Full. 
• Empty. 
• Transported. 

 
 
 

7.3.3 Data Collection 

 
Data for the present study was collected throughout the different steps of the methodology and 
come from different sources.  A further explanation is given about the sources, necessary 
adjustments and assumptions made for each data type. 
 
7.3.3.1 Production forecast information 
 
The production forecast information comes from the company’s long range planning LRP2008.  
This information shows the projected production volumes for the years from 2008 to 2017 and it is 
used to plan, among other things, future investments to fill capacity gaps. 
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7.3.3.2 Process and setup times: 
 
These types of data come from the Company’s planning system, Mapics.  A query which shows all 
relevant information about the articles was made and the required articles that are part of the Cell 
14 study were extracted. 
 
Process and setup times are estimates made by the production engineers.  These are based on 
calculations from previous observations with empirical adjustments.  In the query, process time for 
each article is shown for a theoretical batch of 100 units in hours.  Setup time is also shown for 
each article in hours. 
 
In order to input the process and setup times in the translated simulation model it is necessary to 
convert to a time unit of seconds.  This is done, in the case of the processing times, by dividing the 
given number by 100 in order to obtain the processing time per unit in hours, then this result is 
converted to seconds.  Since the setup time is also given in hours, it is only necessary to convert it 
directly to seconds. 
 
 
7.3.3.3 Maintenance information: 
 
When a machine needs to be serviced by the maintenance department, the information regarding 
the date and time, and the classification and duration of the stop, is recorded in the maintenance 
system, Avantis.   This information can be accessed for each machine individually. 
 
The records for each machine that are included in the present study were accessed in Avantis.  In 
order to obtain the required information for the simulation only information from 2006 until 2009 
for the stop classification “corrective maintenance” was considered.  The extracted information for 
each machine contained the corresponding stop dates and times, as well as the duration of the stop, 
for a history of 3 years. 
 
Finally, in order to perform the Goodness-of-Fit tests to the data it was necessary to manipulate the 
extracted data.  For MTBF, the stop dates were arranged in an ascending order, starting from the 
oldest date and finishing with the most recent.  Then the difference between each pair of dates was 
calculated in order to obtain the corresponding interval between both.  This interval was converted 
into seconds afterwards in order to comply with the Technomatix Plant Simulation time standards.  
For the MTTR, since the stop duration is recorded in hours in Avantis, it was just necessary to 
convert it to seconds. 
 
7.3.3.4 Quality information 
 
Data for the number of rejected units in each machine is recorded daily in Mapics.  A query for 
each machine was made covering the year 2008 to obtain the total rejected units of each machine.  
The total rejected units are then divided by the total production volume of 2008 in order to obtain 
the defect rate.  This rate is assumed as constant for each machine in the simulation model. 
 
7.3.3.5 Process information 
This information was obtained from different sources through interviews, meetings and direct 
observation.  Refer to the interviews and direct observation section of the methodology. 
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7.3.4 Model translation 

 
Following the simulation project methodology, the next step includes the translation of the model 
using simulation software.  For the current project, the software Technomatix Plant Simulation® 
was used for this purpose. 
 
Tecnomatix Plant Simulation is a discrete-event simulation tool which is part of the Siemens 
Product Lifecycle Management software.  This simulation software is useful for creating models of 
productions systems and evaluating different scenarios using built-in analysis tools, statistics 
gathering capabilities, and charts.   
 
Additionally, creation of models using this software is facilitated by the inheritance of properties of 
the modeled entities.  This capability allows new entities to incorporate behavior, data or 
programming codes from other entities already created, either by the user or those built-in the 
software.  For this reason, only few adjustments according to the specific behavior of the new 
object are required and thus modeling time is reduced. 
 
Before translating the model in the simulation package, it is necessary to familiarize with the 
software and receive the proper training.  For the current project, the author spent approximately 
200 hours (5 weeks) studying the software’s user manual and performing simulation examples in 
order to understand the logic of the program and its features.  It is advisable for future simulation 
projects to account for this time in the project planning phase taking as a benchmark the given time. 
 
The first step taken in the model translation was to create a simple model following the process 
flow of Cell 14 and using the built-in objects of Technomatix Plant Simulation. The model was 
then expanded sequentially by adding extra features to each entity and including the necessary 
programming codes in order to simulate the behavior as described in the model conceptualization 
section. 
 
In the simulation software it was possible to create objects from which the machines and buffers 
were inherited.  These objects had the general attributes of the machines and buffers and were then 
adjusted specifically for each.  By using these objects, it was relatively straightforward to continue 
developing the model.  
 
Activities and events such as for example breakdowns and quality rejects were included in the 
translated model following the previously mentioned statistical distributions.  Additionally, the 
process times in the machines for each article type and the setup times were also translated in the 
simulation software. 
 
These objects are presented next. 
 
7.3.4.1 Turning machines 
 
The turning machines 19126, 19127, 19128 and 19129 are assumed to have similar properties.  The 
amount of articles that enter the turning machines is according to the supplier lot sizes.  When the 
manufacturing lot size is less than the supplier lot size, the model places the amount of the 
manufacturing lot size in the buffer in front of the turning machine and the difference which is 
leftover in the supplier lot is taken to a temporary storage.  If an article type that enters the turning 
machine at a later time has leftover material in this temporary storage, then the available quantity is 
used, reducing the leftover inventory accordingly.  After the amount of units required to fill a 
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transportation pallet has been produced, the pallet is transported out of the turning machine and into 
the next process. 
 
The translated model is shown in the following figure. 
 

 
Figure 9. Translated model of the turning machines 
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7.3.4.2 FIFO Buffers. 
 
As shown in the process diagram, some buffers exist between the operations.  These buffers 
accumulate the article’s full transportation pallets until the quantity equivalent to the specific 
manufacturing lot of each article has been reached.  When this happens, the batch is released from 
storage into the next process.  The translated model for this is shown below. 
 

 
Figure 10. Translated model of the buffers 
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7.3.4.3 KG2, KG3 and KG4 
 
The machines that make part of KG2, KG3 and KG4 were included in the simulation model. In 
these robot cells, the articles enter in transportation pallets released from the FIFO buffers, which 
means that the manufacturing lot is ready to be processed.  After the articles have passed through 
the sequence of machines, they are loaded again in transportation pallets and forwarded to the next 
process.  The translated models are shown below. 
 
 
 

 
Figure 11. Translated model of KG2 
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Figure 12. Translated model of KG3 

 
 
 

 
Figure 13. Translated model of KG4 
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7.3.4.4 Drilling machine and outsourced thermal deburring. 
 
The drilling operation which is performed in the machine 49101 is translated following the 
characteristics described in the model conceptualization.  When the manufacturing batch is 
completed after the drilling machine, it is released into the outsourced thermal deburring process.  
This process keeps the whole manufacturing batch for 2 weeks and then releases it to the next 
process. The translated models are presented next. 
 

 
Figure 14. Translated model of drilling machine 49101 
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Figure 15. Translated model of the outsourced thermal deburring process 
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7.3.4.5 Shaping machine. 
 
Similar to the previous translated models, the shaping machine 36423 is also translated in the 
simulation software.  It is presented next. 
 

 
Figure 16. Translated model of the shaping machine 36423 

 
 
 
7.3.4.6 Translated model of Cell 14 
 
After having modeled the different machines, the next step consists of placing them following the 
physical distribution of the cell and assigning to each one the specific characteristics described in 
the model conceptualization section.  A final connection is made between the different machines, 
including the corresponding distance which accounts for transportation times between machines.  
Finally, the icons that represent the machines are changed to the shapes of the real machines 
according to the layout of the cell.  This makes it easier for a person not familiar with the process to 
visually identify the different machines and their disposition in the production floor. 
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Figure 17.  Final translated model of Cell 14 

 
 
 

7.3.5 Verification and Validation 

 
The steps of verification and validation of the simulation model were done simultaneously as the 
model was being gradually translated in the software.  After having translated the whole model, a 
debugging was performed. 
 
The debugging process consisted of running the simulation event by event to check for errors in the 
codes or unexpected behavior of the articles as they flowed through the simulated cell.  Once an 
error was encountered, the code was analyzed step by step for inconsistencies and then fixed 
accordingly. This process is repeated until the whole simulation model conforms with the planned 
process. 
 
Since the simulated model corresponds to a new layout of Cell 14 with additional machines, 
information about real outputs is not available and validation of the model is more subjective.  For 
this step, the results obtained from the simulation runs were discussed with the production 
engineers and the project leader to agree on acceptable and realistic results. 
 



54(83) 

7.3.6 Experimental design 

 
The objective of the simulation is to give insight about the behavior of the projected Cell 14, giving 
reasonable information to answer the questions: 
 

• What is the throughput of Cell 14 with the new changes? 
• Which are the bottlenecks of the Cell? 
• How big should the buffers before the bottlenecks be? 
• How long does it take for a manufacturing batch to go through the cell? 
• What is the cell overall equipment efficiency? 

 
In order to help answer the previous questions, three experiments with the simulation model were 
performed.  Each experiment uses the years 2009, 2011, 2013, 2015 and 2017 with their respective 
forecasted production volumes as scenarios.  Each one of the production years (scenarios) is 
replicated 5 times in the experiments.  This totals a number of 25 replications for each experiment. 
 
In every replication the sequence of orders for each article type is changed randomly according to 
the expected frequency for the respective year.  After each replication, the random number seed is 
changed by the simulation software, so in the next replication the stochastic values which influence 
the order generation sequence, maintenance and quality rejections also change.  This provides a 
good random behavior that helps obtain more realistic results. 
 
The scenarios are run for an equivalent of one year of production, or 230 days, in every replication.  
Additionally, it is assumed that the cell starts the year without any work.  Since each scenario is run 
for a long period of time (one year), the time it takes to reach full throughput (warm-up time) is 
relatively short.  For this reason, it is assumed to not influence the analysis of the results of the 
simulation. 
 
To administer the experiments, the software Technomatix Plant Simulation uses a tool called 
“Experiment Manager”.  It is necessary to define the output values as well as the confidence 
interval of the observations.  After each replication the output values are recorded and at the end of 
the experiment it is possible to obtain the average values with their respective standard deviation, 
and upper and lower limits for further analysis.  The confidence level used for the experiments is 
95%. 
  
 
7.3.6.1 Experiment 1. “Flood”- Full utilization of all machines. 
 
The objective is to determine the throughput (units/hour) of Cell 14 under the assumption that all 
machines are working three shifts for the whole duration of the year. This creates a situation in 
which material builds up in front of the bottleneck machines, making it possible to simulate the 
maximum throughput that the cell is expected to provide. 
 
As it was mentioned previously, each year is replicated 5 times, changing the random number seed.  
By using different random seeds, the order sequence generations in every replication as well as the 
other stochastic variables in maintenance and quality rejections are changed. 
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7.3.6.2 Experiment 2. Match machine utilization to demand. 
 
The objective of the experiment is to identify which machine becomes a bottleneck by not meeting 
the yearly demand.  For this experiment, the information obtained from Experiment 1 (“Flood”) 
about the full throughput of each machine was used. The amount of shifts that each machine works 
is manipulated according to each machine simulated throughput in order to meet the required 
volume that the specific machine has to handle in the corresponding year.  It is assumed that each 
shift is divisible and it is possible to work fractions of the shift on the machine. 
 
To determine the preliminary adjustments of the shifts in each machine, the previously simulated 
throughput is used.  By taking the information about the required demand each year and dividing 
by each machine throughput, the required work time is calculated.  This required work time is then 
divided by the available work time for the year (5124) to obtain the utilization of the machine.  If 
the utilization is greater than 100%, the machine is considered to be a bottleneck and in the 
simulation it is set to work full time for the whole year.  According to their utilization factor, the 
shifts required for the rest of the machines are adjusted accordingly. 
 
As it was mentioned previously, each year is replicated 5 times changing the random number seed.  
By using different random seeds, the order sequence generations in every replication as well as the 
other stochastic variables in maintenance and quality rejections are changed. 
 
The preliminary calculations of the required shifts for the machines each year is shown in the 
results section of the project report.  The number of shifts obtained in the calculations is then input 
to the simulation model for the experiment. 
 

 
 
7.3.6.3 Experiment 3. Line balancing 
 
The objective of this final experiment is to determine how the machines should be balanced in 
order to provide the total throughput of the cell while maintaining lower work in progress and 
achieving lower lead times for the manufacturing lots.  This is achieved by balancing the output of 
faster machines to the output of the bottleneck machines identified in the previous experiments. 
The results of the final experiment will help answer the formulated questions in the objectives of 
the simulation project.   
 
As it was mentioned previously, each year is replicated 5 times, changing the random number seed.  
By using different random seeds, the order sequence generations in every replication as well as the 
other stochastic variables in maintenance and quality rejections are changed. 
 
The preliminary calculations of the balanced shifts for the machines each year is shown in the 
results section of the project report.  The number of shifts obtained in the calculations is then input 
to the simulation model for the experiment. 
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7.3.7 Production runs and analysis 

For the execution of the three experiments, a total of 25 hours were required to run the simulation 
model. The established replications of each simulation scenario required approximately 1 hour to 
complete. These runs were performed during a 5 day period in order to account for possible 
adjustments.  The results were stored for further analysis. 
 

7.3.8 More runs 

 
Since the simulation model required a high level of processing power from the computer, during 
the 5 day period of the simulation experiment, some crashing of the simulation software was 
encountered.  This required some minor adjustments to the model in order to optimize processing 
speed.  The corresponding experiment was re-run to account for these errors. 
 

7.3.9 Documentation and reporting 

 
During the execution of the present simulation project, several meetings were held with the project 
team.  In these meetings the status of the simulation model was reported and preliminary results 
shown. 
 

7.3.10 Implementation 

 
The simulation model will serve as a tool for the production engineers of the Company to evaluate 
additional scenarios. 
 
 
 
 
 
 



57(83) 

8. Results 

 

8.1 Experiment 1. “Flood”- Full utilization of all machines. 
 

8.1.1 Performance measures 

 
For the first experiment, the following results were obtained for each year regarding the 
performance measures: 
 
 
8.1.1.1 Lead time (hours/manufacturing lot) 
 

Table 17. Average manufacturing lot Lead Time (hours) 
Measure 2009 2011 2013 2015 2017

Average Lead time 790,24 769,25 773,80 754,54 736,95
Std Dev 27,84 18,52 29,16 62,43 36,76
Min 745,20 749,17 745,05 706,62 699,28
Max 818,67 790,09 815,19 862,73 779,51
Left Interval 755,54 746,16 737,45 676,73 691,13
Right Interval 824,94 792,34 810,15 832,35 782,77  

 

Confidence Intervals Lead Time (hours)

0,00

100,00

200,00

300,00

400,00

500,00

600,00

700,00

800,00

900,00

2009 2011 2013 2015 2017

Experiments

Va
lu

e

Lead Time

 
Figure 18. Confidence intervals for manufacturing lot lead time (hours) 
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8.1.1.2 Throughput (units/hour) 
 

Table 18. Average Throughput (units/hour) 
Measure 2009 2011 2013 2015 2017

Average Throughput 37,40 36,09 37,19 35,50 36,21
Std Dev 0,37 2,54 0,33 4,69 2,10
Min 37,11 31,69 36,62 27,12 32,49
Max 37,99 38,24 37,50 37,79 37,53
Left Interval 36,93 32,93 36,77 29,65 33,59
Right Interval 37,86 39,26 37,60 41,34 38,83  
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Figure 19. Confidence intervals for throughput (units/hour) 

 
 
8.1.1.3 Throughput time (seconds/unit) 
 
 

Table 19. Average Throughput time (seconds/unit) 
Measure 2009 2011 2013 2015 2017

Average Throughput time 96,27 100,17 96,81 103,17 99,70
Std Dev 0,96 7,68 0,87 16,54 6,26
Min 94,76 94,14 96,00 95,26 95,92
Max 97,01 113,60 98,31 132,74 110,80
Left Interval 95,08 90,60 95,72 82,55 91,91
Right Interval 97,46 109,74 97,90 123,78 107,50  
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Confidence Intervals Throughput Time (Seconds/unit)
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Figure 20. Confidence intervals for throughput time (seconds/unit) 

 
8.1.1.4 Work in Progress-WIP (units) 
 

Table 20. Average work in progress-WIP (units) 
Measure 2009 2011 2013 2015 2017

Average Daily WIP 36787,20 37909,00 36878,20 42037,60 39072,20
Std Dev 1408,31 3252,99 1237,24 12875,18 2604,74
Min 34872,00 35338,00 35505,00 35761,00 36919,00
Max 38608,00 43528,00 38150,00 65050,00 43211,00
Left Interval 35031,88 33854,47 35336,11 25989,99 35825,65
Right Interval 38542,52 41963,53 38420,29 58085,21 42318,75  
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Figure 21. Confidence intervals for WIP (units) 
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8.1.1.5 Overall Equipment Effectiveness-OEE (%) 
 

Table 21. Average OEE (%) 
Measure 2009 2011 2013 2015 2017

Average OEE 41,81 41,12 41,71 41,38 42,29
Std Dev 0,16 1,40 0,17 2,54 1,21
Min 41,63 38,73 41,51 36,84 40,14
Max 42,07 42,40 41,90 42,72 43,04
Left Interval 41,60 39,38 41,51 38,21 40,78
Right Interval 42,01 42,86 41,92 44,55 43,80  
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Figure 22. Confidence intervals OEE (%) 
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8.2 Experiment 2. Match machine utilization to demand. 
 
 
The results of the preliminary calculations before running the simulation are shown in the next 
tables.  In these, the simulated throughput obtained in experiment 1 for each machine divides the 
total yearly demand.  With this calculation it is possible to find out the required time to complete 
the demand of each machine and determine its corresponding utilization.  The results are then used 
in experiment 2. 
 
 

Table 22. Calculation tables for experiment 2 

Machine Total yearly 
Demand (units)

Available 
Time (hours)

Available 
Shifts

Simulated 
Throughput 

(units/hr)

Time to complete 
demand at 

Throughput (hours)
Utilization Bottleneck? Shifts 

required

19126 56678 5124 3 18,45 3071,98 59,95% No 1,80
19127 29807 5124 3 8,13 3666,30 71,55% No 2,15
19128 59803 5124 3 16,5 3624,42 70,73% No 2,12
19129 31298 5124 3 11,72 2670,48 52,12% No 1,56
49101 21611 5124 3 14 1543,64 30,13% No 0,90
36423 20817 5124 3 29 717,83 14,01% No 0,42

KG2 69998 5124 3 15,3 4575,03 89,29% No 2,68
KG3 34645 5124 3 13 2665,00 52,01% No 1,56
KG4 72943 5124 3 13,1 5568,17 108,67% Yes 3,26

2009

 
 

Machine Total yearly 
Demand (units)

Available 
Time (hours)

Available 
Shifts

Simulated 
Throughput 

(units/hr)

Time to complete 
demand at 

Throughput (hours)
Utilization Bottleneck? Shifts 

required

19126 57542 5124 3 18,26 3151,26 61,50% No 1,84
19127 31841 5124 3 8,12 3921,31 76,53% No 2,30
19128 46159 5124 3 16,6 2780,66 54,27% No 1,63
19129 32270 5124 3 11,6 2781,90 54,29% No 1,63
49101 23021 5124 3 14 1644,36 32,09% No 0,96
36423 21484 5124 3 29 740,83 14,46% No 0,43

KG2 71823 5124 3 15,24 4712,80 91,97% No 2,76
KG3 35002 5124 3 13 2692,46 52,55% No 1,58
KG4 60987 5124 3 13,63 4474,47 87,32% No 2,62

2011

 
 

Machine Total yearly 
Demand (units)

Available 
Time (hours)

Available 
Shifts

Simulated 
Throughput 

(units/hr)

Time to complete 
demand at 

Throughput (hours)
Utilization Bottleneck? Shifts 

required

19126 63156 5124 3 18 3508,67 68,48% No 2,05
19127 34539 5124 3 8,5 4063,41 79,30% No 2,38
19128 49721 5124 3 16,5 3013,39 58,81% No 1,76
19129 35600 5124 3 11,4 3122,81 60,94% No 1,83
49101 25629 5124 3 14 1830,64 35,73% No 1,07
36423 24103 5124 3 29 831,14 16,22% No 0,49

KG2 78584 5124 3 15 5238,93 102,24% Yes 3,07
KG3 37387 5124 3 13 2875,92 56,13% No 1,68
KG4 67045 5124 3 13,6 4929,78 96,21% No 2,89

2013
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Machine Total yearly 
Demand (units)

Available 
Time (hours)

Available 
Shifts

Simulated 
Throughput 

(units/hr)

Time to complete 
demand at 

Throughput (hours)
Utilization Bottleneck? Shifts 

required

19126 73796 5124 3 18 4099,78 80,01% No 2,40
19127 53359 5124 3 8,6 6204,53 121,09% Yes 3,63
19128 66978 5124 3 16,5 4059,27 79,22% No 2,38
19129 45106 5124 3 11,4 3956,67 77,22% No 2,32
49101 35429 5124 3 14 2530,64 49,39% No 1,48
36423 29415 5124 3 29 1014,31 19,80% No 0,59

KG2 102128 5124 3 15 6808,53 132,88% Yes 3,99
KG3 51345 5124 3 13 3949,62 77,08% No 2,31
KG4 85766 5124 3 13,8 6214,93 121,29% Yes 3,64

2015

 
 

Machine Total yearly 
Demand (units)

Available 
Time (hours)

Available 
Shifts

Simulated 
Throughput 

(units/hr)

Time to complete 
demand at 

Throughput (hours)
Utilization Bottleneck? Shifts 

required

19126 87200 5124 3 17,68 4932,13 96,26% No 2,89
19127 72714 5124 3 7,85 9262,93 180,78% Yes 5,42
19128 85580 5124 3 16,5 5186,67 101,22% Yes 3,04
19129 56606 5124 3 11,26 5027,18 98,11% No 2,94
49101 46692 5124 3 14 3335,14 65,09% No 1,95
36423 36297 5124 3 29 1251,62 24,43% No 0,73

KG2 128839 5124 3 15 8589,27 167,63% Yes 5,03
KG3 65279 5124 3 13 5021,46 98,00% No 2,94
KG4 107982 5124 3 12,88 8383,70 163,62% Yes 4,91

2017

 
 
 

8.2.1 Performance measures: 

 
For the second experiment, the following results were obtained for each year regarding the 
performance measures: 
 
 
8.2.1.1 Lead time (hours/manufacturing lot): 
 

Table 23. Average manufacturing lot Lead Time (hours) 
Measure 2009 2011 2013 2015 2017

Average Lead time 251,23 240,99 271,26 548,83 748,28
Std Dev 34,23 25,63 27,70 6,80 28,33
Min 195,96 198,40 245,49 538,88 708,35
Max 278,99 263,14 305,90 556,68 783,83
Left Interval 208,57 209,04 236,74 540,36 712,97
Right Interval 293,90 272,93 305,78 557,30 783,59  
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Confidence Intervals Lead Time (hours)
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Figure 23. Confidence intervals for manufacturing lot lead time (hours) 

 
 
8.2.2.2 Throughput (units/hour) 
 

Table 24. Average Throughput (units/hour) 
Measure 2009 2011 2013 2015 2017

Average Throughput 30,72 32,48 33,46 36,05 36,99
Std Dev 2,79 3,29 0,34 0,33 0,40
Min 25,82 26,61 33,10 35,56 36,35
Max 32,63 34,24 33,89 36,42 37,45
Left Interval 27,25 28,37 33,04 35,64 36,48
Right Interval 34,19 36,58 33,88 36,46 37,49  
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Figure 24. Confidence intervals for throughput (units/hour) 
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8.2.2.3 Throughput time (seconds/unit) 
 

Table 25. Average Throughput time (seconds/unit) 
Measure 2009 2011 2013 2015 2017

Average Throughput time 118,06 111,91 107,60 99,87 97,34
Std Dev 12,08 13,10 1,08 0,92 1,07
Min 110,33 105,14 106,23 98,85 96,13
Max 139,43 135,29 108,76 101,24 99,04
Left Interval 103,01 95,59 106,25 98,73 96,01
Right Interval 133,11 128,24 108,94 101,02 98,68  
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Figure 25. Confidence intervals for throughput time (seconds/unit) 

 
 
 
8.2.2.4 Work in Progress-WIP (units) 
 

Table 26. Confidence intervals for WIP (units) 
Measure 2009 2011 2013 2015 2017

Average Daily WIP 10219,60 10006,40 8702,00 23121,00 37466,40
Std Dev 7516,66 8132,27 778,30 407,96 1347,25
Min 5307,00 6152,00 7938,00 22637,00 35969,00
Max 23558,00 24551,00 9686,00 23584,00 39577,00
Left Interval 850,85 -129,64 7731,93 22612,53 35787,20
Right Interval 19588,35 20142,44 9672,07 23629,47 39145,60  
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Confidence Intervals Work in Progress (unit)
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Figure 26. Confidence intervals for WIP (units) 

 
 
 
 

8.2.2.5 Overall Equipment Effectiveness-OEE (%) 
 
 

Table 27. Average OEE (%) 
Measure 2009 2011 2013 2015 2017

Average OEE 38,56 39,24 40,10 41,76 43,47
Std Dev 1,81 2,15 0,14 0,18 0,27
Min 35,39 35,41 39,97 41,46 43,22
Max 39,73 40,42 40,28 41,96 43,91
Left Interval 36,31 36,56 39,93 41,53 43,14
Right Interval 40,81 41,92 40,28 41,99 43,81  
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Figure 27. Confidence intervals OEE (%) 
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8.3 Experiment 3. Line balancing 
 
Having identified the bottleneck machines, in this final experiment the flow is balanced according 
to the throughput of the bottleneck machines.  The results of the preliminary calculations of the 
new required shifts for the simulated years in the non-bottleneck machines are shown in the next 
tables.  In these, each non-bottleneck machine’s output is balanced by adjusting its utilization.  By 
doing this, the combined outputs of the non-bottleneck machines will match the output of the 
bottleneck machines; in this way the line is balanced.  The number of shifts required each year for 
each machine is input into the simulation model to run the experiment. 
 
These results of this final experiment can be regarded as the solution to the questions raised in the 
objective of the simulation study. Having determined in the previous experiments what the 
throughput of the machines is and what machines are bottlenecks, the current experiment helps 
determine the other questions raised.  These refer to the size of the buffers, the expected lead time 
of the manufacturing lots and the OEE of the cell. The performance measures are shown after the 
preliminary calculations. 
 
Table 28. Line balance for 2009 

Machine
Simulated 

Throughput 
(units/hour)

KG2 KG3 KG4 49101
Total 

Required 
Time (hours)

Balanced 
Required 

Time (hours)

Available 
Time 

(hours)

Available 
Shifts Utilization Bottleneck? Shifts 

required

19126 18,45 3007,71 3007,71 2070,85 5124,00 3 40,41% No 1,21
19127 8,13 155,83 1115,24 1821,43 334,94 3427,44 2471,30 5124,00 3 48,23% No 1,45
19128 16,50 734,94 138,02 2691,42 3564,37 2202,99 5124,00 3 42,99% No 1,29
19129 11,72 430,50 347,17 1932,05 2709,73 2506,62 5124,00 3 48,92% No 1,47
49101 14,00 1073,31 438,66 1511,98 1182,19 5124,00 3 23,07% No 0,69

15,30 13,00 13,10 14,00

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG2 (hours)

% Time 
dedicated to 

KG2

Distribution 
in KG2

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG2

Balanced 
Throughput 

with KG2

19126 3007,71 3007,71 100,00% 77,15% 18,45 18,45 12,70
19127 3427,44 155,83 4,55% 4,00% 8,13 0,37 0,25
19128 3564,37 734,94 20,62% 18,85% 16,50 3,40 2,34

3898,47 22,22 15,30

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG3 (hours)

% Time 
dedicated to 

KG3

Distribution 
in KG3

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG3

Balanced 
Throughput 

with KG3

19127 3427,44 1115,24 32,54% 40,45% 8,13 2,65 2,28
19128 3564,37 138,02 3,87% 5,01% 16,50 0,64 0,55
19129 2709,73 430,50 15,89% 15,61% 11,72 1,86 1,60
49101 1511,98 1073,31 70,99% 38,93% 14,00 9,94 8,56

2757,08 15,08 13,00

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG4 (hours)

% Time 
dedicated to 

KG4

Distribution 
in KG4

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG4

Balanced 
Throughput 

with KG4

19127 3427,44 1821,43 53,14% 34,38% 8,13 4,32 2,53
19128 3564,37 2691,42 75,51% 50,79% 16,50 12,46 7,30
19129 2709,73 347,17 12,81% 6,55% 11,72 1,50 0,88
49101 1511,98 438,66 29,01% 8,28% 14,00 4,06 2,38

5298,68 22,34 13,10

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
Borr49101

% Time 
dedicated to 
Borr49101

Distribution 
in 

Borr49101

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering 
Borr49101

Balanced 
Throughput 

with 
Borr49101 

(non 
bottleneck)

19127 3427,44 334,94 9,77% 14,77% 8,13 0,79 0,79
19129 2709,73 1932,05 71,30% 85,23% 11,72 8,36 8,36

2266,99 9,15 9,15

Time Distribution in Machines 2009 (hours)

Simulated Throughput 
(units/hour)

ThroughputTOTAL

Throughput Balance in KG2 for 2009

Throughput Balance in KG4 for 2009

Throughput Balance in KG3 for 2009

TOTAL Throughput

TOTAL Throughput

Throughput Balance in Borr49101 for 2009

TOTAL Throughput  
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Table 29. Line balance for 2011 

Machine
Simulated 

Throughput 
(units/hour)

KG2 KG3 KG4 49101
Total 

Required 
Time (hours)

Balanced 
Required 

Time 
(hours)

Available 
Time 

(hours)

Available 
Shifts Utilization Bottleneck? Shifts 

required

19126 18,26 3088,95 3088,95 2013,66 5124,00 3 39,30% No 1,18
19127 8,12 167,27 1201,09 1961,81 330,04 3660,21 2754,04 5124,00 3 53,75% No 1,61
19128 16,60 788,23 126,39 1841,78 2756,40 1817,10 5124,00 3 35,46% No 1,06
19129 11,60 394,23 372,64 2078,74 2845,62 2664,13 5124,00 3 51,99% No 1,56
49101 14,00 1148,16 470,86 1619,02 1302,76 5124,00 3 25,42% No 0,76

15,24 13,00 13,63 14,00

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
KG2 (hours)

% Time 
dedicated to 

KG2

Distribution 
in KG2

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG2

Balanced 
Throughput 

with KG2

19126 3088,95 3088,95 100,00% 76,38% 18,26 18,26 11,90
19127 3660,21 167,27 4,57% 4,14% 8,12 0,37 0,24
19128 2756,40 788,23 28,60% 19,49% 16,60 4,75 3,09

4044,45 23,38 15,24

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
KG3 (hours)

% Time 
dedicated to 

KG3

Distribution 
in KG3

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG3

Balanced 
Throughput 

with KG3

19127 3660,21 1201,09 32,81% 41,85% 8,12 2,66 2,32
19128 2756,40 126,39 4,59% 4,40% 16,60 0,76 0,66
19129 2845,62 394,23 13,85% 13,74% 11,60 1,61 1,40
49101 1619,02 1148,16 70,92% 40,01% 14,00 9,93 8,63

2869,88 14,96 13,00

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
KG4 (hours)

% Time 
dedicated to 

KG4

Distribution 
in KG4

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG4

Balanced 
Throughput 

with KG4

19127 3660,21 1961,81 53,60% 42,22% 8,12 4,35 2,82
19128 2756,40 1841,78 66,82% 39,63% 16,60 11,09 7,19
19129 2845,62 372,64 13,10% 8,02% 11,60 1,52 0,98
49101 1619,02 470,86 29,08% 10,13% 14,00 4,07 2,64

4647,08 21,03 13,63

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
Borr49101

% Time 
dedicated to 
Borr49101

Distribution 
in 

Borr49101

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering 
Borr49101

Balanced 
Throughput 

with 
Borr49101 

(non 
bottleneck)

19127 3660,21 330,04 9,02% 13,70% 8,13 0,73 0,73
19129 2845,62 2078,74 73,05% 86,30% 11,72 8,56 8,56

2408,78 9,29 9,29

TOTAL Throughput

Throughput Balance in Borr49101 for 2011

TOTAL Throughput

Time Distribution in Machines 2011 (hours)

Throughput Balance in KG4 for 2011

Throughput Balance in KG3 for 2011

TOTAL Throughput

Simulated Throughput 
(units/hour)

ThroughputTOTAL

Throughput Balance in KG2 for 2011
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Table 30. Line balance for 2013 

Machine
Simulated 

Throughput 
(units/hour)

KG2 KG3 KG4 49101
Total 

Required 
Time (hours)

Balanced 
Required 

Time 
(hours)

Available 
Time 

(hours)

Available 
Shifts Utilization Bottleneck? Shifts 

required

19126 18,00 3423,87 3423,87 2227,49 5124,00 3 43,47% No 1,30
19127 8,50 204,49 1292,27 2110,88 368,38 3976,02 2976,49 5124,00 3 58,09% No 1,74
19128 16,50 837,62 132,40 2021,95 2991,97 1937,51 5124,00 3 37,81% No 1,13
19129 11,40 412,97 434,99 2326,73 3174,69 2972,08 5124,00 3 58,00% No 1,74
49101 14,00 1250,39 562,36 1812,76 1465,48 5124,00 3 28,60% No 0,86

15,00 13,00 13,60 14,00

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
KG2 (hours)

% Time 
dedicated to 

KG2

Distribution 
in KG2

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG2

Balanced 
Throughput 

with KG2

19126 3423,87 3423,87 100,00% 76,67% 18,00 18,00 11,71
19127 3976,02 204,49 5,14% 4,58% 8,50 0,44 0,28
19128 2991,97 837,62 28,00% 18,76% 16,50 4,62 3,01

4465,98 23,06 15,00

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
KG3 (hours)

% Time 
dedicated to 

KG3

Distribution 
in KG3

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG3

Balanced 
Throughput 

with KG3

19127 3976,02 1292,27 32,50% 41,85% 8,50 2,76 2,45
19128 2991,97 132,40 4,43% 4,29% 16,50 0,73 0,65
19129 3174,69 412,97 13,01% 13,37% 11,40 1,48 1,32
49101 1812,76 1250,39 68,98% 40,49% 14,00 9,66 8,58

3088,04 14,63 13,00

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
KG4 (hours)

% Time 
dedicated to 

KG4

Distribution 
in KG4

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG4

Balanced 
Throughput 

with KG4

19127 3976,02 2110,88 53,09% 41,15% 8,50 4,51 2,85
19128 2991,97 2021,95 67,58% 39,41% 16,50 11,15 7,03
19129 3174,69 434,99 13,70% 8,48% 11,40 1,56 0,98
49101 1812,76 562,36 31,02% 10,96% 14,00 4,34 2,74

5130,19 21,57 13,60

Machines
Total 

Required Time 
(hours)

Time 
dedicated to 
Borr49101

% Time 
dedicated to 
Borr49101

Distribution 
in 

Borr49101

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering 
Borr49101

Balanced 
Throughput 

with 
Borr49101 

(non 
bottleneck)

19127 3976,02 368,38 9,27% 13,67% 8,13 0,75 0,75
19129 3174,69 2326,73 73,29% 86,33% 11,72 8,59 8,59

2695,11 9,34 9,34

Time Distribution in Machines 2013 (hours)

Throughput Balance in KG4 for 2013

Throughput Balance in KG3 for 2013

TOTAL Throughput

Simulated Throughput 
(units/hour)

ThroughputTOTAL

Throughput Balance in KG2 for 2013

TOTAL Throughput

Throughput Balance in Borr49101 for 2013

TOTAL Throughput  
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Table 31. Line balance for 2015 

Machine
Simulated 

Throughput 
(units/hour)

KG2 KG3 KG4 49101
Total 

Required 
Time (hours)

Balanced 
Required 

Time (hours)

Available 
Time 

(hours)

Available 
Shifts Utilization Bottleneck? Shifts 

required

19126 18,00 3941,48 3941,48 2402,92 5124,00 3 46,90% No 1,41
19127 8,60 220,64 2067,57 3376,12 406,57 6070,89 4808,47 5124,00 3 93,84% No 2,82
19128 16,50 1640,94 131,23 2219,00 3991,18 2759,93 5124,00 3 53,86% No 1,62
19129 11,40 409,35 438,85 3207,12 4055,32 3886,23 5124,00 3 75,84% No 2,28
49101 14,00 1832,13 587,11 2419,24 2000,31 5124,00 3 39,04% No 1,17

15,30 13,00 13,80 14,00

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG2 (hours)

% Time 
dedicated to 

KG2

Distribution 
in KG2

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG2

Balanced 
Throughput 

with KG2

19126 3941,48 3941,48 100,00% 67,92% 18,00 18,00 10,97
19127 6070,89 220,64 3,63% 3,80% 8,60 0,31 0,19
19128 3991,18 1640,94 41,11% 28,28% 16,50 6,78 4,14

5803,05 25,10 15,30

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG3 (hours)

% Time 
dedicated to 

KG3

Distribution 
in KG3

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG3

Balanced 
Throughput 

with KG3

19127 6070,89 2067,57 34,06% 46,56% 8,60 2,93 2,50
19128 3991,18 131,23 3,29% 2,96% 16,50 0,54 0,46
19129 4055,32 409,35 10,09% 9,22% 11,40 1,15 0,98
49101 2419,24 1832,13 75,73% 41,26% 14,00 10,60 9,05

4440,28 15,22 13,00

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG4 (hours)

% Time 
dedicated to 

KG4

Distribution 
in KG4

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG4

Balanced 
Throughput 

with KG4

19127 6070,89 3376,12 55,61% 50,99% 8,60 4,78 3,55
19128 3991,18 2219,00 55,60% 33,51% 16,50 9,17 6,81
19129 4055,32 438,85 10,82% 6,63% 11,40 1,23 0,92
49101 2419,24 587,11 24,27% 8,87% 14,00 3,40 2,52

6621,08 18,59 13,80

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
Borr49101

% Time 
dedicated to 
Borr49101

Distribution 
in 

Borr49101

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering 
Borr49101

Balanced 
Throughput 

with 
Borr49101 

(non 
bottleneck)

19127 6070,89 406,57 6,70% 11,25% 8,13 0,54 0,54
19129 4055,32 3207,12 79,08% 88,75% 11,72 9,27 9,27

3613,69 9,81 9,81

TOTAL Throughput

Throughput Balance in Borr49101 for 2015

TOTAL Throughput

Throughput Balance in KG4 for 2015

Time Distribution in Machines 2015 (hours)

Throughput Balance in KG3 for 2015

TOTAL Throughput

Simulated Throughput 
(units/hour)

ThroughputTOTAL

Throughput Balance in KG2 for 2015
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Table 32. Line balance for 2017 

Machine
Simulated 

Throughput 
(units/hour)

KG2 KG3 KG4 49101
Total 

Required 
Time (hours)

Balanced 
Required 

Time (hours)

Available 
Time 

(hours)

Available 
Shifts Utilization Bottleneck? Shifts 

required

19126 17,68 4657,23 4657,23 2702,00 5124,00 3 52,73% No 1,58
19127 7,85 263,10 2850,85 4654,33 456,80 8225,08 6656,60 5124,00 3 129,91% Yes 3,90
19128 16,50 2453,99 127,26 2529,12 5110,37 3464,15 5124,00 3 67,61% No 2,03
19129 11,26 396,96 522,90 4241,06 5160,91 4992,81 5124,00 3 97,44% No 2,92
49101 14,00 2422,86 699,83 3122,69 2653,35 5124,00 3 51,78% No 1,55

15,00 13,00 12,88 14,00

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG2 (hours)

% Time 
dedicated to 

KG2

Distribution 
in KG2

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG2

Balanced 
Throughput 

with KG2

19126 4657,23 4657,23 100,00% 63,15% 17,68 17,68 10,26
19127 8225,08 263,10 3,20% 3,57% 7,85 0,25 0,15
19128 5110,37 2453,99 48,02% 33,28% 16,50 7,92 4,60

7374,32 25,85 15,00

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG3 (hours)

% Time 
dedicated to 

KG3

Distribution 
in KG3

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG3

Balanced 
Throughput 

with KG3

19127 8225,08 2850,85 34,66% 49,17% 7,85 2,72 2,38
19128 5110,37 127,26 2,49% 2,19% 16,50 0,41 0,36
19129 5160,91 396,96 7,69% 6,85% 11,26 0,87 0,76
49101 3122,69 2422,86 77,59% 41,79% 14,00 10,86 9,50

5797,93 14,86 13,00

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
KG4 (hours)

% Time 
dedicated to 

KG4

Distribution 
in KG4

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering KG4

Balanced 
Throughput 

with KG4

19127 8225,08 4654,33 56,59% 55,37% 7,85 4,44 3,39
19128 5110,37 2529,12 49,49% 30,09% 16,50 8,17 6,23
19129 5160,91 522,90 10,13% 6,22% 11,26 1,14 0,87
49101 3122,69 699,83 22,41% 8,33% 14,00 3,14 2,39

8406,18 16,89 12,88

Machines
Total 

Required 
Time (hours)

Time 
dedicated to 
Borr49101

% Time 
dedicated to 
Borr49101

Distribution 
in 

Borr49101

Simulated 
Throughput 
(units/hour)

Proportional 
Throughput 

entering 
Borr49101

Balanced 
Throughput 

with 
Borr49101 

(non 
bottleneck)

19127 8225,08 456,80 5,55% 9,72% 8,13 0,45 0,45
19129 5160,91 4241,06 82,18% 90,28% 11,72 9,63 9,63

4697,86 10,08 10,08

TOTAL Throughput

Throughput Balance in Borr49101 for 2017

TOTAL Throughput

Throughput Balance in KG4 for 2017

Time Distribution in Machines 2017 (hours)

Throughput Balance in KG3 for 2017

TOTAL Throughput

Simulated Throughput 
(units/hour)

ThroughputTOTAL

Throughput Balance in KG2 for 2017
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8.3.1 Performance measures 

 
8.3.1.1 Lead time (hours/manufacturing lot): 
 
 

Table 33. Average manufacturing lot Lead Time (hours) 
Measure 2009 2011 2013 2015 2017

Average Lead time (lot) 138,88 95,31 167,22 81,15 85,84
Std Dev 15,37 8,16 34,83 6,15 6,39
Min 113,15 86,93 112,81 76,26 77,79
Max 153,67 103,90 201,03 91,39 92,13
Left Interval 119,72 85,14 123,81 73,48 77,87
Right Interval 158,05 105,48 210,63 88,82 93,80  
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Figure 28. Confidence intervals for manufacturing lot lead time (hours) 

 
 
 
8.3.1.2 Throughput (units/hour) 
 

Table 34. Average Throughput (units/hour) 
Measure 2009 2011 2013 2015 2017

Average Throughput 30,45 31,38 34,06 33,11 33,74
Std Dev 0,12 0,20 0,37 0,27 0,19
Min 30,26 31,19 33,70 32,74 33,51
Max 30,58 31,62 34,67 33,34 33,93
Left Interval 30,30 31,13 33,59 32,77 33,51
Right Interval 30,60 31,63 34,52 33,44 33,97  
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Confidence Intervals Throughput (units/hour)
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Figure 29. Confidence intervals for throughput (units/hour) 

 
 
 
8.3.1.3 Throughput time (seconds/unit) 
 
 

Table 35. Average Throughput time (seconds/unit) 
Measure 2009 2011 2013 2015 2017

Average Throughput time 118,23 114,71 105,72 108,74 106,71
Std Dev 0,48 0,73 1,15 0,89 0,59
Min 117,72 113,85 103,84 107,98 106,10
Max 118,97 115,42 106,82 109,96 107,43
Left Interval 117,64 113,80 104,29 107,63 105,97
Right Interval 118,82 115,62 107,15 109,85 107,44  
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Figure 30. Confidence intervals for throughput time (seconds/unit) 
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8.3.1.4 Work in Progress-WIP (units) 
 
 

Table 36. Average work in progress-WIP (units) 
Measure 2009 2011 2013 2015 2017

Average Daily WIP 3084,80 1668,00 4175,00 1674,20 1872,00
Std Dev 549,84 217,24 1305,44 198,41 237,27
Min 2341,00 1506,00 2230,00 1539,00 1594,00
Max 3846,00 2023,00 5711,00 2013,00 2139,00
Left Interval 2399,48 1397,23 2547,90 1426,90 1576,27
Right Interval 3770,12 1938,77 5802,10 1921,50 2167,73  
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Figure 31. Confidence intervals for WIP (units) 

 
 
 
 
8.3.1.5 Overall Equipment Effectiveness-OEE (%) 
 
 

Table 37. Average OEE (%) 
Measure 2009 2011 2013 2015 2017

Average OEE 38,61 38,19 41,01 38,47 37,98
Std Dev 0,24 0,13 0,25 0,29 0,24
Min 38,27 37,97 40,82 38,15 37,64
Max 38,89 38,30 41,37 38,71 38,24
Left Interval 38,31 38,02 40,71 38,11 37,69
Right Interval 38,90 38,35 41,32 38,84 38,28  
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Confidence Intervals OEE (%)
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Figure 32. Confidence intervals OEE (%) 

 

8.3.2 Buffer information 

 
8.3.2.1 Buffer in KG2 
 

Table 38. Average pallets in buffer KG2 (units) 
Measure 2009 2011 2013 2015 2017

Average Pallets KG2 26,60 2,60 19,40 3,00 9,20
Std Dev 9,29 0,55 13,28 0,71 3,56
Min 12,00 2,00 7,00 2,00 5,00
Max 35,00 3,00 35,00 4,00 13,00
Left Interval 15,02 1,92 2,85 2,12 4,76
Right Interval 38,18 3,28 35,95 3,88 13,64  
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Figure 33. Confidence intervals Buffer KG2 
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8.3.2.2 Buffer in KG3 
 

Table 39. Average pallets in buffer KG3 (units) 
Measure 2009 2011 2013 2015 2017

Average Pallets KG3 15,00 10,60 16,20 9,80 8,60
Std Dev 4,00 1,82 3,49 0,45 0,55
Min 11,00 8,00 12,00 9,00 8,00
Max 21,00 13,00 21,00 10,00 9,00
Left Interval 10,01 8,34 11,85 9,24 7,92
Right Interval 19,99 12,86 20,55 10,36 9,28  
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Figure 34. Confidence intervals Buffer KG3 

 
 
8.3.2.3 Buffer in KG4 
 

Table 40. Average pallets in buffer KG4 (units) 
Measure 2009 2011 2013 2015 2017

Average Pallets KG4 7,40 12,20 47,80 11,60 7,20
Std Dev 3,78 6,91 24,17 5,73 0,84
Min 5,00 7,00 12,00 7,00 6,00
Max 14,00 22,00 75,00 21,00 8,00
Left Interval 2,69 3,59 17,67 4,46 6,16
Right Interval 12,11 20,81 77,93 18,74 8,24  
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Confidence Intervals Buffer KG4 (Pallets)
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Figure 35. Confidence intervals Buffer KG4 

 
 
8.3.2.4 Buffer in 36423 
 

Table 41. Average pallets in buffer 36423 (units) 
Measure 2009 2011 2013 2015 2017

Average Pallets 36423 3,00 3,00 3,00 3,00 3,00
Std Dev 0,00 0,00 0,00 0,00 0,00
Min 0,00 0,00 0,00 0,00 0,00
Max 0,00 0,00 0,00 0,00 0,00
Left Interval 0,00 0,00 0,00 0,00 0,00
Right Interval 0,00 0,00 0,00 0,00 0,00  
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Figure 36. Confidence intervals Buffer 36423 
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9. Analysis 
• What is the throughput of Cell 14 with the new changes? 

 
As seen in experiment 1, by flooding the Cell it is possible to obtain the maximum throughput that 
will be achieved in each machine.  This throughput is affected by events such as set up frequency, 
machine breakdowns and quality rejections. 
 
After balancing the line in experiment 3, the achieved throughput that is obtained is on average 
32.55 units/hour.  This corresponds to the number of units that can be produced per hour in Cell 14 
for every year. 
 
Since setups are dependant on the size of the manufacturing lots, it is intuitive to consider reducing 
them.  This reduction will result in fewer setups and consequently the throughput can be increased.  
The current experiments do not change the manufacturing lot sizes, but we recommend for future 
simulation studies to consider this variable to test the potential increase in throughput. 
 
 

• Which are the bottlenecks of the Cell? 
 
Taking into consideration the increased demand according to the LRP2008, it can be seen that some 
machines will become bottlenecks and consequently the demand will not be satisfied. 
 
According to the second experiment, the robot cells KG4 will become a bottleneck on 2009 and 
then again on 2013 onwards.  This is evidenced by the utilization of more than 100% of its 
capacity.  The robot cell KG2 also becomes a bottleneck from 2013 onwards.  By becoming 
bottlenecks of the process, their respective throughputs become the maximum throughput for each 
of the lines that they serve.  In experiment 3 these throughputs are used in order to balance the other 
machines. 
 
In general, it is seen in experiment 2 that the turning machines comply with the demand for all 
years, except for 2015 and 2017.  In these years, the turning machines 19127 and 19128 require a 
utilization which is higher than 100% in order to produce the required units in each one.  Since the 
rest of the turning machines (19126 and 19129) have utilizations lower than 100%, it could be 
possible to use the available time in them to relieve the other over-utilized turning machines. 
 
On the other hand, when the turning machines are balanced in experiment 3, their utilization is 
reduced, thus they stop being bottlenecks.  This is evidenced in the line balance tables shown in the 
experiment 3 results and then on the simulation, where buffers build up in front of the robot cells. 
 
 

• How big should the buffers before the bottlenecks be? 
 
 
Accounting for the stochastic behavior introduced by changing the sequence of orders generated, 
breakdowns and times to repair, and quality rejections, material accumulates in the cell, specifically 
in front of the possible bottlenecks.  It is found that the work in progress (WIP) of the Cell remains 
relatively constant, with an average of 2494 units in the balanced line of experiment 3.  This 
number corresponds to the units being processed and the units in temporary storage at the buffers. 
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On the other hand, if the line is not balanced (as it was shown in experiments 1 and 2), the average 
work in progress increases dramatically, especially if the machines that are not bottlenecks are 
working at full capacity. 
 
Because experiment 3 balances the line as close as possible to the maximum throughput of the 
bottlenecks, the values of the average number of pallets in the respective buffers can be regarded as 
an approximation to answer the formulated question. For Cell 14 it is found that the average 
number of pallets that will be accumulated in front of the robot cells and the shaping machine is the 
following: 
 

- Buffer in KG2: 12.16  pallets. 
- Buffer in KG3:   12.04  pallets. 
- Buffer in KG4: 17.24  pallets. 
- Buffer in 36423: 3  pallets. 

 
Since KG4 has been found to be a frequent bottleneck of the cell, the average number of pallets that 
will be stored in the buffer is higher than the rest. 
 
 

• How long does it take for a manufacturing batch to go through the cell? 
 
The performance measure that helps answer this question is Lead Time.  It has been seen in 
experiments 1 and 2 that as the work in progress increases, the lead time increases as well.  This 
means that, being the throughput constant, as the waiting lines increase, the longer the articles have 
to wait to be processed. 
 
By balancing the line, as is the case in experiment 3, the amount of work in progress and 
throughput remain relatively constant and is affected by the variability of the process.  Being these 
two performance measures constant, it is expected to obtain also a constant lead time. 
 
It can be concluded from experiment 3 that the average lead time per manufacturing lot is equal to 
113.68 hours.  This means that the time it takes on average for a manufacturing lot to be completely 
processed in Cell 14 is equivalent to approximately 4.7 days. 
 
 

• What is the cell overall equipment efficiency? 
 
In the case of Cell 14, it is found through the simulation experiments that the average OEE 
corresponds to 40.38%.  It is important to note that this corresponds to an “acid” measure, which 
accounts for the whole cell with all its machines.  Because the different machines are subject to 
quality rejections, downtimes and waiting times, when considering the whole system, the total OEE 
appears to be low. 
 
It can be found in Kinnander and Almström (2008) that the average OEE for the Swedish auto 
industry is around 60.4%.   With an average OEE of 40.38%, seems not to be so far away from the 
mean, but still needs to have some improvements in this measure. 
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10. Conclusions & recommendations 
After having developed a simulation model of Cell 14, it is possible to assess its performance with 
a few straightforward set of measures. It was shown that the measures: lead time, throughput, work 
in progress, and OEE used in a discrete-event simulation model give reasonable support in the 
decision making process for lean manufacturing inspired transformation projects in complex 
scenarios such as the one that Cell 14 provides. 
 
Consequently, the results obtained from the simulation and the corresponding analysis has been 
presented.  These provide insight in the transformation project of Cell 14 regarding the following 
questions: 
 

• What is the throughput of Cell 14? 
• Where are the bottlenecks of the Cell? 
• How big should the buffers before the bottlenecks be? 
• How long does it take for a manufacturing batch to go through the cell? 
• What is the cell overall equipment efficiency? 

 
Additionally, it was shown that discrete-event simulation is a powerful tool when testing different 
scenarios.  This can be judged by the relative simplicity in which experiments can be carried out by 
changing a few parameters and evaluating the results with the chosen performance measures. 
 
It is also important to remind the reader that a model is a simplification of reality.  The level of 
accuracy of a model is dictated by the quality and availability of data and the skill of the modeler. 
In this aspect, a standardization of procedures is recommended.  We have decided to follow the 
simulation methodology proposed by Banks et al (1999), but clearly this methodology can be 
adjusted to fit the resources and capabilities of the company according to the simulation objectives. 
 
The literature study, coupled with the practical results obtained from the model of Cell 14, gives 
further evidenced about the usefulness of simulation.  Despite this acknowledgment, it is important 
to note that it is still consider an expert tool.  In this aspect, considerable effort is required in order 
to facilitate a more straightforward integration to the company’s production and management 
systems.  
 
The present work tries to contribute accordingly to counter the mentioned setback in simulation 
integration to operational work at companies.  This is achieved by outlining and testing the relevant 
performance indicators.  In the case of Cell 14, these measures provide insight into the outcomes of 
the proposed transformation project in line with the Lean manufacturing philosophy. 
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