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I. Abstract 
The research in this master thesis is focused on safety stock setting in an assembly system. The aim 
is to come up with a method that calculates a limiting threshold value for the system wide value of 
safety stock. In order to do so, an efficient frontier has to be developed of the relation between the 
total safety stock value and a service measure. First, the service measure is defined that measures 
the performance of the production with regards to delay during production. Then, an analysis of the 
safety stock showed that multiple models are required to approximate company realistic safety 
stock settings. In this study, an analytical model is derived to link safety stock setting to the service 
measure and a regression model can be used then to compute the total safety stock value. The full 
model combines both models. 

Based on these models two optimization problems are defined accompanied with a solution 
heuristic. The first optimization problem maximizes the performance under a constrained total 
safety stock investment budget. The second optimization problem minimizes the total safety stock 
value satisfying a required service level. Both problems can be optimized using the heuristic that 
allocates safety stock to the material, where the safety stock adds most “bang for the buck”. 

Simulation is used to give approximations for the On Time Probability, because calculations quickly 
become untraceable under realistic assumptions. Then, using the simulation the full model is tested 
in a part of ASML’s assembly chain. The results from this simulation show that the simulation can be 
validated. It is concluded that the developed model yields reliable results with respect to the 
calculation of the efficient frontier of relation between the total safety stock value and the service 
level.  
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II. Executive Summary 
The research in this report is the result of a five month research at ASML Netherlands N.V. ASML is 
world leading in the field of developing systems for the lithography industry. Their systems are 
known to have a very high value, but a low demand. The systems are highly complex and highly 
sensitive, which results in a high number of defects during the production of subassemblies and the 
final assembly. At ASML, the probability that a defect occurs is often greater than 80%. 

The problem ASML faces is that the management thinks that the safety stock levels are set too high. 
To reduce the safety stock levels the management has set a limit on the total safety stock value, 
called the threshold. Safety stock planners should lower the safety stock value of the materials 
under their responsibility, such that the total safety stock value gets below the threshold value. The 
current threshold value is set with little knowledge on how safety stock influences the production 
process, but with the use of managerial insight. 

The current threshold has the desired effect, namely that the safety stock is decreasing. However, 
the management of ASML wants to set a new threshold value, so that the safety stock is controlled 
better, but the management wants more insights in how it can set a new threshold value. This 
master thesis describes a model that can link total safety stock value in an assembly system to a 
service level. Using this model an indication can be given on what effect a threshold for the total 
value of safety stock have on the production and how a new value for the threshold can be set. So, 
what threshold results in what service level and vice versa as shown in Figure II-1. 

 

Figure II-1: Conceptual relation between service level and total safety stock value 

This problem resulted in the following research assignment: 

“Design a model to determine the safety stock value in a multi-echelon assembly system with low 
demand, high value products and with high probability of rejects during production.” 

To fulfill the latter the following research questions are formulated, which are answered in this 
master thesis report: 

1. How is currently the safety stock managed? 
2. What relevant service measures can be introduced? 
3. How do the thresholds relate to the relevant service measures? 
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In order to set a threshold on an aggregate level it is important to gain understanding of the current 
situation and the relation between safety stock and performance. From the initial analysis it is 
concluded that delay is an important factor in ASML’s assembly process. Not only is safety stock set 
at ASML using a structural procedure based on material rejects, but safety time buffers are also 
installed to deal with variations in the supply and demand stream. Safety time will be used as an 
input for the service measure defined later. A final conclusion is that the current threshold has 
achieved some of the desired results already, namely that the total safety stock value is reduced, but 
still insights are required in order to set a new threshold for the value of safety stock. 

The model in this report describes a way to link safety stock to a service level. In order to do so, the 
service measure is defined as the probability that the total delay is less than a certain constant (The 
On Time Probability).  

Safety stock is set for multiple reasons. One main reason is to deal with the high number of material 
rejects to prevent a disturbance from delaying the assembly process too much. Other reasons for 
safety stock are for example a supplier not delivering in the future, an expected increase of material 
defects or demand from the service department that requires a part installed in a running machine 
to be swapped. Both types of safety stock are too large to ignore. Therefore, the modeling part of 
this research is split up. An analytical model describes safety stock that is related to material rejects 
and a regression model predicts the total value safety stock that is set for other reasons. In the full 
model these two models are combined yielding a model for the total safety stock value. 

The analytical model is based on probability theory and assumes that there is a certain probability 
that there will be a disturbance during production. At each production step, for the variation of the 
processing time during regular production time and the disturbance duration a probability 
distribution is taken. The delay is defined as the sum of the duration of the disturbance and the 
variation of the processing time during regular production. Then, the mean and the variance of the 
disturbance duration are influenced by the safety stock levels of the materials used in the particular 
production step. The safety stock level influences whether a defect material needs to be ordered 
from a supplier or can be hauled from stock. Disturbances can also occur due to other reasons, for 
example tooling issues or human capacity problems, which are also having an influence on the mean 
and variance of the disturbance duration, but these disturbances are not influenced by the setting of 
safety stock. Expressions are derived for the service measure to validate a simulation that calculates 
the service level for the analytical model. A simulation is needed to get more realistic 
approximations for the service level in different types of systems, so that constraining assumptions 
can be dropped.  After the validation of a simplified simulation, the simulation can be extended so 
that it suits more realistic situations. 

Besides an analytical model a regression model is developed to calculate the total value of safety 
stock for other reasons on an aggregate level. From the regression and the corresponding validation 
it is concluded that the value of safety stock for other reasons can be predicted based on the safety 
stock value for material defects and the safety stock value for other reasons of the previous period 
with a deviation of around 9%. 

The analytical model and the regression model together yield a complete model that relates total 
safety stock value to the service level. Using this relation an allocation can be done to get an optimal 
trade-off between safety stock value and the service level. The allocation can solve the optimization 
to either maximize the service level constrained by a maximum total safety stock value or to 
minimize the safety stock performance given a required service level. The algorithm allocates safety 
stock for defects to the material in the assembly system based on most “bang for the buck”. 
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Then the full model is tested using a real dataset. Data on materials, production times and the 
corresponding assembly sequences from ASML’s workcenter illumination are used. The trade-off 
between total safety stock investment (VSSTotal) and service measure is shown in Figure II-2. These 
graphs are results from the simulation using ASML data as input. In 2014, the total safety stock value 
was around 257 K euros. The performance in 2014 from historic datasets was 89%. The results from 
the simulation indicate that around a safety stock value of 257 K euros the performance indeed is 
89%, which validates the simulation. 

Next to that, it can be concluded that the current total safety stock value of around 208 K euros will 
yield in a performance of around 86%. Increasing the performance by 3% will require an additional 
safety stock investment of 50 K euros. A 50 K euros decrease of the safety stock investment will 
decrease the performance with 6%. This simulation also showed that with only safety stock it is not 
possible to achieve 100% performance, because disturbances can also be non-material related. 

 
Figure II-2: Value of safety stock for defects versus the total delay probability from simulation 

Overall, it can be concluded that this research developed a model that can help to decide on 
thresholds for the total safety stock value based on service level, because it provides insights in the 
relation between the total safety stock value and the service level. The model accurately links the 
safety stock threshold with service levels resulting in an efficient frontier for this trade-off. The 
model is successfully tested at ASML’s Illumination work center, where the model calculated the 
efficient frontier for the relation between the total safety stock value and the service level in this 
work center. 
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1. Introduction 
The research reported in this thesis is done in collaboration with a company named ASML. In this 
chapter first ASML will be introduced generally to get familiar with ASML and its business in section 
1.1. Secondly in section 1.2, the supply chain of ASML will be introduced. It is crucially to introduce 
ASML’s supply chain, because safety stock is one of the key components of a supply chain. Then, the 
problem encountered by ASML will be sketched in section 1.3. Finally, in section 1.4 the thesis 
outline is given. 

1.1. Company background 
ASML Holding N.V. (ASML) is one the world’s leading high tech multinational located in Veldhoven, 
The Netherlands. ASML is located in 15 other countries and employs in total more than 14,000 
employees. ASML’s core business is the development and manufacturing of high tech lithography, 
metrology and software solutions for the semiconductor industry. Lithography systems print 
complex circuit patterns on raw materials for integrated chips. The strategic mission of ASML is to 
make affordable microelectronics that improves the quality of life. Founded in 1984 as a joint 
venture between Philips and Advanced Semiconductor Materials International (ASMI), ASML has 
grown in thirty years to a company with yearly sales of 5.8 billion euros in 2014 (ASML.com, 2015). 
With only 136 systems shipped in 2014, ASML’s customers are important players in the 
semiconductor industry, like Samsung and other major chip manufacturers. 

In the booming era of the semiconductor industry, ASML is doing a great job. Whereas in the last five 
years the number of payroll employees doubled, the net sales and the share price quadrupled. The 
great success of ASML is based on three main drivers: technology leadership combined with 
customer and supplier intimacy, highly efficient processes and entrepreneurial people. In this 
particular industry ASML is not the only company operating, but due to high development costs only 
a few companies can compete. The main competitors of ASML are Nikon and Canon, but based on 
revenue ASML is the market leader.  

Over the years, ASML has developed a large value chain consisting of suppliers, customers, solution 
partners and universities to minimize the cost of innovation and maximize the chance of a successful 
product (see Figure 1-1). Together with customers and suppliers ASML develops new systems using 
state-of-the-art technologies. In return, ASML provides supplier and customer services to ensure for 
example high quality materials and rapid, efficient installation respectively. While most of the 
production is outsourced ASML assembles modules provided by suppliers, fine-tunes and tests both 
total systems and modules, and finally installs total systems.  

 

Figure 1-1: ASML's value chain (ASML.com, 2015)  
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1.2. ASML’s supply chain 
With 21 products in its catalogue, ASML has over five hundred suppliers including high tech firms like 
Carl Zeiss and VDL. This results in a complex supply chain. The supply chain and the way it operates 
are described in this section. ASML’s assembly process creates high value, low demand items and 
has a high rate of rejecting materials during assembling. 

In its supply chain ASML buys components or modules from suppliers. It either buys the so called 
Buy parts or Buy-under-Buy (BuB) parts. BuB parts are components of Buy parts and are used when 
modules bought brake down and need quick repair. After procurement the Buy parts are assembled 
into modules (the so called Make parts) in the ASSY unit. The Make parts are then assembled to a 
final end product in the FASY unit, tested in the TEST unit while being customized to customer’s 
needs and packed in the PACK unit sequentially. After the packing unit, the end products are shipped 
to the customer. An overview of the supply chain with is shown in Figure 1-2 . After the FASY unit is 
the Customer Order Decoupling Point (CODP), which decouples demand from production. The 
products need to be customized to customers’ wishes after the final assembly, so the decoupling 
between FASY and TEST is required. After the CODP products are produced to order, whereas before 
the CODP the products are produced to stock. In both ASSY and FASY Buys and Makes can be 
rejected due to quality issues. Safety stock is set to avoid production delays that happen due to 
quality issues. Safety stock is also set for other reasons like supplier issues in the future, an expected 
increase in defect rates or demand from the service department. 

 

Figure 1-2: High level supply chain of ASML (Yang, 2009) 

In the ASSY unit multiple assembly steps take place, both parallel and sequential, causing that it is 
possible for a Make part to be assembled from other Buy parts and/or Make parts. A simplification 
of the ASSY unit is visualized in Figure 1-3. In this example Buy 1, 2 and 3 are assembled into Make 1 
and Buy 4, 5 and 6 are assembled into Make 2. To build Make 3, Make 1 and Make 2 are needed 
together with Buy 6. Note that Buy and BuB items also can be used in FASY for final assembly like it 
is the case for ASSY.  

 

Figure 1-3: A visualization of simplified ASSY 
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1.3. Problem sketch 
This section will introduce the problem that ASML faces. Using an ASSY as an example the problem 
will be illustrated. Section 2.1 will describe the cause related to this problem, which will be dealt 
with to solve the problem. 

The past years were very successful for ASML. Since customers use to stand in line to purchase 
ASML’s products, the production process at ASML was planned so that very little delay was 
encountered during production. This resulted in a maximum amount of systems that could be 
shipped to customers every year. To achieve this, planners had to make sure that no delay due to 
lack of material was encountered. As a result, the planners set a very large inventory. The safety 
stock settings were also too large. Safety stock is defined as a stock level that is set to deal with 
uncertainties in the demand or supply of the material. So, safety stock is a setting and not actual 
stock. The tool used to set the safety stock levels was used as decision support tool and the planners 
made the actual decision with regards to setting the safety stock levels also based on their own 
insights (as will be described in section 3.2.3). It was possible to set much high safety stock levels 
than requested by the decision support tool. Currently, the management has introduced a limit on 
the total system wide safety stock value (called threshold) to gain control of the total safety stock 
value. However, little insights are available on the effect of the threshold on the performance of the 
production. Therefore, this is the main problem of ASML. The cause and effect diagram is shown in 
Appendix A together with an explanation of the causes. 

Therefore, the problem at ASML is defined as: 

“It is unclear what a good method is to set a threshold on the value of the total organization wide 
safety stock”. 

To illustrate the problem a part of ASML’s assembly process is used: the Illumination workcenter. 
Note that the problem is to set a threshold organization wide, whereas this workcenter is only a part 
of the assembly chain. The Illumination workcenter will also be used in chapter 5 for the validation 
of the developed model. The workcenter is one of the ASSY units as described in the previous 
section.  

An overview of the processes in this workcenter is shown in Figure 1-4. In this process there are 
three sequential assembly processes. The first assembly step requires materials from suppliers to 
build the subassembly. Then, the subassembly is stored and transferred to the supplier, where it is 
assembled further. Finally, in the third production step at ASML, the subassembly together with 
other materials from suppliers is assembled to the final assembly. Before each assembly step a 
stocking point is located, where all parts used in the subassembly can be stored. 

 

Figure 1-4: Illumination assembly process 
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At each stocking point inventory can be put. A part of the inventory is the safety stock. However, due 
to the overestimations of the planners, the value of safety stock in this workcenter is high. The total 
value of the safety stock is the sum over all materials of the price multiplied with the safety stock 
level of the material in particular. Now, the problem can be translated to the illumination 
workcenter, assuming that the Illumination workcenter is the full assembly system which is not the 
case in real life. 

For example, the current total safety stock value at this workcenter may be 2 million euros. This is 
the sum of the value of safety stock at the stocking points of process 1, 2 and 3. To evaluate the 
safety stock value it needs to be linked to a service measure. Now, there is a very small probability 
that the safety stock does not contain a material that may be required yielding a certain service 
level. A total safety stock value of 1 million euros may yield only a slightly lower service level. To gain 
control, the management has set a limiting threshold of the total safety stock value (of the safety 
stock at all three stocking points) at 1.8 million euros, but little insights are available to tell whether 
1.8 million euros is a good threshold or not. Therefore, the problem is that there are too little 
insights available on the effect of the threshold. This question is asked on an organization-wide level. 
For the complete assembly chain of ASML, the management wants to gain insights in what the effect 
of an organization-wide threshold is. 

1.4. Thesis outline 
The goal of this section is to show all the components described in this research and to give insights 
in how the parts interrelate. Note that the values in this report are not true ASML values, but based 
upon the true values. 

After the introduction in this chapter, the problem will be further addressed in the next chapter. 
Chapter two also will describe relevant literature. From the literature review and the problem 
definition, the research gap will follow. Then, based on the research gap the research assignment 
and the research questions will be based. After the description of the research methodology and the 
scope of the research the chapter will be concluded.  

The third chapter will carry out a detailed analysis of the current situation. The detailed analysis will 
describe safety stock, the current threshold procedure, the selection of the service measure, safety 
time and the customer order decoupling point at ASML. 

In chapter four the model will be described that links the threshold to the service measure. Two 
models will be described in this chapter that each will describe a part of the total safety stock. Then, 
an optimization is described that optimally allocates safety stock with respect to the selected service 
measure. 

The developed model is tested in chapter 5 at the Illumination workcenter. The (generalized) 
findings from this chapter will be described in chapter 6 alongside with some limitations of the 
research.  
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2. Research design 
Based on the problem sketch of the previous chapter the research design can be made. First, the 
problem needs further definition, which is done in section 2.1. Then, the relevant literature is 
reviewed in section 2.2. Comparing the problem and the relevant literature yields the research gap. 
Based on the research gap in section 2.3 the research assignment and the research questions are 
defined. From the research assignment it is known how the research methodology can be 
determined (section 2.4) and what the scope of the project is (section 2.5). 

2.1. Problem definition 
After the introduction of the problem in section 1.3 the cause of this problem can be chosen based 
on a cause-and-effect diagram. For the cause a model will be developed, so that the problem can be 
solved. This cause is input for the problem definition in this section and the literature review, the 
research assignment and the research methodology in the next sections.  

Several causes can be linked to the problem described in section 1.3. The cause-and-effect diagram 
is shown in Appendix A. This research will focus on the simplistic threshold setting. Currently, ASML 
has introduced a limit (threshold) for the value of the system-wide safety stocks. The threshold is 
currently set by calculating the old system-wide value of safety stocks and reducing this value by 
around 10%. The threshold procedure will be described with more detail in section 3.3. However, as 
described in section 1.3, the management cannot set the thresholds with insightful knowledge, 
because this current procedure of setting the threshold is too simplistic. 

In this research a more insightful method of setting thresholds is developed in order to gain 
knowledge on the effect of thresholds on the assembly process. The effect on the assembly process 
can be measured using a service measure. More specific knowledge is required with regards to 
safety stock allocation for companies with ASML characteristics. These companies assembly high 
value, low volume products with a high rejection rate during assembling. The reason that knowledge 
on safety stock allocation is needed is that in order to say something about total safety stock values 
knowledge is required on how within the total safety stock value the safety stock can be allocated 
optimally.  

This results in the following problem definition: 

“For companies with high value, low volume products and a high probability of rejecting materials 
during assembling it is unclear how safety stock can be optimally allocated under a budget constraint 
for the total safety stock.” 

Again, the Illumination workcenter (Figure 1-4) can be used as an illustration, even though the true 
problem is on a system-wide level. If the threshold is set at 1.8 million euros for this workcenter, 
then the service level is determined by the chosen safety stock levels. To get the highest possible 
service level safety stock needs to be allocated optimally within the 1.8 million euros allowed for 
total safety stock value. The optimal safety stock allocation of a total safety stock value of 1.8 million 
euros will yield in, for example, a service level of 90%. With a more insightful method of the 
thresholds based on safety stock allocation, insights can be derived what happens with the service 
level if the threshold is set a 1.5, 2 million euros or other values. On the contrary, one can also see 
then what threshold corresponds with a service level of 87%, 90%, 95% et cetera. These insights are 
required for a complete assembly system and not only for a part of an assembly system. 
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A result of this research is creating insights in the trade-off between the threshold level and the 
service of the system. Using this trade-off an efficient frontier can be drawn as shown in Figure 2-1 
which represents the optimal trade-off between the threshold and the service measure. Then, the 
management can see how a threshold influences the production using the service measure. Using 
these insights, the management can set a meaningful threshold on an organization-wide level. 

 

Figure 2-1: Conceptual trade-off between threshold and service level 

2.2. Literature review 
Safety stock is a widely researched topic. The goal of this research is to find an optimal trade-off 
between the threshold and a service measure. To get this trade-off, some kind of safety stock 
allocation is needed. Less research is done on safety stock allocation. In this section the most 
relevant research on safety stock allocation is reviewed. From the literature review it follows that 
little research is done on safety stock allocation in high value, low volume assembly systems with a 
high rejection rate of materials during assembling. 

In one of the first articles on stock allocation in production systems Glasserman & Tayur (1995) show 
that it is possible to get very well performing estimates for base-stock levels. They used simulation 
fed with real data to minimize the fraction of periods without backorders. Recursively the simulation 
is used to improve the system’s performance step by step. A similar heuristic is used in this master 
thesis in section 4.4.3.  

Another research on stock positioning is done by Gallego & Zipkin (1999). Using several heuristics 
derived from observation of common practice and numerical experiments Gallego & Zipkin analyzed 
the relation of system’s performance and stock positioning in a serial transportation system. One of 
the key conclusions is that the system’s performance is rather insensitive to the stock positioning 
assuming that the total safety stock level is optimal.  

Whereas Gallego & Zipkin (1999) considered a serial inventory system, Graves & Willems (2000) 
have researched the optimal safety stock placement in supply chains. Making assumptions on the 
demand and the service level Graves & Willems (2000) have developed an algorithm that optimizes 
the safety stock holding costs. In a later article Humair & Willems (2006) have extended this research 
to fit situations where there is a degree of commonality between components. The methods 
developed are bounded by the use of component trees. If the tree is too complex the optimal cost 
level cannot be calculated. Therefore, it is difficult to extend their solution to general networks 
(Humair & Willems, 2006).  

A remarkable approach is used by Jung et al. (2008). Whereas the gross amount of scholars assumes 
base-stock levels, which are known to be non-optimal in assembly systems (Zipkin, 2000), Jung et al. 
assume no base-stock policy. Similar to Glasserman & Tayur (1995) Jung et al. use simulation to 
allocate safety stocks. The research is focused on the chemical industries with high volumes. 
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Another research on the safety stock positioning is done by Simchi-Levi & Zhao (2005). They included 
stochastic lead times and approximated the lead-time demand distribution using a negative binomial 
distribution. Simchi-Levi & Zhao (2005) consider a system with high-value items with low demand. 
However, the ASML has also items with a high defect rate during production. Next to that, the model 
ignores correlation between the lead times of products, which is likely to be present in assembly 
systems (Simchi-Levi & Zhao, 2005).  

Research similar to the one described in this master thesis is performed also at ASML by Chang 
(2013). The goal of Chang’s research was to allocate safety stocks, so that maximum performance is 
achieved under a certain safety stock investment. A full comparison between Chang’s model and the 
full model from this research is done in section Appendix B. 

To conclude, only one research is done on multi-level, multi-echelon safety stock allocation with a 
high defect rate during assembling. Only Chang (2013) has developed a model to allocate a part of 
the safety stock in this complex environment.  

2.3. Research assignment 
From the literature review and the problem definition a research assignment can be formulated that 
contains the research gap. The research assignment will describe the core task of this research. 
Along with the research assignment the research questions will be defined in this section.  

From the literature review and the problem description it followed that only little research is 
performed on safety stock allocation in assembly systems for high value and low demand products 
with a high number of material rejects. Only Chang (2013) has focused on safety stock allocation in 
these kinds of assembly systems. The research described in this report has different decisions with 
regards to the design of the model.  

A difference is that Chang only focused on a part of the safety stock. Per material the safety stock is 
set for multiple reasons as will be discussed in section 3.2. A part of the safety stock per material can 
be explained and calculated, because the influences can be modelled. This part of the safety stock is 
referred to as the predictable safety stock. However, another part of the safety stock per material is 
set for reasons that cannot be described and it looks like that this part of the safety stock is set 
randomly. Section 3.2.2 will further address this categorization. This part of the safety stock is 
referred to as the unpredictable safety stock. So, a method needs to be developed that captures 
both the predictable and unpredictable safety stock. 

Therefore, the research gap can be described as developing a method to determine the predictable 
and unpredictable safety stocks in an assembly system for high value, low volume products with a 
high number of rejects during production. 

This yields the following research assignment: 

 “Design a model to determine the safety stocks, consisting of predictable and unpredictable safety 
stock, in a multi-echelon assembly system with low demand, high value products and with high 
probability of rejects during production under a budget constraint.” 

To solve the research assignment several steps have to be taken. These will result in the research 
questions. First, insights are needed in how currently safety stock is managed at ASML. This will 
provide insights in what dynamics the model requires. Hence, the first research question is: 

1. How is currently the safety stock managed? 
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In order to evaluate the thresholds and to base the safety stock allocation upon, a service measure 
needs to be introduced. However, in an assembly system for high value and low demand products 
with a high number of material rejects a non-standard service measure may be required. Therefore, 
the second research question is: 

2. What relevant service measure can be introduced? 

Finally, an optimal safety stock allocation is needed based on the service measure. The allocation is 
needed to get optimal trade-off between the total safety stock value and the service measure. 
Ideally, the total safety stock value is equal to the threshold, because when the threshold is fully 
used for investment in safety stock the highest service level can be achieved. Therefore, the third 
research question is: 

3. How does the threshold relate to the relevant service measure? 

2.4. Research methodology 
After the definition of the problem and the research assignment, the research methodology can be 
described in this section. This methodology describes the way the research is conducted. The report 
is constructed similarly. 

The defined problem and assignment is general and not necessarily related to ASML in particular. 
However, ASML can be used as a case study. Therefore, the reflective cycle (Van Aken, 2004)is used 
to develop a general model with the regulative cycle to evaluate the case study (Van Strien, 1997). 
The reflective cycle with the regulative cycle is shown in Figure 2-2. For the development of 
prescriptive knowledge in the form of technological rules or solutions concepts the reflective cycle 
should be used (Van Aken, 2004).  The base of the reflective is a business problem solving activity for 
which the regulative cycle can be used (Van Strien, 1997). The aim of the reflective cycle is to gain 
knowledge on the business problem, which can be generalized to similar problems. 

This report is also structured according to the reflective cycle. In this chapter already the problem 
and the case is selected. Then, in chapter 3 a detailed analysis is carried out to diagnose the causes 
and the things necessary for the modelling part. Chapter 4 describes a general model that can be 
applied to all environments similar to ASML’s environment. Next, in chapter 5 the case study of 
ASML is described and the results are evaluated. Finally, in chapter 6 the conclusions are drawn that 
reflect the results and that to some extent describe the design knowledge retrieved, which can be 
generalized to similar problems. 
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Figure 2-2: Reflective cycle, including the regulative cycle (Van Aken, 2004) 

2.5. Project scope 
ASML is a multinational with production locations in several countries. Next to that, the effect of 
safety stock in an assembly chain is highly complex. Therefore, it is necessary to set the scope of the 
project. Also, to align the expectations of the project, the research is delineated here. Both the 
things included and excluded in the scope of this project are discussed in this section.  

The following is included in the scope of this project: 

- For all items safety stock is located in ASML’s supply chain. Therefore, Make, Buy and BuB 
items are within the scope. This includes products and accompanying components from 
several sectors including existing products and the newly introduced products. This also 
includes bulk and locking material. Bulk materials are materials used in high quantities: for 
example bulk materials are screws, bolts, nuts et cetera. Locking material is used to secure 
machines for transportation. 

- In order to fully analyze the system the each step in ASML’s production should be taken into 
account, because safety stocks are set throughout the whole process. Therefore, the parts 
ASSY, FASY, TEST and PACK of the assembly (Figure 1-2) chain are within the scope of this 
project. 

- Process delays occur quite often within ASML. Reasons for the delays are for example quality 
issues with materials, missing materials, issues with people, tooling, facilities etc. Since one 
of the main goals of ASML of safety stock is to prevent process delays, these are included in 
this project. Also the other reasons for having safety stock are within the scope of this 
project. So, all types of safety stock are within the scope. 
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The following is excluded from the scope of this project: 

- The demand is assumed to be deterministic. This assumption implies that the variability of 
the demand is left out of scope. This is a valid assumption, because ASML has high value 
machines with a long time until production with low demand and the production itself also 
takes a long time. This results in a predictable future for the planning of the regular 
production by ASML. Therefore, the variability of the demand is left out of scope. 
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3. Detailed analysis 
Before a general model can be introduced, more detailed analysis is needed on the current situation 
at ASML. The problem defined in chapter 2 is related to safety stock allocation. This chapter first 
describes the concept of the customer order decoupling point in section 3.1. It is important to start 
with this concept, because it has a major influence on how safety stocks are calculated in different 
places in the supply chain. Then, in section 3.2 the safety stock is described. After the discussion of 
the safety stock, the thresholds are reviewed in section 3.3. Section 3.4 introduces another buffering 
mechanism called safety time.  Finally, ASML’s current service measure is introduced in section 3.5. 

3.1. Customer order decoupling point 
Bertrand et al. (1990) have described the Customer Order Decoupling Point (CODP) as a main stock 
point, where upstream of the CODP activities are forecast-driven and downstream of the CODP 
activities are order-driven. It determines, hence, to what extent the customer order penetrates into 
the supply chain. At ASML, the CODP is in the middle of the assembly process, which makes ASML’s 
process an Assemble-To-Order process (Bertrand et al., 1990). Because the CODP is an important 
stocking point, the CODP at ASML needs additional attention. For an assembly process with a high 
variation in defects, like it is the case in an environment with a high defect rate during assembly, the 
variance can be largely reduced by setting a CODP (Bertrand et al., 1990).  Therefore, this section will 
discuss the CODP at ASML. 

Yang (2009) has done research on setting the CODP at ASML. One of his conclusions is that the CODP 
at ASML is not clearly set. The documented location of the CODP is where the test phase starts as 
shown in Figure 3-1. However, in practice the CODP is around the beginning of the FASY phase. This 
is because the customization of the systems to the customer’s wishes often is too rigorous to be 
done after the documented CODP, as shown in Figure 3-2. As Yang proposes savings in inventory 
investment can be achieved to move the CODP more upstream, but delivery reliability to customers 
also significantly drops. This is in line with De Kok & Fransoo’s (2003) findings that show that an 
upstream shift of the CODP has a large impact on safety stock investments, because then modules 
instead of end-items should be kept to stock. Since delivery reliability is very important to ASML, 
ASML kept the CODP at its location as it is nowadays (Figure 3-1 & Figure 3-2). 

 

Figure 3-1: Documented CODP (Yang, 2009) 

 

Figure 3-2: CODP in practice 

 

  



12 
 

3.2. Safety stock 
In this section the purpose of having safety stock (3.2.1), different types of safety stock (3.2.2) and 
the procedure of setting safety stock (3.2.3) are discussed. It will become clear from this section that 
safety stock is an important buffering mechanism. The sum of the value of all the safety stocks 
should be lower than or equal to the threshold as discussed in section 3.3. Because of this relation, it 
is important to discuss safety stocks. 

3.2.1. Purpose of safety stock  

Before going into detail on how safety stock can be set, it is important that safety stocks in general 
are explained. This section will describe the purpose of safety stocks in general and how it works as a 
buffering mechanism.  

Per material the stock can be described as showed in Figure 3-3. A part of the stock at the stocking 
point is kept for regular demand (“cycle stock”). This part of the inventory fluctuates and is 
replenished with orders from suppliers. Another part of the stock is kept to deal with uncertainties: 
the safety stock. The safety stock is a setting and not an actual level of inventory.  

 
Figure 3-3: Inventory level over time 

Safety stock is, on average, the amount of inventory per material that is kept to deal with 
uncertainties in the demand stream and the supply stream in the short run (Silver et al., 1998). Once 
stock which is on safety stock is used, it is also replenished after the replenishment lead time. So, 
during the replenishment lead time, the actual level of safety stock is variable. Reasons that these 
uncertainties arise are (Hopp & Spearman, 2011): 

1. The quantity and the timing of the demand are never known exactly, except for make-to-
order systems. 

2. Production times almost always vary, because machines break down, issues with quality 
arise, the staff size fluctuates et cetera.  

3. The quantities that are produced vary, because the output of a production process is less or 
equal to the input of a production process due to material defect during production. 

Within this report, safety stock is defined as the level to which is ordered up to for the stock kept to 
deal with uncertainties as stated above. The safety stock has its own control mechanism and, hence, 
replenishment cycle. This mechanism makes sure that new item is ordered immediately after 
demand for the safety stock is encountered. So, safety stock is a setting and not an actual stock 
level.   
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Scholars also introduce another buffer mechanism that allows for uncertainties. Safety time can also 
be used as production against uncertainties in the demand or supply streams (Hopp & Spearman, 
2011). Vollmann et al. 1992 suggest that safety stock should be used to allow for uncertainties in 
quantities of production and demand, and safety time should be used to protect against 
uncertainties in timing of production and demand. Therefore, safety time will be discussed in section 
3.4. From the general introduction in this section the purposes of safety stock became clear. The 
next section will describe a categorization of purposes. 

3.2.2. Types of safety stock 

The environment being considered in this research encounters a high number of material rejects 
during the assembly process. On the demand side, materials have to deal with an increased stream 
due to the material defect from the assembly process. Hence, safety stock is also set to deal with the 
uncertainties in the demand due to material defects. Therefore, in this research a distinction is made 
between safety stock that is required to deal with material defects (SSDefect) and safety stock that is 
required to deal with all the other streams (SSOther). Other issues include but are not limited to: 

- A supplier being expected not to deliver materials in the future. 
- Engineering changes that require new materials. 
- Expected increases in material quality issues, which are not yet recorded in data. 
- Materials required by the service department. 

Together they account for the total safety stock (SSTotal). This is visualized in Figure 3-4. As will be 
showed in chapter 4, it is possible to develop a model for SSDefect, and for SSOther a different model is 
required. The calculations for SSOther cannot be considered in the SSDefect calculation, because it 
consists out of too many unknown components, that will make the calculations for SSOther on a 
material level too complex. So, because of the characteristics of the environment a distinction is 
made between SSDefect and SSOther.  

 

Figure 3-4: Total safety stock components on a material level 

Analyzing the data of the past weeks of the safety stock value at ASML locations in Veldhoven, the 
Netherlands, (shown in Figure 3-5) reveals that the total value of SSOther (VSSOther) is higher than the 
total value of SSDefect (VSSDefect). The total safety stock value (VSSTotal) consists around 65% out of 
VSSOther and around 35% of VSSDefect. Note that while safety stock is on a material level, the total 
safety stock value is defined on a higher level, because it is summed over all materials. The relation 
between VSSDefect and VSSOther remains almost equal over time. So, the separation of safety stock as 
described here makes sense and will be used further in this research. 
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Figure 3-5: Data on safety stock values of the past weeks at ASML’s locations in Veldhoven 

This section has described the decision that is made to define two types of safety stocks based on a 
high rejection rate during assembling: SSDefect which allows for material rejects, and SSOther which 
allows for all the other issues. These definitions will be used further in this report and are very 
important in the modelling phase in chapter 4. The next section will describe the way safety stock is 
set on a material level currently at ASML.  

3.2.3. Safety stock setting 

Currently, ASML uses a tool to set safety stocks. However, this tool is only used for decision support 
and planners individually make the final call with regards to the safety stock setting. The decision 
support tool and the rest of the safety stock setting process will be discussed in this section.  

3.2.3.1.  Decision support tool 

In order to control the safety stocks related to material defects, ASML uses a method called Material 
Availability of Critical Parts (MACP) to calculate safety stocks. MACP is a calculation method that 
takes into account the number of material rejects. The method is developed by Lacin (2011). 
Inderfurth & Vogelgesang (2013) has introduced a similar approach based minimizing the fill rate, 
which is defined as the long run fraction of the demand which is directly met from stock. MACP uses 
a defined target fill rate of 95%. Lacin bases his research on Inderfurth & Vogelgesang’s findings in a 
working paper and improved it to fit the situation of ASML specific. Lacin introduced multiple classes 
to categorize products based on characteristics of demand and rejection rate. He also developed an 
improved algorithm that makes it possible to emphasize either on lower safety stock levels or on 
higher safety stock levels. All of this is currently used in the tool that does the MACP calculations.  

In practice, tool based on MACP is used as a decision support tool to help deciding on the safety 
stock levels. The MACP calculation outcome proposes levels for the safety stock. Planners can decide 
whether to follow the recommendation or not. They may adjust the safety stock levels using 
information from the quality department or from elsewhere in the supply chain. 

However, the MACP calculation based on the model of Inderfurth & Vogelgesang (2013) has 
limitations. Firstly, the performance of the calculation is worse if the variability of the reject rates 
and the lead times increase. Secondly, the calculation does not take into account the length of the 
issue, so that for example a delay of several minutes weighs equally as a delay of multiple hours. 
Finally, the dependency between assemblies and subassemblies is not taken into account, because it 
considers each stock keeping unit separately. As a result, the recommended safety stock may be 
suboptimal. 
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3.2.3.2. Safety stock setting process 

In the previous section the MACP calculation is discussed. This method is based on material defects. 
However, not all materials have rejects during the assembly process, but still need safety stock due 
to other factors, like uncertainties in the supply stream. Therefore, relying solely on the MACP 
calculation may yield wrong safety stock levels. This section will discuss the process of setting the 
safety stock at ASML. 

The MACP calculation will provide a recommendation on the safety stock level based on material 
defects. Every month the MACP calculation is done and the safety stock levels are reviewed and, if 
necessary, adjusted. For materials with no material defects, the recommendation will be to keep no 
safety stock. Planners who decide on the safety stock level take also other things into account. Per 
material, planners have information or insights about quality issues, problems in the supply stream, 
or a change in the defect rate during assembling. This will affect the final safety stock per material as 
well. Planners will use this information to adjust the outcome of the MACP calculation and to set the 
final safety stock level.  

So, to give an overview of the safety stock setting process the flowchart is shown in Figure 3-6. This 
flowchart will be used per material. If there are any material defects, then the MACP calculation 
needs to be used and other insights to set the final safety stock level. If there are no material 
defects, then only other insights will result in the final safety stock level.  

Are material 

defects?

Use MACP 

calculation
Yes

Use other insightsNo
Set final safety 

stock level

Start safety stock 

setting process

End safety stock 

setting process

 

Figure 3-6: Safety stock setting flowchart 

At ASML, special attention is given to the materials that have material rejects. However, there is no 
special safety stock reservation per material solely for the purpose of dealing with material defects; 
all materials that are kept for safety stock can be used for multiple purposes. So, within safety stock 
there are no specific buckets that reserve safety stock for a specific purpose.  

The current process of setting safety stock is highly influenced by other insights of material planners. 
This is an important issue, which highly influences the modeling phase in chapter 4. This section has 
also described an important categorization of safety stock. Finally, it is described that all materials 
are planned similarly. In the next section, the threshold will be furtherly described. The threshold is 
an important factor in this research that needs a more sophisticated approach so that it can be set 
more wisely in the future. 

3.3. Threshold for total safety stock value 
The main goal of this thesis is to give insights on how the threshold for the total safety stock value 
relates to a service level. Therefore, is it important to gain insights in the current threshold process. 
This is discussed in this section. First, the current procedure of setting thresholds is discussed in 
section 3.3.1. Secondly, in section 3.3.2 the approval flow of the thresholds is discussed, which 
makes it possible to adjust the threshold levels. Finally, the outcomes of the current thresholds are 
discussed in section 3.3.3. 
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3.3.1. Setting the threshold 

The threshold is set as a management tool to control the safety stocks. Initially first, the total safety 
stock value was calculated. Then, the threshold was set at the value of the original total safety stock 
value reduced by a value of around ten percent. The exact reduction percentage is based on 
managerial insight. This new value was set as threshold for the total safety stock value. The safety 
stock had to be reduced such that the total safety stock value was equal to or below the threshold.  

Once every two months the achieved total safety stock value compared to the set threshold is 
evaluated. Per material it is possible to raise the safety stock in between the evaluation meetings 
using the so-called approval flow. 

3.3.2. The approval flow 

An increase request can be submitted to increase the safety stock value of a material. The threshold 
is set on an aggregate level, while it is also not allowed to increase the safety stock value per 
material. Therefore, the approval flow can be used to increase the safety stock value per material. 

In the approval flow managers evaluate the request, starting with the managers on the lowest 
hierarchical level. One manager of every hierarchical level can decide whether to approve or 
disapprove the request. Once the request is disapproved, no increase in safety stock value of that 
material is allowed. If it is approved by all managers in the approval flow, then the safety stock value 
of the material will be increased by a certain amount decided by the managers in the approval flow, 
which can differ from the amount which was requested for in the first place. Using this mechanism, 
it is possible to increase the safety stock value per material even though a goal of the threshold is to 
decrease the total safety stock value. 

3.3.3. Outcomes of setting the threshold 

In the past months a decrease in total safety stock value is already achieved with the way currently 
the threshold is set (as seen from Figure 3-5). However, also downsides of the current threshold and 
its method are noted. Both the advantage and the disadvantages are discussed in this section. 

3.3.3.1.  Advantages of the current threshold 

Two major advantages of the threshold are that ASML already reduced its total safety stock value. 
When looking at Figure 3-5, it can be seen that the total safety stock value has already decreased 
from around 9 million euros to around 7 million euros. Next to that, managers are more aware of 
the safety stocks and have better control. The main goal for the threshold is the increased control of 
the safety stock value. With the current threshold, this already is achieved. The reduced total safety 
stock value and the gain of control can be explained by two possible theories.  

Firstly, the most reasonable explanation for the increased performance is that the threshold is a 
specific, hard goal with feedback. The threshold can be seen as a goal that planners have to achieve. 
Since the threshold is on average ten percent lower than the initial total safety stock value, the 
threshold is specific and relatively hard assuming that beforehand planners did their best on setting 
safety stock levels. In the literature, it is known that specific harder goals lead to higher performance 
(Locke, 1996). In addition, goals are most effective when there is feedback in showing the progress 
to achieve the goal (Locke, 1996). The review meetings are feedback mechanisms and, hence, 
increase the effectivity of the threshold.  

Secondly, the increased performance can also be explained with the Hawthorne-effect. The 
increased performance is not necessarily due to the threshold, but more due to increased attention 
from the management. The Hawthorne studies have shown that increased attention from the 
management can increase performance as well (Mayo, 1933). This can also be an explanation for the 
effectivity of the threshold. 
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3.3.3.2. Downside of the current thresholds 

The way the thresholds are used nowadays also brings along some downsides. These are discovered 
by questioning experts that have to deal with the threshold at ASML.  

Firstly, the flexibility of the current threshold is limited. Every once in a while ASML introduces a new 
machine. This results in new materials that require safety stock, so the safety stock value increases. 
However, the threshold remains the same. The threshold can be increased using the approval flow, 
but this is seen as unnecessary bureaucracy, because it is seen as very obvious that the threshold 
needs an increase if a new machine is introduced.  

Secondly, the threshold value now is set using managerial insights without any analytical proof. 
Therefore, the current threshold can be too high or too low in some cases. A too low threshold may 
force the planners to reduce their safety stock levels too much, resulting in a decrease in service 
level. The trade-off between system’s service level and the threshold is unknown, but giving insights 
in this trade-off is a goal of this thesis. 

3.4. Safety time 
Next to safety stock other buffering mechanisms exist. Safety time is a well-known and widely used 
buffering mechanism. Safety time can also be used to buffer against uncertainties in demand and 
supply (Hopp & Spearman, 2011). Safety time is a preferred mechanism at ASML due to the high 
holding costs of safety stock (Atan et al., 2013). The safety time will be used in the service measure 
later in this report (section 5.2). Therefore, it is important to introduce how safety time is used at 
ASML. Due to for example the continuous introduction of upgrades and the learning effect, the cycle 
time of production orders is not reliable even though the cycle time is planned. Production orders 
are a set of sequential assembly processes which are carried out by the same type of people. Safety 
time is planned to deal with variations in cycle times.  

In practice, safety time is not planned on a production level at ASML, because if this is done for every 
production step, then the external cycle time is too large. Therefore, the safety time is calculated on 
an aggregate level and is only allowed to be used if there is no other option. This leads to two 
different definitions of cycle time. One is called the internal cycle time. This is the sum of the lead 
times (ti) and the buffer times (bi). Secondly, the external cycle time is the sum of the lead times, 
buffer times and the aggregate safety time (S). In Figure 3-7 a possible internal and external cycle 
time are shown. Operations are the underlying processes in a large assembly process (Atan et al., 

2015). Hence, the internal cycle time is calculated as ∑ (𝑡𝑛 + 𝑏𝑛)𝑁
𝑛=1  and the external cycle time 

as𝑆 + ∑ (𝑡𝑛 + 𝑏𝑛)𝑁
𝑛=1 . These buffer and safety time notations are not scientific, but ASML notations. 

Atan et al. (2015) note that the ASML notations are not scientifically correct.  

 
Figure 3-7: Lead time, buffer time and safety time in possible sequence (Atan et al., 2015) 

If on an aggregate level all safety time is consumed. If not all safety time is consumed, then the 
assembly is finished too late, but there is still some buffer time left. This is an important note for the 
application of the service measure at ASML as will be described in chapter 5.  
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3.5. Current service measure 
The current service measure at ASML is defined as the delivery performance. There are two stages in 
the assembly process where the delivery performance is measured. For every module that is 
transferred from ASSY to FASY it is checked whether the module is delivered on time and for every 
finished machine it is checked whether the finished product is delivered on time. For the transfer 
from ASSY to FASY the goal is to have a delivery performance of 95%. This means that 95% of the 
modules from ASSY should be delivered on time to FASY. Here, the delivery on time means if the 
actual delivery date is before the planned delivery date. One can see FASY as an internal customer. 
For the delivery of the finished machine, the actual delivery date is compared to the delivery date 
that is agreed upon with the customer through the central planning department.   

This chapter has shown that safety stock is an important factor in an assembly process for high-
value, low-demand products, like ASML’s. Safety stock is an important buffering mechanism to 
decrease the duration of production delays, just like safety time. This chapter made a distinction 
between safety stock that is set to deal with material rejects and safety stock that is set to deal with 
other issues. The next chapter will develop a model to link the total safety stock value to the service 
measure using this categorization. 
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4. General model 
In this research a link needs to be developed between the service measure and the threshold, hence 
the total safety stock value (Figure 2-1). After all, in an ideal situation the total safety stock value is 
equal to the threshold, because the maximum service level is achieved when the full budget for total 
safety stock value allowed by the threshold is used. This will provide insights in how the threshold 
will affect the system’s service level. Using less than the allowed budget for investment in safety 
stock will always yield a lower service level. This chapter will describe how the link between the 
service measure and the total safety stock value can be modeled. 

Section 4.1 will introduce the full model, including all components. This section will provide a 
roadmap that will provide guidance throughout this chapter. It shows how all the components are 
linked. After that, a definition of the service measure is needed. The selection of the relevant service 
measure is described in section 4.2. Next, in section 4.3.1, the first model is explained. This model 
describes SSDefect. Then, section 4.3.2 will describe the regression model that can be used to predict 
the value of SSOther. These models will be combined into a complete model in section 4.3.3 Then, 
section 4.4 will describe the optimization that needs to be solved in order to get an optimal trade-off 
between the total safety stock value and the service level. The heuristics that can be used to solve 
the optimization are given also in section 4.4. 

4.1. The full model 
The full model will be described first, so that it can be used as guidance throughout the rest of the 
chapter. Here, conceptually is explained how all components interact and what their role is in the 
full model, which is discussed in this section. The structure of the full model is shown in Figure 4-1. 

The service measure is related to delay (as will be explained in section 4.2), which is influenced by 
the safety stock level per material, in particular by SSDefect. In section 4.3.1 an analytical model will be 
described that can be used to determine the SSDefect on a material level. It is also described how this 
affects the delay in a system. Then, SSDefect can be transformed into a total value of safety stock to 
deal with material rejects (VSSDefect) on an aggregate level by summing over all materials the value of 
all safety stock level multiplied by the price. In formula form: 

𝑉𝑆𝑆𝐷𝑒𝑓𝑒𝑐𝑡 = ∑ (𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡 ∗ 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)

𝑎𝑙𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

 

To calculate the total safety stock value also the total value of safety stock to deal with other issues 
(VSSOther) is needed. To predict VSSOther a model can be developed based on historic data of VSSOther. 
This model is described in section 4.3.2. This model will calculate VSSOther on an aggregate level 
instead of on a material level, so that less variation arises between the true and predicted value of 
VSSOther. So, SSDefect is calculated on a material level and linked on a material level to the safety 
measure, whereas VSSOther is predicted on a high level using one predicted value for all materials. 

Finally, combining the analytical model and the other model yields total safety stock value that thru 
the analytical model is linked to the service measure. This combination is referred to as the full 
model and the combination of both models is described in section 4.3.3. Finally, an optimization is 
needed to get an optimal trade-off between the service measure and the total safety stock value. 
The optimization and its solution heuristic are described in section 4.4. 
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Figure 4-1: Full model, conceptually explained 

4.2. Service measure selection 
A key component of this research is to select an appropriate service measure, which is relevant for a 
system with high value, low demand products that have a high rejection rate during assembling. If 
this is not carefully done, then the service measure does not measure the system’s performance 
accurately resulting in false recommendations. Therefore, the existing service measures are 
reviewed and the chosen service measure is defined in this section. It is important to discuss the 
service measure here, because it is one of the key factors in the full model as seen in Figure 4-1. The 
next section will link the total safety stock value to the selected service measure. 

Service measures are regularly used by scholars and in practice. Seven existing service levels are 
shown below. Most commonly used are the non-stockout probability and the fill rate. In section 3.5 
the service measure currently used at ASML is described. Existing service measures are:  

 Non-stockout probability (α): the probability of not running out of stock  in a period (Schneider, 
1978; Beesack, 1967) 

 Fill rate (β): the fraction of the total demand directly met from stock (Schneider, 1978; Mitchell, 
1982) 

 Modified fill rate (γ): one minus the ratio of mean backorders and average demand (Schneider, 
1978) 

 Ready rate: the fraction of a period that the net inventory is positive (Silver et al., 1998; Agrawal 
& Cohen, 2001) 

 The probability that an arbitrary customer has to wait (Ettl et al.,2000; Van der Heijden & De 
Kok, 1992)  

 The probability of the total delay due to rejects is less than a constant (Chang, 2013) 

For this research it is important that the service measure takes into account total delay during 
assembling. This is not only for finished products, but also for assemblies and sub-assemblies. Most 
of the above measures focus on the delay of a single product. These measures cannot be generalized 
to measure the system wide service. The order completion rate takes into account the delays of 
material or component shortages, which is more system-wide, but still focusses on a single product. 
Only the service measure developed by Chang (2013) is relevant. This service measure is also in line 
with the current service measure being used at ASML. 
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This service measure calculates the probability that the total delay caused by material rejects of 
parts is less than a given constant. The constant (C) will be defined as the allowed delay. At ASML, 
the safety time is often the allowed delay. Like this research, Chang focusses on an assembly system 
for high value, low volume products with a high rejection rate during production. For convenience, 
Chang’s service measure is now referred to as the On Time Probability (OTP). According to Agrawal 
& Cohen’s (2001) classification of service measures this is a service measure related to service 
provided to the (internal) customer. 

On Time Probability (OTP(C)):= Probability that the total delay (𝑊𝑇𝑜𝑡) is less than a certain value (C): 

𝑂𝑇𝑃(𝐶) = 𝑃(𝑊𝑇𝑜𝑡 < 𝐶) 

The On Time Probability is the service measure which will be used in this research and will be linked 
to the total safety stock value. The calculation of the total safety stock value and the linkage to the 
On Time Probability will be explained in the next section. 

4.3. Determining total safety stock value 
As shown in Figure 4-1, the total safety stock value is, next to the service measure, a very important 
component in this research. After all, the goal of this research is to optimally link the service 
measure to the total safety stock value. Ideally, the total safety stock value is equal to the threshold, 
because if all the money allowed by the threshold is spend on safety stock, then the maximum 
service level is achieved. The total safety stock value will be computed using two models.  

The analytical model calculates SSDefect on a material level. This model links also SSDefect  (and hence 
VSSDefect) to the service measure. The model will be explained in section 4.3.1. The second model, 
which will be based on linear regression, is generically explained in section 4.3.2. The linear 
regression technique can be used to calculate the total safety stock value due to other reasons, 
which is on an aggregate level. The combination of these models will be explained in section 4.3.3, 
so that a relation between the service measure and the total safety stock value is made. 

4.3.1. Determining the total safety stock value for defects 

In order to determine a model that links the SSDefect to the service measure several steps have to be 
taken. First, a base model is defined. The base model creates a simple model of how an assembly 
step in an environment with a high number of material rejects can be modelled. This base model is 
described in section 4.3.1.1. Then, the influence of safety stock on this base model is described in 
section 4.3.1.2. Finally, a simulation is introduced in section 4.3.1.3 to investigate the relation 
between SSDefect and the service level, because analytically computing this relationship will yield very 
complex and untraceable calculations. This final section will also develop analytical expressions 
under some simplifying assumptions to validate the simulation with. 

4.3.1.1. Base model 

For the environment with a high number of material rejects during assembling this section will 
describe the model of a single station. In this section the dynamics of the single station with respect 
to delays are described. It is important that the assembly model calculates the delay, because this is 
the component that the service measure (On Time Probability) compares to a constant. Since the 
system is known to have a high number of material rejects where safety stock is needed, there is a 
special part modelled to capture material rejects. This part of the model is used to model the safety 
stock’s influence on the assembly. 
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Several assumptions are made to build the model:  

 After a disturbance is fixed, the assembly process continues where it has been interrupted. 

 Each material related disturbance is only related to one material. 

 The capacity of suppliers is out of scope, but only the delivery duration of materials from 
suppliers is taken into account. 

 The demand is constant. 

 All stock points of materials follow a base-stock policy. 

 The defect demand rate per material is Poisson distributed. 

The model is described using a single station. To illustrate how disturbances occur in the used model 
the figure below is shown (Figure 4-2). At the single station a product is produced and can either be 
produced with or without a disturbance. Disturbances occur with a certain probability (q). No 
disturbance is encountered with probability 1-q. Stocking points are placed before every assembling 
station. If a disturbance occurs, it lengthens the processing time significantly. There is also delay 
encountered once the regular production time takes too long due to variation. A delay, hence, is 
caused by a variation in the processing time of the regular production and/or a disturbance. Chang’s 
(2013) model is more refined with regards to this, because it allows multiple disturbances per 
material. 

 
Figure 4-2: Base model 

4.3.1.2. Linkage safety stock for defects and service measure 

For a disturbance, there are different types of disturbances. Disturbances can be categorized into 
two different categories: disturbances due to material defects and disturbances due to non-material 
related issues. These “else” issues include problems with tooling, people, documents et cetera. The 
relation to material defects can be described using Figure 4-3. 

 
Figure 4-3: Base model related to safety stock 

A process disturbance can be material related with a probability p and non-material related with 
probability 1-p. If the disturbance is related to a material defect, the material needs replacement. If 
sufficient safety stock is set to meet the demand of material defects over the replenishment lead 
time (DDefect), the material can be delivered from stock. If this is not the case, then the material has 
to be ordered at a supplier, which takes considerably longer than if a material can be delivered from 
stock. It is assumed that the average and the variation of the time are higher if the material has to 
come from a supplier compared to if it is delivered from stock. 
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From this model it also becomes clear that not all disturbances are material related. Disturbances 
can also be categorized as “else”. These disturbances cannot be quickly solved with the used of 
safety stock. So, if the probability on these disturbances is high (hence, p is low), then most of the 
disturbances are categorized as “else” implying that safety stock will be not have a large impact on 
the performance of the system in these cases.  

For using the model it needs to be clear what the average and the variance of the two steps in Figure 
4-2 is. Using the average and the variance, probability distributions can be fitted using the two-
moment approximation technique. The average and the variance of the variation of regular 
processing time can be derived immediately from data. For the average and the variance of the 
disturbance duration, some expressions need to be defined. 

First, the following random variables are defined. 

𝑋 : The duration of a disturbance 
𝑋𝑚𝑎𝑡 : The duration of a disturbance if it is material related 
𝑋𝑒𝑙𝑠𝑒 : The duration of a disturbance if it is categorized as “else” 

𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 : The duration of a disturbance if the defect material has to be ordered at a supplier 

𝑋𝑠𝑡𝑜𝑐𝑘 : The duration of a disturbance if the defect material is on stock 
 

The average delayed time because of a defect is a weighted average of the time it takes to get a 
product from the stock location and the time it takes to get a new product if it is not on stock. The 
weighing factor is determined by the probability that the demand of defects per material is smaller 
than or equal to the safety stock of that particular material. Then, the average duration of a 
disturbance is calculated as a weighted average of the mean disturbance due to material issues and 
the mean disturbance due to other issues. The same holds for the relation between the variances in 
this model. So: 

𝑋:=  { 
𝑋𝑚𝑎𝑡 , 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑝
𝑋 𝑒𝑙𝑠𝑒 , 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (1 − 𝑝)

  

And: 

𝑋𝑚𝑎𝑡:=  { 
𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 , 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 > 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡)

𝑋𝑠𝑡𝑜𝑐𝑘 , 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡)
  

Then, the expected value and the variance of X can be calculated. This is necessary, because both 
the expected value and the variation are input for a two-moment approximation of the. Now the 
expected value of X can be calculated: 

𝐸(𝑋) = 𝑝𝐸(𝑋𝑚𝑎𝑡) + (1 − 𝑝)𝐸(𝑋𝑒𝑙𝑠𝑒) 

The average delay due to material defects is related to safety stock using the following formula: 

𝐸(𝑋𝑚𝑎𝑡) = 𝐸(𝑋𝑠𝑡𝑜𝑐𝑘) ∗ 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡) + 𝐸(𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟) 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 > 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡) 

= 𝐸(𝑋𝑠𝑡𝑜𝑐𝑘) ∗ 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡) + 𝐸(𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟) (1 − 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡)) 

Together this yields the following formula for the expected value of X: 

𝐸(𝑋) = 𝑝 ∗ [𝐸(𝑋𝑠𝑡𝑜𝑐𝑘)𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡) + 𝐸(𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟) (1 − 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡))]

+ (1 − 𝑝)𝐸(𝑋𝑒𝑙𝑠𝑒) 
 

(1.1) 
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Using Appendix C the variance of X can be calculated. The variance of X is: 

𝑉𝑎𝑟(𝑋) = 𝑝𝑉𝑎𝑟(𝑋𝑚𝑎𝑡) + (1 − 𝑝)𝑉𝑎𝑟(𝑋𝑒𝑙𝑠𝑒) + 𝑝(1 − 𝑝)(𝐸(𝑋𝑚𝑎𝑡) − 𝐸(𝑋𝑒𝑙𝑠𝑒))
2

 

The variance of the disturbance duration due to material defects is related to safety stock using the 
following formula: 

𝑉𝑎𝑟(𝑋𝑚𝑎𝑡) = 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡)𝑉𝑎𝑟(𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟) + (1 − 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡))𝑉𝑎𝑟(𝑋𝑠𝑡𝑜𝑐𝑘)

+ 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡) (1 − 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡))

∗ (𝐸(𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟) − 𝐸(𝑋𝑠𝑡𝑜𝑐𝑘))
2

 

Altogether this yields the following equation for the variance of X: 

𝑉𝑎𝑟(𝑋) = 𝑝 ∗ [𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡)𝑉𝑎𝑟(𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟)

+ (1 − 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡))𝑉𝑎𝑟(𝑋𝑠𝑡𝑜𝑐𝑘)

+ 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡) (1 − 𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡))

∗ (𝐸(𝑋𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟) − 𝐸(𝑋𝑠𝑡𝑜𝑐𝑘))
2
] + (1 − 𝑝)𝑉𝑎𝑟(𝑋𝑒𝑙𝑠𝑒)

+ 𝑝(1 − 𝑝)(𝐸(𝑋𝑚𝑎𝑡) − 𝐸(𝑋𝑒𝑙𝑠𝑒))
2

 

 

(1.2) 

Here, the assumption is made that the defect demand (DDefect) is Poisson distributed with parameter 
λdefect. The parameter λdefect is defined per material as the demand rate of defects per material during 
the replenishment lead time. Then, the following expression can be used: 

𝑃(𝐷𝑑𝑒𝑓𝑒𝑐𝑡 ≤ 𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡) = ∑ (𝑒−λ𝑑𝑒𝑓𝑒𝑐𝑡 
𝜆𝑑𝑒𝑓𝑒𝑐𝑡

𝑘

𝑘!
)

𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡

𝑘=0
 

Now the service measure is defined and the model including the relation between the service level 
and the safety stock is described expressions can be derived to calculate the On Time Probability. 
Two different situations are analyzed: when there is no dependency between consecutively 
scheduled products and when there is dependency between two consecutively scheduled products. 
For both situations expressions for the On Time Probability are derived.  

An expression can be developed to generally calculate the On Time Probability with no dependency 
between consecutively scheduled products (OTPno dep(C)). It is a weighted average determined by q of 
the cumulative distribution function of the variation of the processing time of regular production 
(FRP(C)) and the cumulative distribution function of the variation of the processing time of regular 
production summed with the cumulative distribution function of the duration of a disturbance (FD 
(C)). Hence, the formula for OTPno dep (C) is: 

𝑂𝑇𝑃𝑛𝑜 𝑑𝑒𝑝(𝐶) = (1 − 𝑞) ∗ 𝐹𝑅𝑃(𝐶) + 𝑞 ∗ (𝐹𝑅𝑃(𝐶) + 𝐹𝐷(𝐶)) = 𝐹𝑅𝑃(𝐶) + 𝑞 ∗ 𝐹𝐷(𝐶)  (2.1) 

 

In this expression the duration of a disturbance is related to the safety stock. The probability 
distribution that is at the root of the cumulative distribution function of the duration of a 
disturbance (FD (C)) has an average and a variance. From formulae 1.1 and 1.2 the average and the 
variance of this probability distribution can be calculated. Then, the safety stock is linked to the On 
Time Probability. 
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Now, also an expression can be developed for the On Time Probability if dependencies between two 
consecutively scheduled products are taken into account. Two distinct models are analyzed in the 
literature with regards to delay, which is used in the On Time Probability: the stochastic-service 
model and the guaranteed-service model (Graves & Willems, 2003). The stochastic-service model 
assumes that each production station is influenced by stochastic delay of previously produced 
products at the same station. The guaranteed-service model, on the contrary, assumes that there 
are other external resources to avoid the delay having effect on later products, so that the inter-
arrival time is guaranteed (Graves & Willems, 2003). The inter-arrival time is defined as the fixed 
time between the arrivals of products at the same production station. In this research the stochastic-
service model is assumed. 

Consider product 1 as the product that is produced on the station before product 2. Hence, if 
product 1’s total delay (W1) is less than the inter-arrival time (T), then only the total delay of product 
2 (W2) has to be considered. Similarly, if product 1’s delay is great than the inter-arrival time, then 
product 2 is affected and the sum of the delay of both products have to be considered. This yields in 
the following expressions for the On Time Probability assuming dependency between two 
consecutively scheduled products (OTPdep): 

𝑂𝑇𝑃𝑑𝑒𝑝(𝐶) = 𝑃((𝑊1 + 𝑊2 < 𝐶 +  𝑇 | 𝑊1 + 𝑊2 >  𝑇) ∩ 𝑊1 ≥ 𝑇) + 𝑃(𝑊2 < 𝐶 ∩ 𝑊1 < 𝑇) 

Using the definition of conditional probability results in the following expression: 

𝑂𝑇𝑃𝑑𝑒𝑝(𝐶) =
𝑃(𝑇 < 𝑊1 + 𝑊2 < 𝐶 + 𝑇)

𝑃(𝑊1 + 𝑊2 > 𝑇)
∗ 𝑃(𝑊1 ≥ 𝑇) + 𝑃(𝑊2 < 𝐶) ∗ 𝑃(𝑊1 < 𝑇) 

This results in the following formula for the On Time Probability given the formula when the On Time 
Probability is expressed in cumulative distribution functions: 

𝑂𝑇𝑃𝑑𝑒𝑝 (𝐶) =
𝐹𝑊1+𝑊2

(𝐶 + 𝑇) − 𝐹𝑊1+𝑊2
(𝑇)

1 − 𝐹𝑊1+𝑊2
(𝑇)

∗ [1 − 𝐹𝑊1
(𝑇)] + 𝐹𝑊2

(𝐶) ∗ 𝐹𝑊1
(𝑇) 

(2.2) 
 

The parameters of the cumulative distribution functions in formula 2.2 are influenced by the safety 
stock level, as explained in the formula for the average and the variance of the duration of a 
disturbance. 

Extending the model to calculate the On Time Probability while taking into account the dependency 
between all consecutively scheduled products, will yield in a combinatorial explosion (Ettl et al., 
2000). Instead of making too many assumptions that make the approximations less realistic, a 
simulation can be used to approximate the On Time Probability. Therefore, the general expression is 
not derived here, but simulation is used to approximate the On Time Probability with dependency 
between all products. The simulation that will be used is validated in section 4.3.1.3.  

4.3.1.3. Validation of simulation 

Ettl et al. (2000) have indicated that introducing a relation between all consecutively scheduled 
products will yield in a combinatorial explosion, which makes it very complex to calculate the On 
Time Probability in this case. Therefore, a simulation is built. This section will first analytically derive 
expressions that can be used to validate the simulation. Next, the validation is done. Finally, it is 
argued that dropping some simplifying assumptions this simulation will not yield a significant 
increase of complexity of the simulation model. 
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This section considers a separate exponential distribution for the delay duration during regular 
production and for the duration of a process disturbance. The gamma distribution may be a better 
fit as will be described later in this section, but using this distribution analytical expressions can be 
derived so that the simulation used later can be validated. This section also considers only a single 
station. Finally, dependency between two consecutively scheduled products is taken into account. 

Recapturing Figure 4-2 from section 4.1 the different steps can be described both with an 
exponential distribution with parameter λ1 and λ2 respectively. Using this, an approximation for the 
On Time Probability is derived. In formula form, the delay during production can be expressed as 
follows: 

Delay during production time {
𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 (𝜆1) with probability (1 − 𝑞)

𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 (𝜆1) + 𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 (𝜆2) with probability  𝑞
 

Now exponential durations are assumed for the duration of delays during regular production and the 
duration of delays mathematical expressions can be derived for the On Time Probability. The 
purpose of these expressions is to validate the simulation. The validation of the simulation is 
described later in this section. 

The values for the parameters λ1 and λ2 can be calculated as follows. By definition, the relation 

between the parameter and the mean of an exponential distribution is given by 𝜇 =
1

𝜆
  𝜆 =

1

𝜇
. The 

mean of the delay during regular production and the mean of the disturbance duration can be 
derived from the data. With the means the input values for the parameters λ1 and λ2 can be 
calculated. The safety stock relates to parameters of the distribution assumed for the disturbance 

duration as described in section 4.3.1.2. Here, it holds that 𝜆2 =
1

𝐸(𝑋)
 (with the definitions of the 

previous section). 

FD (C) depends on the sum of two exponentially distribution functions with probability q. In order to 
calculate the cumulative distribution function of the sum of two random exponential variables first 
the probability density function of the sum is calculated. The algebra can be found in appendix D. 
The resulting probability density function is: 

𝑓𝐷(𝐶) =
𝜆1𝜆2

𝜆2 − 𝜆1
(𝑒−𝜆1𝐶 − 𝑒−𝜆2𝐶) (3) 

Using its definition the cumulative distribution function can be derived from the probability density 
function. This results in the following cumulative distribution function for the sum of two random 
exponentially distributed variables. The algebra can be found in appendix D. 

𝐹𝐷(𝐶) = [1 +
𝜆1

𝜆2 − 𝜆1
𝑒−𝜆2𝐶 −

𝜆2

𝜆2 − 𝜆1
𝑒−𝜆1𝐶] (4) 

Implementing formula 4 and the standard cumulative distribution function of an exponential 
distribution in formula 2.1 yield the cumulative distribution function for the production time. This 
formula is equal to the formula for the On Time Probability assuming no relation between 
consecutively scheduled products on a single station (OTPno dep). 

𝑂𝑇𝑃𝑛𝑜 𝑑𝑒𝑝(𝐶) = (1 − 𝑞)[1 − 𝑒−𝐶𝜆1] + 𝑞 [1 +
𝜆1

𝜆2 − 𝜆1
𝑒−𝜆2𝐶 −

𝜆2

𝜆2 − 𝜆1
𝑒−𝜆1𝐶] (5) 
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The On Time Probability from formula 5 can be extended so that the dependency between 
sequentially scheduled products can be considered. Due to exponentially increasing complexity only 
the relation between two sequentially scheduled products are reviewed as described by Ettl et al. 
(2000). In order to calculate this, the expression for the cumulative distribution function of the sum 
of two delays is needed. The full algebraic deduction of this expression is shown in appendix E. It 
uses the probability density function of OTPno dep(C) (formula 5). The probability density function of 
OTPno dep(C) (otpno dep(C)) is: 

𝑜𝑡𝑝𝑛𝑜 𝑑𝑒𝑝(𝐶) = (1 − 𝑞) ∗ [𝜆1𝑒
−𝐶𝜆1] + 𝑞 ∗

𝜆1𝜆2

𝜆2 − 𝜆1
∗ [𝑒−𝜆1𝐶 − 𝑒−𝜆2𝐶] (6) 

Based on this the sum of two delays can be calculated resulting in de probability density function  
(formula 7) and the cumulative distribution function (formula 8). Note that here the sum of two 
delays at the same station is taken, so the values of the parameters are equal to each other. 

𝑣 = (1 − 𝑞)𝜆1 and 𝑢 = 𝑞 ∗
𝜆1𝜆2

𝜆2−𝜆1
 are substituted to simplify the expressions. The full algebra is 

shown in appendix E. 

𝑓𝑊1+𝑊2
(𝐶) =  𝑒−𝐶(𝜆2+𝜆1) [

2𝑢(𝑢 + 𝑣)

𝜆1 − 𝜆2
(𝑒𝜆2𝐶 − 𝑒𝜆1𝐶) + 𝑢2𝐶𝑒𝜆1𝐶 + (𝑢 + 𝑣)2𝐶𝑒𝜆2𝐶] (7) 

𝐹𝑊1+𝑊2
(𝐶) = 𝑒−𝐶(𝜆2+𝜆1)

(

 
 

(𝑢 + 𝑣)𝑒𝜆2𝐶 (
𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)

𝜆1 − 𝜆2
− 𝜆1𝐶(𝑢 + 𝑣))

𝜆1
2

−
𝑢𝑒𝜆1𝐶(𝜆1(𝜆2𝑢𝐶 + 𝑢) − 𝜆2(𝑢(𝜆2𝐶 + 3) + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

)

 
 

− (
(𝑢 + 𝑣) (

𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)
𝜆1 − 𝜆2

)

𝜆1
2 −

𝑢(𝜆1𝑢 − 𝜆2(3𝑢 + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

) 

(8) 

 

Formulae 5 and 8 can be substituted in formula 2.2 to calculate the On Time Probability assuming 
dependency between two consecutively scheduled products (OTPdep). Assuming that the durations 
of the delay during regular production time and the disturbances are each exponentially distributed 
makes it possible to generate an expression for the On Time Probability in a situation where only the 
dependency between two consecutively scheduled products is considered. These formulae are 
developed to validate a simulation that is built, which is needed because of the increased complexity 
that yields in-traceability if dependency between all consecutively scheduled products is considered. 
The safety stock level influences the average and the variance of the disturbance duration as 
described in section 4.3.1.2, which are inputs for the probability distributions that are used in the 
simulation. 

The simulation is validated by comparing the On Time Probabilities of the analytical expression and 
the results from the simulation model. In order to guarantee correct approximations of the 
simulation formula 2.2 with the substitutions of formula 5 and 8 is used to compare the analytical 
model with the results from the simulation.  
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The simulation is built using R and is based on Monte Carlo simulation. Monte Carlo simulation is a 
simulation technique that replicates possible scenarios of a process multiple times using probability 
distributions. The simulation design is furtherly described in Appendix F.  

For these simulation runs in particular the assumption of exponentially distributed delay during 
regular production times and exponentially distributed disturbance durations is made. Also, only the 
dependency between two consecutively scheduled products is taken into account. These are the 
same assumptions as for the expressions derived earlier in this section. The simulation model in this 
section considers a fixed average for the disturbance duration, so there is no change in safety stock 
considered. The input variables, which are used to test the simulation in several scenarios, are 
shown in Table 4-1. 

Table 4-1: Input values for validation simulation 

 Scenario 1 Scenario 2 Scenario 3 

Disturbance probability (q) 0.8 0.8 0.8 

Average disturbance duration (λ2) 8 4 8 

Average  duration of delay during regular production (λ1) 1 1 1 

Inter-arrival time (T) 15 15 20 

 

The input variables are chosen so that there are long disturbance durations and high probabilities of 
having disturbances, like it is the case for high value, low volume products with high rejection rate 
during assembling. The numbers are of the same order of magnitude as real numbers from ASML. 
The probability of having a disturbance (q) is set at 80%, which reflects the high reject rate. Delay 
during regular production takes on average not very long compared to the disturbance duration, 
because the disturbances can take a very long time if materials have to be ordered at a supplier. 
Therefore, the average duration of the delay during regular production is set at 1. Inter-arrival times 
are scheduled so that the production on average fits within the inter-arrival times. Scheduling can 
influence the inter-arrival times, so scenario 3 shows the total delay probability for a changed inter-
arrival time. Safety stock has an influence on the average disturbance duration, so in scenario 2, the 
average disturbance duration is changed.  

 

Figure 4-4: Validation of simulation with scenario 1 
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Figure 4-5: Validation of simulation with scenario 2 

 
Figure 4-6: Validation of simulation with scenario 3 

The analytical results for the On Time Probability computed with formula 4 varies little from the 
simulated values. This can be seen in Figure 4-4, Figure 4-5 and Figure 4-6. The red line (analytical 
expression) and the blue line (simulation outcome) are almost equal. The goal of formula 2, with 
formula 5 and 8 substituted in it, is to validate the simulation. Since the lines in the figures above are 
almost equal, it can be said that the simulation is validated and approximates the On Time 
Probability accurately. In chapter 5 the simulation will be tested in extended form using real ASML 
settings. 
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The simulation uses some simplifying assumptions. To make a more realistic simulation, some 
assumptions have to be dropped. It will be argued that this will not result in a simulation with 
increased complexity. The adjustments discussed below are taken into account for the simulation of 
the case study from chapter 5. Changes to the simulation that are needed to work in a realistic 
environment are: 

- The exponential distribution used in the analytical expression is not a realistic probability 
distribution. Generally, a mixed-Erlang distribution provides a better fit for approximating 
the distribution of the throughput times using two moment approximations (Diks & De Kok, 
1999). Since the Erlang distribution is a particular type of the gamma distribution, it is better 
to approximate the throughput time with a gamma distribution. This is only a small 
adjustment in the simulation. Two-moment approximations can be used to calculate the 
correct parameters for the Gamma distribution based on the average and the variance of 
the data. So, in a realistic simulation, the durations of each of the steps from Figure 4-2 (the 
variation of the processing time of regular production and the disturbance duration) should 
be approximated with a Gamma distribution using formula 1.1 and 1.2 for the relation to the 
safety stock level. 

- In the simulation and the expressions above, dependency between only two consecutively 
scheduled products is considered. In a realistic simulation, dependency between all 
consecutively scheduled products should be considered. This is a small adjustment in the 
code of the simulation. This will only decrease the speed of the simulation. 

- A realistic assembly system consists of more than one station. Therefore, the realistic 
simulation will also need multiple stations. This is basically copying the code from a single 
station and applying it to all stations. Then, a relation between the stations needs to be 
defined. These are also straightforward formulae and can be found in Chang (2013). 

This section has described a model to link the total safety stock value to deal with material defects 
and the On Time Probability. The delay encountered in the assembly system is affected by the safety 
stock setting. A higher safety stock will yield less delay and, hence, a higher service level. This also 
holds vice versa. The next section will introduce a technique that can be used to predict the total 
value of safety stock set to deal with other issues. Together, these models yield the total safety stock 
value, which is linked to the On Time Probability by the analytical model discussed in this section. 

4.3.2. Determining the total safety stock value for other issues 

As discussed in the chapter 3, a distinction is made between the safety stock for material defects 
(SSDefect) and the safety stock to deal with other issues (SSOther). The other issues where the safety 
stock is set for are for example: 

- Safety stock of a component is based on a number of defects which will decrease in the 
future. 

- Quality engineers have shown that a material defect recorded in the data will not be 
happening again. 

- Planners foresee that a supplier will have difficulties delivering components on time and to 
protect themselves from a supplier not delivering materials safety stock is set higher. 
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These are just examples of other issues and there are many more. However, the value of SSOther 
(VSSOther) is around 65% of the total safety stock value as can be seen from Figure 3-5. The fraction 
VSSOther of the total safety stock value changes slightly over time, but is still significant. Hence, 
VSSOther is too large to ignore. Therefore a model needs to be developed to predict SSOther or VSSOther. 
In this research, a regression model is used to predict VSSOther, because too little is known of the 
other reasons. It becomes too difficult to include all the reasons in the previously defined model. It is 
chosen to predict the VSSOther on an aggregate level. Then, the approximations deviate less from the 
true values compared to the case when regression is used to predict SSOther on a material level, and 
then VSSOther is calculated using the predicted SSOther multiplied with the price and summed over all 
materials.  

It is assumed that the SSOther has no influence on the service level. SSOther is calculated using a 
regression model, so it is taken into account. Assuming that sufficient SSOther is predicted by the 
regression model, will result in that SSOther will no longer have a large negative influence on the 
performance measure. So, this is a valid assumption. 

Several steps have to be gone thru in order to develop a good regression model, that can be used in 
this context: 

1. Establish a dataset containing SSDefect, VSSDefect, SSOther, VSSOther, SSTotal and VSSTotal over a 
number of periods. Variables of the previous periods can be also be added. 

2. Randomly split the dataset into two datasets.  
3. Use linear regression based on the first dataset to get a prediction model for VSSOther. 
4. Use the second dataset as a validation dataset. 
5. If both the predictions of VSSOther from the building dataset and the validation dataset are 

satisfactory, then this is a good prediction model for VSSOther. 

Using regression a prediction model for VSSOther can be developed. Now both VSSDefect and VSSOther are 
modelled it is possible to develop an expression for the total safety stock value. This is done in the 
next section. 

4.3.3. Determining the total safety stock value 

The goal of this section is to make the linkage between VSSDefect and VSSOther. VSSDefect is calculated 
using the analytical model as described in section 4.3.1. VSSOther is predicted with the use of the 
regression model as described in section 4.3.2. In this section, the linkage of both models is made. 

By definition, the total safety stock (SSTotal) is the sum of SSDefect and SSOther.  

𝑆𝑆𝑇𝑜𝑡𝑎𝑙 = 𝑆𝑆𝑂𝑡ℎ𝑒𝑟 + 𝑆𝑆𝐷𝑒𝑓𝑒𝑐𝑡 

The same holds for the value of the total safety stock (VSSTotal): 

𝑉𝑆𝑆𝑇𝑜𝑡𝑎𝑙 = 𝑉𝑆𝑆𝑂𝑡ℎ𝑒𝑟 + 𝑉𝑆𝑆𝐷𝑒𝑓𝑒𝑐𝑡 (9) 

It is known that the analytical model from section 4.3.1 uses SSDefect on a material level and the 
output of the regression model is VSSOther on an aggregate level. VSSTotal is needed on aggregate level. 
Hence, the expression for VSSTotal becomes: 

𝑉𝑆𝑆𝑇𝑜𝑡𝑎𝑙 = 𝑉𝑆𝑆𝑂𝑡ℎ𝑒𝑟 + ∑ (𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡 ∗ 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)

𝑎𝑙𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

 (10) 
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Section 4.3 has introduced a full model that links the total safety stock value. Two models are 
developed that yield the total safety stock value. A categorization is made based on whether safety 
stock is set to deal with material defects (SSDefect) or to deal with other issues (SSOther). For SSDefect an 
analytical model is derived that links safety stock to the On Time Probability. The linkage is made 
using the influence that the safety stock has on the average and the variance on the disturbance 
duration. The total safety stock value of SSDefect (VSSDefect) on an aggregate level can be calculated by 
multiplying SSDefect per material by its price and then sum over all materials. A simulation is needed 
to use this model in practice. A base simulation is validated in this section. For SSOther the linear 
regression technique is introduced. Linear regression is used to calculate the total value of SSOther 

(VSSOther) on an aggregate level. Combining these models yields a model for the total safety stock 
value on an aggregate level (VSSTotal) that is linked through SSDefect to the On Time Probability.  

The next section will describe optimization problems and corresponding solution heuristics so that 
the optimal trade-off between VSSTotal and the On Time probability can be derived. 

4.4. Optimization of trade-off service measure and total safety stock 

value 
The goal of this research is to develop an efficient frontier between the threshold for the safety 
stock value and the On Time probability. In order to get the efficient frontier, an optimization is 
needed.  The previous section has developed a model to link the VSSTotal and the On Time probability, 
but optimization is needed to make this an optimal linkage. The optimization will allocate SSDefect 
based on most “bang for the buck” as will be explained in this section. Then, based on the optimal 
allocation, the total safety stock value and the On Time Probability can be computed.  

Using optimization the highest performance under a given threshold level can be calculated. Again, it 
is assumed that the threshold level is equal to the total safety stock value, because the highest 
service level is achieved when the all the money allowed by the threshold is spend on safety stock, 
since the service level always increases if the safety stock increases.  

The optimization will allocate SSDefect based on most “bang for the buck”. The allocation will result in 
an optimal trade-off of SSDefect and the service level. Then, using formula 10, the total safety stock 
value can be calculated that results in an optimal relationship between the total safety stock value 
and the On Time Probability. Firstly, two optimization models are formulated using objective 
functions and accompanying constraints in sections 4.4.1 and 4.4.2 and, secondly, a heuristic is 
proposed that provides optimal solutions for the optimization problems in section 4.4.3. With the 
allocating of SSDefect two goals can be achieved: either the service level can be maximized or the 
investment in safety stock can be minimized. Both optimization problems will be discussed in section 
4.4.1 and 4.4.2 respectively and will use SSDefect of all materials as decision variables. Note that in an 
ideal situation, the total safety stock value is equal to the threshold, because maximized service can 
be achieved with completely using the threshold for investment in safety stock.  

4.4.1. Maximizing the service level 

The first optimization model has the goal to maximize the service of the system. The threshold of the 
system is related to the height of the service measure as defined in section 4.2. The goal, hence,  is 
to maximize the value of the On Time Probability (OTP(C)).  

The performance of the system can be very high if the budget of safety stock is infinitely. However, 
the total safety stock value (𝑉𝑆𝑆𝑇𝑜𝑡𝑎𝑙, formula 10) is limited to a certain threshold (Tr). So, the 
constraint of this optimization is that the total safety stock value should be less than or equal to a 
certain threshold value. Another constraint is that the safety stock values for each product (SSi) 
within the set of materials (I) should be non-negative.  
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This results in the following optimization problem: 

Maximize On Time Probability Max. OTP(C) 
        

s.t. Total safety stock value ≤ Threshold s.t. 𝑉𝑆𝑆𝑇𝑜𝑡𝑎𝑙 ≤ Tr 

 All safety stock levels ≥ 0  𝑆𝑆𝑖 ≥ 0, i ϵ I 
 

4.4.2. Minimizing the investment in safety stock 

The second optimization model has the goal to minimize the total safety stock value. Minimizing the 
total safety stock value is constrained by a certain required service level (δ). In this optimization 
problem it also holds that the safety stock values should be equal to or greater than zero.  

This results in the following optimization problem: 

Minimize Total safety stock value Min.  𝑉𝑆𝑆𝑇𝑜𝑡𝑎𝑙 
        

s.t. On Time Probability  ≥ Required service level s.t. OTP(C) ≥ δ 

 All safety stock levels ≥ 0  𝑆𝑆𝑖 ≥ 0, i ϵ I 

4.4.3. Heuristic 

The optimization problems discussed in the previous two sections require a solution heuristic to get 
an optimal solution. This will yield an optimal relationship between SSDefect on a material level and 
the On Time Probability, and, hence, using formula 10 an optimal trade-off between the total safety 
stock value and the On Time Probability. The heuristic will use a greedy strategy based on the 
allocation technique of Fox (1966). SSDefect will be allocated to the based on the most “bang for the 
buck” yielding an optimal trade-off between the service level and the total safety stock value. 
Greedy heuristics use a recursive procedure to find near-optimal solutions (Chvatal, 1979). The 
development of the heuristic and the heuristic itself are described in this chapter. The development 
of the solution heuristic and the heuristic itself are discussed the sections 4.4.3.1 and 4.4.3.2 
respectively.  

4.4.3.1. Development of heuristic 

In order to develop an optimal heuristic the earlier research by Fox (1966) is used. According to Fox 
(1966) optimizing using marginal analysis of incremental return per additional dollar spent is optimal 
under some circumstances. The optimality depends on the characteristics of the objective function 
and the constraints. 

Since in section 4.4.1 two optimization problems are defined, the characteristics of each of the 
functions will be described. Both the On Time Probability and the total safety stock value use the 
safety stock setting as the input variables. All other parameters in the model are assumed to be 
given. The total safety stock value is calculated by multiplying each safety stock level with the price 
of the material and add this with the value of the safety stock for other reasons (section 4.3.3, 
formula 10), which yields a linear relationship between the decision variables, SSDefect per material of 
all materials, and the total safety stock value, VSSTotal. Hence, the total safety stock value is linear. A 
linear function is by definition concave and convex. 
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Fox (1966) gives an allocation, which also is being used by Chang (2013). Options are calculated 
based on an allocation of SSDefect. Then, the option is chosen that maximizes the value for the 
following expression. Converting Fox’s allocation expression to the variables fitting this situation 
results in allocating based on: 

𝑂𝑇𝑃(ṠṠ + 𝑈𝑖) − 𝑂𝑇𝑃(ṠṠ)

ℂ(ṠṠ + 𝑈𝑖) − ℂ(𝑈𝑖)
 

Given that the formula for the total safety stock value is linear the allocating can be based on: 

𝑂𝑇𝑃(ṠṠ + 𝑈𝑖) − 𝑂𝑇𝑃(ṠṠ)

ℂ(𝑈𝑖)
 

With: 
ṠṠ 

 
: 

 
Safety stock setting vector of SSDefect for all i stocking points  

ℕ : Vector of options. ℕi = 1 for option,  ℕi = 0 for no option.   
M : Vector of material stocking points 
Ui : Increasing safety stock vector for stocking point i with 0 on all places except 1 on the ith 

place 
ℛ : Increased service level per unit of investment for all options 
OTP(ṠṠ) : The system’s On Time Probability given safety stock setting 
ℂ(ṠṠ) : Total investment given safety stock setting, based on formula 10 
δ : Minimal required service level 
Tr : Threshold 
 

In both problems the allocation is done based on additional safety stock investment versus increased 
service level. Only the tail of the heuristic differs. Therefore, the heuristic is slightly different, 
depending on what optimization needs to be done. 

4.4.3.2. Formulation of heuristic 

The goal of the heuristic is to assign the safety stock so that maximal service is achieved per unit of 
additional safety stock investment using the allocation technique of Fox (1966). The additional 
investment is the additional safety stock value that has to be put in. The greedy algorithm for both 
problems is shown below. 

For the maximization of the system’s service level (section 4.4.1) Step 4a has to be considered. For 
the minimization of the safety stock value (section 4.4.2) Step 4b has to be used. The final steps are 
different. For the maximization of the service level under a budget constraint, it is better to consider 
the second best option if the best option overruns the budget, because it is possible that this option 
does fit within the budget and hence will increase the service even though it is not the preferred 
option. In the minimization problem of the safety stock value a required service level needs to be 
achieved. However, as made clear in section 4.3, it may not be possible to solve all disturbances with 
safety stock. Hence, it can be that at some point the safety stock does not have any influence 
anymore on the service level, so that the service measure cannot always achieve the desired level. 
Therefore, if the service level increases too little, the algorithm is ended, whereas if there is still 
sufficient to gain in service level, the algorithm continues if not exited differently. This means that if 
the increase in service level is greater than 0.00001, the algorithm continues. This is similar to the 
exit in the loop from Atan et al. (2015). 
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Greedy Algorithm: 

Step 1. 
Set all safety stock levels equal to zero. 

ṠṠ𝑖 =  0, ⩝ 𝑖 𝜖 𝑀 

ℕi = 1, ⩝ 𝑖 𝜖 𝑀 

Step 2. 
Consider all ℕ options and increase for each option i SSDefect of stocking point i. 

𝑈𝑖𝑗 = 0, ⩝ 𝑗 𝜖 𝑀 ∩ 𝑗 ≠ 𝑖 

𝑈𝑖𝑗 = 1, 𝑗 = 𝑖 

Run the simulation for each option, that calculates the service level corresponding to each ṠṠ + 𝑈𝑖  

Compute per option the increases per unit of investment:  

ℛi =
𝑂𝑇𝑃(ṠṠ + 𝑈𝑖) − 𝑂𝑇𝑃(ṠṠ)

ℂ(𝑈𝑖)
 

Step 3. 
Choose for option i* to increase SSDefect of stocking point i, which has the maximum increase per unit 
of investment. So: 

ℛi∗ = max(ℛi) , ⩝ 𝑖: ℕ𝑖 = 1 

ṠṠ =  ṠṠ + 𝑈𝑖∗  

Step 4a. 

Calculate the total safety stock value using formula 10, ℂ(ṠṠ).  

If the threshold is not reached: 

ℂ(ṠṠ) ≤ 𝑇𝑟 

Then Go to Step 2. 

If the threshold is reached and the number of options is greater than 1: 

ℂ(ṠṠ) ≥ 𝑇𝑟 ∩ ∑ ℕj

𝑀

𝑗=1
> 1 

Then do not consider the chosen stocking point as an option and Go to Step 3. 

ṠṠ =  ṠṠ − 𝑈𝑖∗  

ℕj = 0, 𝑗 = 𝑖∗ 

If the threshold budget is reached and the number of options is equal to 1: 

ℂ(ṠṠ) ≥ 𝑇𝑟 ∩ ∑ ℕj

𝑀

𝑗=1
= 1 

Then do not consider the chosen stocking point as an option and Stop.  
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ṠṠ =  ṠṠ − 𝑈𝑖∗  

Step 4b. 
Recalculate the service level.  

If the increase in service level is too little: 

𝑂𝑇𝑃(ṠṠ) − 𝑂𝑇𝑃(ṠṠ − 𝑈𝑖∗) ≤ 0.00001 

Then Stop. 

If the target service level is not reached: 

𝑂𝑇𝑃(ṠṠ) < 𝛿  

Then Go to step 2. 

If the target service level is reached  

𝑂𝑇𝑃(ṠṠ) ≥  𝛿  

Then Stop.  

Section 4.4 has introduced possible optimization problems and corresponding solution heuristics to 
get an optimal trade-off between the total safety stock value and the service level. 

This chapter has introduced the model that can be used to link the total safety stock value to a 
service level. The chosen service measure is the On Time Probability. The On Time Probability is 
related to SSDefect using the analytical model described in section 4.3. In realistic situations a 
simulation is needed to simulate the model and to get a relation between SSDefect on a material level 
and the On Time Probability. Multiplying SSDefect per material by its price and sum over all materials 
yields VSSDefect. The other component of the total safety stock value, VSSOther, can be calculated using 
a linear regression model. Together with VSSDefect this yields in a model for the total safety stock 
value with a linkage to the On Time Probability. In section 4.4 an optimization is defined that 
optimally relates the On Time Probability and the total safety stock value. This full model is brought 
to practice in an ASML setting in the next chapter. 
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5. ASML Case study 
This chapter describes a case study on how the designed model from the previous chapter performs 
in a real assembly system. The simulation in section 4.3 analyzed the On Time Probability given a 
value for the average (and variance) of the disturbance duration. There was no link between safety 
stock settings, because the purpose of these sections was to validate the simulation and to see how 
the approximations perform when the simulation was extended to suit more realistic settings. In this 
simulation, the full model is tested at a real situation at ASML including the linkage between safety 
stock setting and the disturbance duration (using formula 1.1 and 1.2).  

In order to test the full model including a link between the safety stock and performance, a part of 
ASML’s assembly system is used. First, the regression model to predict ASML’s total value of SSOther is 
described in section 5.1. Section 5.2 will describe the On Time Probability of several parts of a final 
assembly. Then, section 5.3 will introduce which part of ASML’s assembly chain is used for the test of 
the full model.  The results of the testing of the full model at ASML will be discussed in section 5.4. 
This chapter will be ended with the discussion of the managerial implications in section 5.5.  

5.1. Regression model for ASML scenario 
The regression technique is only generally introduced in section 4.3.2. No regression model was 
developed, because it depends on the situation what the exact figures in the regression model 
become. Therefore, the regression model is discussed here specifically for the ASML scenario. The 
technique described in section 4.3.2 is used to build the regression model. This section will describe 
a regression model for ASML’s total value of SSOther, which can be used also in a subsystem of ASML’s 
assembly chain, because of a specific design choice which will be discussed in section 5.1.1. 

The regression model is used to check if there is a linear relationship between the total safety stock 
value of materials at ASML for other issues and other variables as explained in section 4.3.2. The 
linear regression model predicts the total value of SSOther (VSSOther). The linear regression will be built 
using a historic dataset, where the values of VSSOther are known and uses this data to develop a linear 
relationship between VSSOther and the independent variables. The value is the sum over all materials 
of the price per material multiplied with the number of items on safety stock per material.  

The data used to build and test the model is the data on the total value of SSOther and SSDefect of the 
first half year of 2015. Each week represents one case in this analysis. Data from several weeks are 
missing, so these are left out of the analysis. Cases are randomly picked either to be used for 
building the model or to be used for validation. The regression is carried out using IBM SPSS 
Statistics 22. First, the building of the regression model is explained in section 5.1.1 and, secondly, 
the validation of the developed regression model is discussed in section 5.1.2. Finally, in section 
5.1.3, the expression for the total safety stock value using formula 10 from section 4.3.3 is 
developed. 

5.1.1. Building the regression model 

A linear regression model can be a good method to discover an underlying relation between 
variables. However, the model building should be done with great caution. Scholars have shown that 
regression also may lead to illusions and false conclusions (Armstrong, 2012). Therefore, the 
assumptions of regression analysis are checked and the causality is also intuitively explained. Here, 
the regression model is explained. In appendix G, the assumptions of a regression model according 
to Field (2013) are checked and shown that the presented regression model satisfies all assumptions. 
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It is chosen to have a regression model without a constant, because then a more general relation 
between VSSOther and VSSDefect can be derived. Without a constant, the relation can also be used in a 
subsystem of ASML, like the work center, which will be discussed in section 5.3. It is valid to use this 
relation also for a subsystem, because all safety stocks are set on an equal manner as discussed in 
section 3.2.3, so that it is likely to assume that the relation between VSSOther and VSSDefect is similar 
across ASML.  If a constant is used the regression model will only be suitable for a model that covers 
all of ASML’s safety stocks and not for the subsystems. Then, no a general relationship between 
VSSOther and the independent variables will be developed, because the constant has a large influence 
in the equation. So, since the materials at ASML have similar characteristics and the safety stock is 
set similarly across ASML, it is valid to leave the constant out of the regression equation. 

Since the constant is left out of the model, the explained variance (R-squared, often used in the 
review of the accuracy of the regression model) is not trustworthy and is therefore not discussed. 
Only the significance of the variable is shown in Figure 5-1. Since the significance (sig.) is 0.000 (from 
Figure 5-1), which is below value according to the rule of thumb (0.05) (Field, 2013), the variable 
VSSCombined is significant. 

Variables tested to have a relationship with the VSSOther are for example the value of SSDefect 

(VSSDefect), the total safety stock value of the previous period (VSSOther, prev), number of rejects and 
number of items kept on safety stock. Because VSSDefect and VSSOther, prev behave similarly, they are 
combined into one variable, VSSCombined. They behave similarly, because of the trend in the safety 
stock values of the past periods (Figure 3-5). Since the thresholds are set, the safety stock values 
have decreased. So both VSSDefect and VSSOther, prev have decreased. In linear regression, predicting 
variables should not behave similarly (Field, 2013), implying that the variables have to be combined 
into one variable. Therefore, VSSCombined is defined as: 

𝑉𝑆𝑆𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = 𝑉𝑆𝑆𝐷𝑒𝑓𝑒𝑐𝑡 + 𝑉𝑆𝑆𝑂𝑡ℎ𝑒𝑟,𝑝𝑟𝑒𝑣 

An overview of the regression model statistics can be found in Figure 5-1. 

 

Figure 5-1: Screen shot of regression model results 

From the above regression model, the following equation for VSSOther can be derived: 

𝑉𝑆𝑆𝑂𝑡ℎ𝑒𝑟 = 0.587 ∗ 𝑉𝑆𝑆𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = 0.587 ∗ (𝑉𝑆𝑆𝐷𝑒𝑓𝑒𝑐𝑡 + 𝑉𝑆𝑆𝑂𝑡ℎ𝑒𝑟,𝑝𝑟𝑒𝑣) (11) 

This formula can also visually show the relationship between VSSCombined and VSSOther. This 
visualization is shown in Figure 5-2. The blue dots represent the cases from the data and the black 
line is the line according to the regression model (formula 11). From this visualization it may follow 
that a regression with a non-zero constant may be a better fit, but no constant is not that bad either.  
Note that all cases (from the building and the validation dataset) are included in this graph. 
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Figure 5-2: Visualization of regression model 

This formula can be used to predict VSSOther. In Table 5-1 the results of the predictions can be found 
in the third column. The predicted values are compared to the original values. Note that these are 
predicted values from the dataset which is also used for building the model. In section 5.2 the 
validation dataset is used to test the performance of the predictions. For the predictions in Table 5-1 
the average absolute difference is 8.69%, so the predictions seems reasonable based on the 
regression dataset.  

Table 5-1: Results from regression model with data used for building 

Week VSSOther (true) VSSOther (predicted) Absolute difference 

5  € 5,184,873.67   € 5,033,275.49   € 151,598.18  2.92% 

9  € 5,506,858.90   € 4,940,072.79   € 566,786.12  10.29% 

13  € 5,594,859.08   € 4,771,394.24   € 823,464.84  14.72% 

14  € 4,264,731.00   € 5,532,591.43   € 1,267,860.43  29.73% 

15  € 4,246,254.93   € 4,664,969.67   € 418,714.74  9.86% 

19  € 4,680,717.57   € 4,611,541.32   € 69,176.24  1.48% 

21  € 4,873,225.21   € 4,807,259.71   € 65,965.50  1.35% 

23  € 5,166,553.68   € 4,697,460.67   € 469,093.01  9.08% 

24  € 4,733,489.45   € 5,071,250.06   € 337,760.62  7.14% 

27  € 4,023,066.78   € 4,280,005.81   € 256,939.04  6.39% 

28  € 3,961,095.15   € 4,103,116.44   € 142,021.29  3.59% 

29  € 3,945,156.88   € 4,060,135.66   € 114,978.78  2.91% 

30  € 4,433,265.10   € 3,834,361.56   € 598,903.54  13.51% 

Average    € 406,404.79  8.69% 

 

This section has developed a regression model that predicts the total value of safety stock that is set 
to deal with other issues. This regression model is developed especially for the ASML scenario. The 
next section will describe the validation of the developed regression model. 
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5.1.2. Regression validation 

The regression model is also tested on a validation dataset. This dataset is not used for building the 
regression model. In the original dataset cases are randomly assigned to the dataset used for 
building the model and to the validation dataset.  

If the model accurately predicts values of the validation dataset, then the regression model is valid. 
The results of the predictions when the regression model is used with the validation data are shown 
in Table 5-2. On average, the predicted values differ 9.26% of the true values for VSSOther. Again, 
these seem like reasonable predictions of the regression model, so hereby it is concluded that the 
regression model is usable for the prediction of VSSOther. 

Table 5-2: Results from regression model with data used for validation 

Week VSSOther (true) VSSOther (predicted) Absolute difference 

4  € 5,275,868.42   € 5,048,240.86   € 227,627.56  4.31% 

7  € 5,660,088.61   € 4,683,640.02   € 976,448.59  17.25% 

10  € 5,275,663.53   € 4,852,302.25   € 423,361.28  8.02% 

11  € 5,540,372.16   € 4,691,850.58   € 848,521.58  15.32% 

12  € 5,512,517.24   € 4,828,688.87   € 683,828.37  12.41% 

16  € 4,341,913.38   € 4,638,769.15   € 296,855.77  6.84% 

17  € 4,296,066.40   € 4,686,840.33   € 390,773.94  9.10% 

18  € 4,485,067.17   € 4,530,739.14   € 45,671.96  1.02% 

20  € 4,868,789.43   € 4,719,216.82   € 149,572.61  3.07% 

22  € 4,465,149.83   € 4,935,139.75   € 469,989.92  10.53% 

25  € 4,062,503.72   € 4,790,925.96   € 728,422.23  17.93% 

26  € 4,109,816.44   € 4,330,542.20   € 220,725.76  5.37% 

Average    € 451,400.34  9.26% 

 

The validation of the regression model is performed in this chapter from which is concluded that the 
regression model can be used to predict the total value of safety stock for other issues. The next 
section will integrate the regression model in a formula for the total safety stock value. 

5.1.3. Total safety stock value 

The regression model makes it possible to develop an expression for the total safety stock value. The 
total safety stock value is the sum of VSSOther and VSSDefect as shown in formula 9 in section 4.3.3. This 
section will derive the expression for the total safety stock value based on the regression model 
which is developed in section 5.3.1 and the general formula from section 4.3.3. 

The regression model is described in formula 11. This formula can be substituted in formula 9 from 
section 4.3.3. Together, this yields: 

𝑉𝑆𝑆𝑇𝑜𝑡𝑎𝑙 = 0.587 ∗ (𝑉𝑆𝑆𝐷𝑒𝑓𝑒𝑐𝑡 + 𝑉𝑆𝑆𝑂𝑡ℎ𝑒𝑟,𝑝𝑟𝑒𝑣) + 𝑉𝑆𝑆𝐷𝑒𝑓𝑒𝑐𝑡 

Replacing VSSDefect by it being the sum over al materials of SSDefect per material multiplied with the 
price of that material results in: 

𝑉𝑆𝑆𝑇𝑜𝑡𝑎𝑙 = 0.587 ∗ 𝑉𝑆𝑆𝑂𝑡ℎ𝑒𝑟,𝑝𝑟𝑒𝑣 + 1.587 ∗ ∑ (𝑆𝑆𝑑𝑒𝑓𝑒𝑐𝑡 ∗ 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)

𝑎𝑙𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

 (12) 
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One of the models that needed further definition for the ASML scenario was the regression model 
that predicts the total value of safety stock for other issues (VSSOther). The regression model is 
developed and validated in this section. Also, the regression model is integrated in a formula for the 
total safety stock value. Note that there are limitations to using this regression model. The 
regression model is solely on historic data. It may be the case that SSDefect decreases due to 
improvements of the process, but SSOther remains the same. This will require a different regression 
model or a different modeling technique for the calculation of SSOther or VSSOther. So, it is wise to 
review the regression model once every half a year or once every year to revise the relationship 
between SSDefect and VSSOther. The limitations are discussed in the final section of this thesis (section 
6.2). This formula for the total safety stock value will be used in the simulation of the workcenter 
described in section 5.3. 

5.2. Current On Time Probability at ASML 
The model will need a service level to validate the simulation. This section will compute ASML’s 
service measured with the On Time Probability as defined in section 4.2. Note that these service 
levels are not true values, but based upon the true values. 

To measure the On Time Probability at ASML the dataset of cycle times of 2014 is used, because in 
2014 the safety stock levels are assumed to be constant resulting in a constant On Time Probability 
in 2014. Also it is assumed that the demand from customers and the inter arrival time of customer 
orders is constant.  Then, this is the most reliable and most recent data available that can be used to 
measure the average On Time Probability over a longer period of time using the formula defined in 
section 4.2. The service measure requires a constant in the equation. In the measurement of the 
service levels the constant is equal to ASML’s safety time, because if the total delay consumes all 
safety time the system is truly delayed, which is highly undesired. So, it is checked how often in 2014 
the total delay was smaller than the safety time. The use of safety time within ASML is described in 
section 3.4. 

Table 5-3 shows the On Time Probability of most of the modules (ASSYs) in the TWINSCAN Factory at 
ASML. The constant in the On Time Probability calculation is the safety time as described earlier. The 
Illuminator module is used in the simulation in this chapter, which has a service level of 89%. The 
Long Stroke C2 Wafer Stage has a service level of only 69.23%, whereas other modules have a 
service level of 100%. 100% service level implies that none of the modules has consumed all of its 
safety time to deal with delays. 

Table 5-3: Service levels at TWINSCAN Factory at ASML in 2014 

Module (ASSY) Service level 

Laser 100.00% 

Electrical Cabinet 100.00% 

Illuminator 89.00% 

Lens  89.74% 

Metro Frame 96.23% 

Wafer stages:  

- Long Stroke C1 100.00% 

- Long Stroke C2 69.23% 

- Positioning Module C1 95.65% 

- Positioning Module C2 88.89% 

- Short Stroke C1 90.91% 

- Short Stroke C2 92.31% 

Complete Wafer Stage Module 100.00% 
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5.3. Description of situation 
The Illumination workcenter is the part of ASML’s assembly system where the earlier developed 
model will be tested. A workcenter is where a particular assembly (ASSY) of the final assembly is 
assembled at ASML. So, all workcenters deliver modules (ASSY) which are assembles to the final 
assembly (FASY). In Table 5-3 an overview of different modules within the TWINSCAN Factory is 
given. The TWINSCAN Factory is one of the two factories of ASML located in Veldhoven. This section 
will describe the dynamics in this workcenter. A part of the introduction of this workcenter is also 
done in the problem sketch in section 1.3, but for the sake of understanding it is repeated here. 

There are multiple reasons why the model is tested at the illumination workcenter in particular. This 
workcenter is part of the TWINSCAN factory. The first reason is that there is sufficient data available 
on the process in the workcenter, because the TWINSCAN factory has delivered finished products to 
customers for a long time. During the lifetime of the TWINSCAN factory a lot of datasets are stored 
which often contain a sufficient number of cases to draw reliable conclusions. Secondly, the 
illumination workcenter assembles high value and fragile lenses. At each of the steps in Figure 5-3 
the probability of a disturbance is 100%. At this workcenter parts of almost no value are combined 
with parts with a very high value. Therefore, the trade-off between safety stock is especially 
interesting to look at in this workcenter. Finally, a single production planner is responsible to plan 
the production at the illumination workcenter and has insights in the current performance of the 
system. That makes the validation of the optimization more reliable. 

The illumination workcenter consist out of three assembly phases. The assembly phases are 
sequentially scheduled as shown in Figure 5-3. In the first and final production phase multiple parts 
and materials from suppliers are added to the assembly. The second production phase is when the 
assembly made by ASML is checked, tested and extended by a supplier. This second phase always 
takes a fixed amount of time. After the three assembly phases the module is tested and handed over 
to FASY, but this is not taken into account for the optimization. Each material, part or subassembly 
can be on stock in this workcenter. In the last step the Illuminator ASSY is made.  

 
Figure 5-3: Production phases at the illumination workcenter 

The safety stock values for the illumination workcenter are as shown in Table 5-4. In this table, the 
current safety stock values are shown and the safety stock values in 2014. The service level and the 
safety stock value in 2014 are assumed to be constant in 2014, so that the situation in 2014 can be 
used for validation purposes. Both values are shown to show what the current thresholds have 
achieved with respect to reduction in safety stock value. In 7 months the safety stock value of the 
illumination workcenter is reduced by around 50 thousand euros. This is almost a 20% reduction, 
which can be explained by the reasons described in section 3.3.3. Note that the service level in 2014 
was around 89% (from Table 5-3). 

Table 5-4: Current safety stock value and safety stock value in 2014 at illumination workcenter 

 Current safety stock values Safety stock values in 2014 

SSDefect € 114,545.50   € 130,994.97  

SSOther  € 126,184.73  + € 157,551.60 + 

SSTotal  € 208,169.51   € 257,110.38  
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The Illumination workcenter will be used to test the full model upon. The workcenter is introduced 
in this section. Previously, the On Time Probability in this workcenter and other workcenters and the 
regression model are discussed. Now, the results of the full model can be discussed in the next 
section. 

5.4. Results 
The results of the simulation of ASML’s Illumination workcenter are discussed in this section. The 
simulation design is described in Appendix F.  The results include the optimal trade-off between the 
total safety stock value and the On Time Probability. Because of the high complexity and the high 
number of materials it is chosen to use simulation for the reasons described in section 4.3.1.3. This 
section will also validate the results retrieved from the simulation using ASML data from 2014. 

The inputs for the simulation are values of the illumination workcenter from the past six months. 
Due to confidentiality, the specific input values are not given. In total, there are 318 materials that 
can be kept to stock in this workcenter. For all materials the simulation checks whether adding 
safety stock for that particular material yields an increased service level. Then, the material is put to 
safety stock that adds highest amount of service level per euro invested. This is in words what the 
solution heuristic from section 4.4.3 does. The simulation will result an optimal relationship between 
the total safety stock value and the On Time Probability, which will be discussed next.  

The results of the simulation are shown in Figure 5-4. In 2014, the total safety stock value at the 
illumination workcenter was € 257,110 (Table 5-4). The simulation allocated safety stock for defects 
optimally of the 318 materials in the Illumination workcenter and, then, the total safety stock value 
is calculated using formula 12. From Table 5-3 the service level of the illuminator, which is 
assembled in this workcenter, was around 89% in 2014. In Figure 5-4, it can be seen that the 
corresponding service level for a safety stock value of 257 thousand euros is indeed 89%. This is a 
validation of the simulation model, because real data agrees to the results from the developed 
model. The current total safety stock value for the illumination workcenter is € 208,169 (Table 5-4). 
According to the graph in the figure below, the current service level should be around 86%. Expert’s 
opinions indicate that a service level of 86% is like the performance that is currently achieved in the 
illumination workcenter, which also validates the model.  

The efficient frontier shows also that for low values of the On Time Probability little safety stock 
value is needed to increase performance. However, for larger values of the safety stock more 
valuable safety stock needs to be set. For the highest values of the On Time Probability, an increase 
of around 800 K euros of safety stock is needed to obtain a slight increase in performance. 

A slight increase in service can be achieved when the total safety stock value is around € 260,000. 
Another option may be to limit the total safety stock value to around € 160,000. Then, the service 
level is decreased to around 80%.   

Another result from the simulation is that safety stock is not fully capable of getting a 100% service 
level. Two reasons can be given to explain this behavior. Firstly, simulation runs the model around 
10,000 times. In practice, in a year a final product may be assembled only 50 times. In these 50 
events it is possible to reach a 100% service level, even though statistically the percentage should be 
lower, which is also an explanation for the 100% values in Table 5-3. This is a general note on using 
simulation to calculate a service level. Another explanation is due to the disturbances labeled “Else” 
in Figure 4-3. To get a 100% performance either the issues related to these “Else” disturbances need 
to be fixed, or the safety time or inter-arrival time needs to be increased.  
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Figure 5-4: Total safety stock value versus the On Time Probability from simulation 

To conclude, it can be said that the current total safety stock value at the illumination workcenter is 
good, because it yields a service level of around 86%. A slight increase of 3% in service level will 
require an additional investment in total safety stock value of around 50 thousand euros. On the 
contrary, a decrease of 6% in service level will yield a saving in total safety stock value of around 50 
thousand euros. Using data from 2014, the results from the simulation are also validated. The results 
from this simulation are input for the investment proposal in the next section. The next section will 
also discuss other managerial implications. 

5.5. Managerial implications 
The model and its accompanying simulation can be used to develop understanding of the 
relationship between the threshold level and the service level. However, to be used in practice, 
managers at ASML need more than a correct model. This section will address the issues at ASML that 
need attention before the model can be used in practice. These tasks include: 

- Integration of the model 
- Assignment of a responsible organizational entity 
- Frequency of running the model 
- Using the model for multiple machine types 

First, the integration of the model in ASML’s processes is important to consider. The developed 
model needs several input data from the enterprise software, SAP. However, SAP is not able to run 
statistical simulations. Therefore, the model cannot be integrated within SAP, but macros can be 
developed that can automatically prepare data derived from SAP’s databases for the simulation in R, 
so that less manual labor is needed to run the model and the conversion from SAP to the model is 
better. 

Secondly, a responsible organizational entity needs to be assigned to the execution of the model. 
The entity should secure good inputs of the model, run the model and report on the outputs of the 
model. The entity should have no gain in setting a higher threshold than necessary. Therefore, the 
entity should not be one of the departments like Material Planning or one of the factories. Another 
requirement is that the responsible entity should have supply chain insights with respect to safety 
stocks, because the responsible entity should make sure that the inputs are good and should do a 
sanity check on the output of the models. At ASML a good independent entity with supply chain 
knowledge is the Inventory Management department within Global Logistics Services department. 
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In essence, the model can be run every day. However, the time horizon for new thresholds is long-
term, because the sectors that have a threshold on their safety stock value should have the time to 
control their safety stocks such that these are lower than the threshold value. The thresholds need 
adjustments, because demand can change or new machines can be introduced. Therefore, a good 
frequency is run the model every six months. 

The current simulation considers only one particular type of machine and its corresponding 
materials. However, ASML does not focus on one type of machine and produces multiple types of 
machines. Therefore, the optimization should be run for every type of machine. The difficulty then is 
to set a threshold for the company wide safety stock value including all types of machines. If the 
optimization is used to calculate the service level based on a company-wide minimum safety stock 
investment, then it is difficult to assign the minimum safety stock investment values per type of 
machine. Therefore, the responsible should decide either to set the total safety stock value per type 
of machine or to calculate the thresholds based on a required service level for all machines, which 
does not results in any difficulties. 

This chapter has tested the full model from chapter 4 on a realistic situation at ASML. The simulation 
is tested at a part of ASML’s assembly chain; the Illumination workcenter. Using data from 2014, the 
simulation results can be validated. Results also show that an increase in total safety stock value of 
50 K euros will result in an increase of the On Time Probability of 3%. A 100 K euro reduction of the 
total safety stock value will yield a decrease of 6% of the On Time Probability. The current threshold 
has reduced the total safety stock investment without reducing the service level too much. The 
service level is reduced by only 3%, whereas the total safety stock value is reduced by 50K (around 
20% reduction). This indicates that the effectivity of the threshold is not necessarily due to the 
correctness of the value of the threshold. After all, the current threshold was set using mainly 
managerial insights. In conclusion, setting a threshold is a mechanism to set high specific goals with 
feedback that will result an increased performance (Locke, 1996) and to give planners managerial 
attention that also will result in an increased performance (Mayo, 1933) as discussed in section 
3.3.3.1. The model developed in this thesis can still be used to gain insights in what the effects are 
on the system’s performance if the threshold is changed. 
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6. Final remarks 
After analyzing the current situation, the development of the model and the validation of the model 
a conclusion can be drawn. The conclusion and future research areas are described in this chapter.  

6.1. Conclusion 
After the introduction and the description of the research design in chapter 2, the detailed analysis 
was discussed as an answer to the first research question. Some conclusions are drawn from the 
research of the detailed analysis. Firstly, the current safety stock threshold has reduced the total 
safety stock value. This already was one of the desired results of setting the threshold in the first 
place. To set a new threshold value on the total safety stock value, the model described in this 
report can be used. Another conclusion was that the largest part of the disturbances at ASML where 
related to material issues and that safety stock is set at ASML to deal partly with material related 
disturbances. Other reasons for setting safety stock are, for example, a supplier that is expected to 
have difficulties delivering in the near future, an extra safety stock request from the factory for the 
night shift which has no access to the regular safety stock or non-production related requests for a 
particular material.  

One of the cornerstones of the model is the defined service measure in chapter 4. After literature 
research and comparing existing service measures with the requirements at ASML, it is concluded 
that the most relevant service measure is one which calculates the probability that the total delay 
during production is less or equal to a constant from Chang (2013), which is referred to as the On 
Time Probability. This answers the second research question. 

Next to that, this report has described and discussed a model which can be used to evaluate the 
threshold of the total safety stock value in order to answer the third research question. The 
modelling and optimization are discussed in chapter 4. The full model includes a model that links the 
safety stock on a material level to the On Time Probability. Then, summing over all materials the 
safety stock level per material multiplied with the price yields the total value for safety stock to deal 
with material rejects. To get the total safety stock value, the total value for safety stock to deal with 
material rejects needs to be increased with the total value of safety stock for other issues, which can 
be predicted using linear regression. An optimization was needed to get an optimal trade-off 
between the total safety stock value and the service level.  

The case study in chapter 5 yielded interesting results when the model was used to calculate the 
total safety stock value and, hence, the safety stock threshold value at ASML’s illumination 
workcenter. From the first part of the simulation of the illumination workcenter it was concluded 
that using data from 2014 the simulation can be validated. Secondly, the current safety stock setting 
of around 208 K euros will yield a service level of around 86%. Increasing the service level by 3% will 
require an additional safety stock investment of 50 K euros. A 50 K euro decrease of the total safety 
stock value will decrease the service level by 6%. This simulation also showed that with only safety 
stock it is not possible to achieve 100% service level, because disturbances can also be non-material 
related.  

The current method of setting the threshold is also satisfying, because it has reduced the total safety 
stock value in the Illumination workcenter by 20%, whereas the service level only decreased by 3%.  
So, setting a threshold is a mechanism to set high specific goals with feedback that will result an 
increased performance (Locke, 1996) and to give safety stock planners managerial attention that 
also will result in an increased performance (Mayo, 1933) as discussed in section 3.3.3.1. Setting a 
threshold based on managerial insights may have the desired result of decreasing safety stock levels 
and increased control, but will not provide the insights that the newly developed model provides. 
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In conclusion, the model developed in this thesis can be used to gain insights in what the effects are 
on the system’s service level if the threshold is changed. The model links the safety stock threshold 
with service levels resulting in an efficient frontier for this trade-off, which was the goal for this 
research. 

6.2. Limitations and ideas for further research 
After conducting the research some limitations are found. The limitations of the research are 
discussed and some ideas for further research are proposed in this section.  

The first limitation is the use of the regression model. The regression model approximates the total 
value of safety stock for other reasons then material defects (VSSOther). In this report, the regression 
model is built based on data provided by ASML, which does not result in a general regression model 
to predict VSSOther. Next to that, data where the regression is based upon may not be available in all 
environments where this model can be used, which diminishes the generality. Finally, the general 
downsides of using regression analysis apply, which are for example illusions and false conclusions 
that can be drawn from a model built with linear regression (Armstrong, 2013). 

A second limitation of the model is that it uses simulation for the calculation of the efficient frontier. 
This has several disadvantages. The first disadvantage is that it takes some time to solve the 
optimization that results in the efficient frontier. In chapter 5 the simulation took on average 3 hours 
to generate results. Secondly, the simulation simulates multiple runs, which gives not exact 
solutions. Especially in the case of optimization, simulation will not provide optimal results, but near-
optimal results, because it is possible that the simulation will allocate safety stock to the wrong 
option. This is due to variation of the simulation versus the real value, which can affect the choice of 
a certain option if two options are close to each other. Increase the number of simulation runs per 
option may solve this problem of inaccuracy, but will result in an increase of the simulation time. A 
trade-off is made in this report between the number of runs and the accuracy of the simulation 
results, as shown in Appendix F. 

The third limitation is that the performance of the model is not validated with a full assembly model. 
The service measure is theoretically described. A comparison between the theoretical performance 
measure and the true values of the service level derived directly from a real situation is not 
completely performed. Only one validation point using data from 2014 is used to validate the 
simulation in chapter 5. It is preferred to have more validation points instead of only one. 

Partly based on these limitations four possible directions for future research are found: 
1. Improve the regression model. 

Currently, the regression model predicts the total value of SSOther. However, for the reasons 
explained earlier in this section, the regression model has some limitations. Therefore, it is 
possible to further develop the regression model. This can be done by using more variables 
which have a significant impact on the dependent variable. Another option is to build a 
regression model that calculates SSOther or the value of SSOther on a material level 
 

2. Derive an extended expression for the On Time Probability. 
In the current model, an expression for On Time Probability is derived using simplifying 
assumptions such as exponentially distributed times and dependency between two 
consecutively scheduled products. It will improve the validation if there is an expression with 
fewer assumptions for the On Time Probability. Ideally, if the expression even covers multiple 
productions stations, the simulation can be skipped. 
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3. Test performance of model in larger assembly system 
The simulation in chapter 5 only considers a part of ASML’s assembly chain. The practical 
applicability of the model can be tested even better in a larger assembly system, because then 
the simulation captures a full assembly system. 
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The cause-and-effect diagram for ASML specific in Figure A- 1 needs further explanation. The effect 
in this diagram is shown on the right in the box and is labeled as: “Little insight in the effects of the 
threshold”. Several causes for ASML specific can be related to this effect. Causes to this effect are: 

- High number of defects 
According to ASML data processes have a high number of defects during assembling. ASML 
products require often fragile components, which can be damaged easily. Due to the high 
rejection rate in combination with the assembly system, standard safety stock models from 
theory are not applicable. 

- Simplistic threshold setting 
The current threshold is set using a relatively simple method as will be described in section 
3.3.1. The current method does not provide insights in how the threshold influences the 
processes. 

- Organizational barriers 
There are several organizational barriers that obstruct getting insights in the effect of the 
threshold based on experts’ opinions. The assembly chain of ASML has several responsible 
organizational entities. For example, one entity is responsible for the safety stock of Buy and 
BuB materials and another entity for the safety stock of assemblies of a special type of 
machine. If the safety stock of the assemblies is reduced, then, assuming that the same 
service level has to be reached, the safety stock of the Buy materials have to be increased. 
This is an organizational barrier that tampers the effect of the threshold. 

- Other buffering mechanisms used instead 
Next to the safety stock, other buffering mechanisms exist as discussed in chapter 3. Even 
though the safety stock may be reduced, the service level may remain the same, because 
another buffer (based on another buffering mechanism) is increased. The trade-off between 
buffering mechanisms is researched by Buzacott & Shanthikumar (1994). 

- Highly complex assembly system 
ASML has very complex Bill of Materials, resulting in a complex assembly system for a single 
machine. Next to that, ASML produces multiple machines, which may use the same 
materials. This all adds complexity to the assembly system that makes it hard to see how the 
threshold on an aggregate safety stock value affects the service level on a material level. This 
makes it hard to fit standard safety stock calculations from theory to this problem. 
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Appendix B: Comparison to Chang (2013) 
The research goal of Chang (2013) is similar. The service measure developed by Chang is used in this 
research too. However, the developed model by Chang has some limitations as mentioned in the 
literature review (section 2.1). The expressions derived by Chang are more detailed, but due to the 
complex calculations, more detailed input is needed. Due to the detailed required input, the model 
never made it to practice, because getting the correct input data required too much effort. The 
model developed in this thesis considers defect rates for all materials per production step, which 
makes it also to real situations. Next to that, this model considers a separate production step for a 
disturbance whereas in Chang’s model everything is captured in a single step. However, the model in 
this report assumes only one disturbance per material per step, whereas in Chang’s model it is 
possible to have multiple disturbances related to a single material. Finally, Chang’s model assumes 
disturbances to be part of a production step, whereas the model in this thesis assumes that a 
disturbance process is separated from regular production, but both processes may cause delay. An 
overview of the comparison is shown in the table below (Table A- 1). Some parts of the models are 
similar, but due to the limitations of Chang’s model it is chosen to develop a completely new model. 

Table A- 1: Comparison to Chang (2013) 

 Model by Chang (2013) Model from this research 

Type of system analyzed Assembly system Assembly system 

Service measure On Time Probability On Time Probability 

Model 

 
 

With regression model  
 full model 

Defect rates Summing defect rates per 
material 

Defect rate per production 
step per material 

Type of safety stock considered Only SSDefect SSDefect and SSOther 

Optimization  heuristic Greedy using biggest “bang for 
the buck” 

Greedy using biggest “bang for 
the buck” 

Analytical expression for Total delay per production step On Time Probability 
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Appendix C: Derivation of variance definition  
Let’s assume that Y and Z are both random variables. X is either Y with probability p or Z with 

probability 1-p. So: 

𝑋:=  { 
𝑌, 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑝
𝑍, 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (1 − 𝑝)

  

Hence, the expected value of X is: 

𝐸(𝑋) = 𝑝𝐸(𝑌) + (1 − 𝑝)𝐸(𝑍) 

Similarly, the second moment of X can be calculated: 

𝐸(𝑋2) = 𝑝𝐸(𝑌2) + (1 − 𝑝)𝐸(𝑍2) 

The variance of X can be explained using the definition: 

𝑉𝑎𝑟(𝑋) = 𝐸(𝑋2) − 𝐸^2(𝑋) 

Then, substituting the second moment and the expected value of X in the formula of the variance 

yields: 

𝑉𝑎𝑟(𝑋) =  𝑝𝐸(𝑌2) + (1 − 𝑝)𝐸(𝑍2) − (𝑝𝐸(𝑌) + (1 − 𝑝)𝐸(𝑍))
2

 

=  𝑝𝐸(𝑌2) + (1 − 𝑝)𝐸(𝑍2) − 𝑝2𝐸2(𝑌) − (1 − 𝑝)2𝐸2(𝑍) − 2𝑝(1 − 𝑝)𝐸(𝑌)𝐸(𝑍) 

= 𝑝(𝑉𝑎𝑟(𝑌) + 𝐸2(𝑌)) + (1 − 𝑝)(𝑉𝑎𝑟(𝑍) + 𝐸2(𝑍)) − 𝑝2𝐸2(𝑌) − (1 − 𝑝)2𝐸2(𝑍)

− 2𝑝(1 − 𝑝)𝐸(𝑌)𝐸(𝑍) 

= 𝑝𝑉𝑎𝑟(𝑌) + 𝑝𝐸2(𝑌) + (1 − 𝑝)𝑉𝑎𝑟(𝑍) + (1 − 𝑝)𝐸2(𝑍) − 𝑝2𝐸2(𝑌) − (1 − 𝑝)2𝐸2(𝑍)

− 2𝑝(1 − 𝑝)𝐸(𝑌)𝐸(𝑍) 

= 𝑝𝑉𝑎𝑟(𝑌) + (1 − 𝑝)𝑉𝑎𝑟(𝑍) + 𝑝(1 − 𝑝)(𝐸(𝑌) − 𝐸(𝑍))
2

 

Hence, the variance of X is: 

𝑉𝑎𝑟(𝑋) = 𝑝𝑉𝑎𝑟(𝑌) + (1 − 𝑝)𝑉𝑎𝑟(𝑍) + 𝑝(1 − 𝑝)(𝐸(𝑌) − 𝐸(𝑍))
2
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Appendix D: Probability functions of delayed production time 
First we define R as the regular production time and F as the additional time encountered because of 
delay. R and F are independently and identically distributed and follow an exponential distribution 
with non-negative parameters λ1 and λ2 respectively. Then, as defined D is the sum of R and F;  

𝐷 = 𝑅 + 𝐹 

In other words:                         𝐹 = 𝐷 − 𝑅  

In terms of density function this can be expressed as: 

𝑓𝐷(𝑟, 𝑓) = 𝑓𝑅(𝑟) ∗ 𝑓𝐹(𝑓) 

Substituting F = D – R yields: 

𝑓𝐷(𝑟, 𝐶 − 𝑟) = 𝑓𝑅(𝑟) ∗ 𝑓𝐹(𝐶 − 𝑟) 

The probability density function of the delay is assumed to be exponentially distributed (from 
Appendix B). By definition the probability density function of an exponential distribution is: 

𝑓𝑋(𝑥) = 𝜆𝑒−𝑥𝜆 = 𝜆𝑒−𝑥𝜆 

This results in the following probability density function: 

 𝑓𝐷(𝑟, 𝐶 − 𝑟) = 𝜆1𝑒
−𝑟𝜆1 ∗ 𝜆2𝑒

−(𝐶−𝑟)𝜆2 = 𝜆1𝜆2𝑒
−𝐶𝜆2 ∗ 𝑒(𝜆2−𝜆1)𝑟 

Note that, because R and F are non-negative and D is the sum of those two, D also is non-negative. 
To express the probability density function of D only in terms of w the definition of the convolution 
of random variables is used: 

𝑓𝐷(𝐶) = ∫  𝑓𝑊(𝑟, 𝐶 − 𝑟)
𝐶

−∞

𝑑𝑟 

= ∫  𝜆1𝜆2𝑒
−𝐶𝜆2 ∗ 𝑒(𝜆2−𝜆1)𝑟

𝐶

0

𝑑𝑟 

= 𝜆1𝜆2𝑒
−𝐶𝜆2  ∫ 𝑒(𝜆2−𝜆1)𝑟

𝐶

0

𝑑𝑟 

= 
𝜆1𝜆2𝑒

−𝐶𝜆2

𝜆2 − 𝜆1
[𝑒(𝜆2−𝜆1)𝑟]

𝐶
0

 

This yields the probability density function for D: 

𝑓𝐷(𝐶) =
𝜆1𝜆2

𝜆2 − 𝜆1
(𝑒−𝜆1𝐶 − 𝑒−𝜆2𝐶) (3) 
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Calculating the cumulative distribution function from the probability density function can be done 
with the use of the definition of the cumulative distribution function: 

𝐹𝐷(𝐶) =  𝑃(𝐷 ≤ 𝐶) 

= ∫ 𝑓𝑊(𝑥)𝑑𝑥
𝐶

0

 

= ∫
𝜆1𝜆2

𝜆2 − 𝜆1
(𝑒−𝜆1𝑥 − 𝑒−𝜆2𝑥)𝑑𝑥

𝐶

0

 

=
𝜆1𝜆2

𝜆2 − 𝜆1
 ∫ (𝑒−𝜆1𝑥 − 𝑒−𝜆2𝑥)𝑑𝑥

𝐶

0

 

=
𝜆1𝜆2

𝜆2 − 𝜆1
 ([

−1

𝜆1
𝑒−𝜆1𝑥]

𝐶
0

− [
−1

𝜆2
𝑒−𝜆2𝑥]

𝐶
0
) 

= [1 +
𝜆1

𝜆2 − 𝜆1
𝑒−𝜆2𝐶 −

𝜆2

𝜆2 − 𝜆1
𝑒−𝜆1𝐶] 

So, the cumulative distribution function for the production time due to delay is: 

𝐹𝐷(𝐶) = [1 +
𝜆1

𝜆2 − 𝜆1
𝑒−𝜆2𝐶 −

𝜆2

𝜆2 − 𝜆1
𝑒−𝜆1𝐶] (4) 
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Appendix E: Probability functions of dependent delayed production 

time 
First we define W1 as the delay of the first product and W2 as the delay of the second product. W1 
and W2 are independently and identically distributed. Both functions are distributed using the 
cumulative distribution function (formula 5). Then, as defined Wtot is the sum of W1 and W2;  

𝑊𝑡𝑜𝑡 = 𝑊1 + 𝑊2 

In other words:                          

𝑊2 = 𝑊𝑡𝑜𝑡 − 𝑊1 

In terms of density function this can be expressed as: 

𝑓𝑊𝑡𝑜𝑡
(𝑤1, 𝑤2) = 𝑓𝑊1

(𝑤1) ∗ 𝑓𝑊2
(𝑤2) 

Substituting 𝑊2 = 𝑊𝑡𝑜𝑡 − 𝑊1 yields in: 

𝑓𝑊𝑡𝑜𝑡
(𝑤1, 𝐶 − 𝑤1) = 𝑓𝑊1

(𝑤1) ∗ 𝑓𝑊2
(𝐶 − 𝑤1) 

First the derivative of the cumulative distribution function (formula 5) has to be taken with respect 
to C to get the probability density function of the On Time Probability without dependencies (otpno 

dep (C)). This results in: 

𝑜𝑡𝑝𝑛𝑜 𝑑𝑒𝑝(𝐶) = (1 − 𝑞) ∗ [𝜆1𝑒
−𝐶𝜆1] + 𝑞 ∗

𝜆1𝜆2

𝜆2 − 𝜆1
∗ [𝑒−𝜆1𝐶 − 𝑒−𝜆2𝐶] (6) 

This results in the following probability density function for the combination of two formulae 6: 

 𝑓𝑊𝑡𝑜𝑡
(𝑤1, 𝐶 − 𝑤1)

= [(1 − 𝑞) ∗ [𝜆1𝑒
−𝑤1𝜆1] + 𝑞 ∗

𝜆1𝜆2

𝜆2 − 𝜆1
∗ [𝑒−𝜆1𝑤1 − 𝑒−𝜆2𝑤1]]

∗ [(1 − 𝑞) ∗ [𝜆1𝑒
−(𝐶−𝑤1)𝜆1] + 𝑞 ∗

𝜆1𝜆2

𝜆2 − 𝜆1
∗ [𝑒−𝜆1(𝐶−𝑤1) − 𝑒−𝜆2(𝐶−𝑤1)]] 

For convenience 𝑣 = (1 − 𝑞)𝜆1 and 𝑢 = 𝑞 ∗
𝜆1𝜆2

𝜆2−𝜆1
 is substituted in the equation, because they all 

are constants: 

𝑓𝑊𝑡𝑜𝑡
(𝑤1, 𝐶 − 𝑤1)

= [𝑣 ∗ 𝑒−𝑤1𝜆1 + 𝑢 ∗ [𝑒−𝜆1𝑤1 − 𝑒−𝜆2𝑤1]]

∗ [𝑣 ∗ 𝑒−(𝐶−𝑤1)𝜆1 + 𝑢 ∗ [𝑒−𝜆1(𝐶−𝑤1) − 𝑒−𝜆2(𝐶−𝑤1)]] 

Expressing everything in terms of w: 

𝑓𝑊𝑡𝑜𝑡
(𝐶) = ∫  𝑓𝑊𝑡𝑜𝑡

(𝑤1, 𝐶 − 𝑤1)
𝐶

0

𝑑𝑤1 

= ∫  [𝑣 ∗ 𝑒−𝑤1𝜆1 + 𝑢 ∗ [𝑒−𝜆1𝑤1 − 𝑒−𝜆2𝑤1]]
𝐶

0

∗ [𝑣 ∗ 𝑒−(𝐶−𝑤1)𝜆1 + 𝑢 ∗ [𝑒−𝜆1(𝐶−𝑤1) − 𝑒−𝜆2(𝐶−𝑤1)]] 𝑑𝑤1 



59 
 

= [𝑒−𝐶(𝜆2+𝜆1) (
𝑢(𝑢 + 𝑣)𝑒𝜆1𝐶−𝜆1𝑤1+𝜆2𝑤1

𝜆1 − 𝜆2
−

𝑢(𝑢 + 𝑣)𝑒𝜆1𝑤1+𝜆2𝐶−𝜆2𝑤1

𝜆1 − 𝜆2
+ 𝑢2𝑤1𝑒

𝜆1𝐶

+ (𝑢 + 𝑣)2𝑤1𝑒
𝜆2𝐶)]

𝐶
𝑤1 = 0

 

= 𝑒−𝐶(𝜆2+𝜆1) [
𝑢(𝑢 + 𝑣)

𝜆1 − 𝜆2
(𝑒𝜆2𝐶 − 𝑒𝜆1𝐶) + 𝑢2𝐶𝑒𝜆1𝐶 + (𝑢 + 𝑣)2𝐶𝑒𝜆2𝐶 −

𝑢(𝑢 + 𝑣)

𝜆1 − 𝜆2
(𝑒𝜆1𝐶 − 𝑒𝜆2𝐶)] 

= 𝑒−𝐶(𝜆2+𝜆1) [
2𝑢(𝑢 + 𝑣)

𝜆1 − 𝜆2
(𝑒𝜆2𝐶 − 𝑒𝜆1𝐶) + 𝑢2𝐶𝑒𝜆1𝐶 + (𝑢 + 𝑣)2𝐶𝑒𝜆2𝐶] 

Hence, the density function of the sum of two delay durations is: 

𝑓𝑊𝑡𝑜𝑡
(𝐶) =  𝑓𝑊1+𝑊2

(𝐶)

=  𝑒−𝐶(𝜆2+𝜆1) [
2𝑢(𝑢 + 𝑣)

𝜆1 − 𝜆2
(𝑒𝜆2𝐶 − 𝑒𝜆1𝐶) + 𝑢2𝐶𝑒𝜆1𝐶 + (𝑢 + 𝑣)2𝐶𝑒𝜆2𝐶] 

(7) 

Calculating the cumulative distribution function from the probability density function can be done 
with the use of the definition of the cumulative distribution function: 

𝐹𝑊𝑡𝑜𝑡
(𝐶) =  𝑃(𝑊𝑡𝑜𝑡 ≤ 𝐶) 

= ∫ 𝑓𝑊𝑡𝑜𝑡
(𝑥)𝑑𝑥

𝐶

0

 

= ∫ 𝑒−𝐶(𝜆2+𝜆1) [
2𝑢(𝑢 + 𝑣)

𝜆1 − 𝜆2
(𝑒𝜆2𝐶 − 𝑒𝜆1𝐶) + 𝑢2𝐶𝑒𝜆1𝐶 + (𝑢 + 𝑣)2𝐶𝑒𝜆2𝐶] 𝑑𝑥

𝐶

0

 

= 

[
 
 
 
 

𝑒−𝑥(𝜆2+𝜆1)

(

 
 

(𝑢 + 𝑣)𝑒𝜆2𝑥 (
𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)

𝜆1 − 𝜆2
− 𝜆1𝑥(𝑢 + 𝑣))

𝜆1
2

−
𝑢𝑒𝜆1𝑥(𝜆1(𝜆2𝑢𝑥 + 𝑢) − 𝜆2(𝑢(𝜆2𝑥 + 3) + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

)

 
 

]
 
 
 
 

𝐶
𝑥 = 0
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= 𝑒−𝐶(𝜆2+𝜆1)

(

 
 

(𝑢 + 𝑣)𝑒𝜆2𝐶 (
𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)

𝜆1 − 𝜆2
− 𝜆1𝐶(𝑢 + 𝑣))

𝜆1
2

−
𝑢𝑒𝜆1𝐶(𝜆1(𝜆2𝑢𝐶 + 𝑢) − 𝜆2(𝑢(𝜆2𝐶 + 3) + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

)

 
 

− 𝑒−0(𝜆2+𝜆1)

(

 
 

(𝑢 + 𝑣)𝑒𝜆20 (
𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)

𝜆1 − 𝜆2
− 𝜆10(𝑢 + 𝑣))

𝜆1
2

−
𝑢𝑒𝜆10(𝜆1(𝜆2𝑢0 + 𝑢) − 𝜆2(𝑢(𝜆20 + 3) + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

)

 
 

 

= 𝑒−𝐶(𝜆2+𝜆1)

(

 
 

(𝑢 + 𝑣)𝑒𝜆2𝐶 (
𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)

𝜆1 − 𝜆2
− 𝜆1𝐶(𝑢 + 𝑣))

𝜆1
2

−
𝑢𝑒𝜆1𝐶(𝜆1(𝜆2𝑢𝐶 + 𝑢) − 𝜆2(𝑢(𝜆2𝐶 + 3) + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

)

 
 

− (
(𝑢 + 𝑣) (

𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)
𝜆1 − 𝜆2

)

𝜆1
2 −

𝑢(𝜆1𝑢 − 𝜆2(3𝑢 + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

) 

In summary, the cumulative distribution function of the total duration of the sum of two delays is: 

𝐹𝑊𝑡𝑜𝑡
(𝐶) = 𝐹𝑊1+𝑊2

(𝐶)

= 𝑒−𝐶(𝜆2+𝜆1)

(

 
 

(𝑢 + 𝑣)𝑒𝜆2𝐶 (
𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)

𝜆1 − 𝜆2
− 𝜆1𝐶(𝑢 + 𝑣))

𝜆1
2

−
𝑢𝑒𝜆1𝐶(𝜆1(𝜆2𝑢𝐶 + 𝑢) − 𝜆2(𝑢(𝜆2𝐶 + 3) + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

)

 
 

− (
(𝑢 + 𝑣) (

𝜆2(𝑢 + 𝑣) − 𝜆1(3𝑢 − 𝑣)
𝜆1 − 𝜆2

)

𝜆1
2 −

𝑢(𝜆1𝑢 − 𝜆2(3𝑢 + 2 ∗ 𝑣))

𝜆2
2(𝜆2 − 𝜆1)

) 

(8) 
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Appendix F: Simulation design 
The type of simulation used is a Monte Carlo simulation. Two simulations are built in this thesis. The 
first one is discussed in section 4.3.1.3. The second simulation investigates the On Time Probability in 
the Illumination workcenter at ASML (chapter 5). The simulation design consists out of several parts, 
which all are addressed in this section: 

- The number of iterations 
- The warm-up period 
- One long run or multiple short runs 

The number of iterations (n) needed for a reliable output depends on the standard deviation and the 
required confidence interval. Generally a confidence interval of 95% is considered reliable.  A 
reasonable length of the confidence interval is 1%. Then, the number of iterations can be calculated 
using the following formula: 

1% = 1.96 ∗
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑢𝑡𝑝𝑢𝑡

√𝑛
 

A test run returns 0.467 as the standard deviation of the output, which is the On Time Probability. 
Then, the number of iterations should be 10,000, which is used as number of iterations for the 
simulations. The other parts are discussed per simulation separately.  

First, the validation simulation from section 4.3.1.3 is discussed. Since an assumption in this 
simulation is to only take into account the dependency between two consecutively scheduled 
products, the warm-up period is only 1 run. For the second run, it is determined whether the 
product consumed more than the allowable delay. This process is repeated n times. So, here it is 
chosen to have multiple short runs.  

The simulation design of the simulation of the Illumination workcenter discussed in chapter 5 differs 
to the previously discussed design with regards to second and third part of the simulation design. 
The warm-up period is now longer, because dependency between all consecutively scheduled 
products is considered.  Here, it is chosen to also not have a warm-up period.  Figure A- 2 shows that 
adding a warm-up period will not change the On Time Probability. There is no general tendency 
towards an average service level, because the average is already reached with no warm-up period. 
According to Law (2007) this is a valid way of testing the warm-up period. Next to that, it is chosen 
to have one long simulation run, consisting of 10,000 iterations per production step. Here 
dependency between all consecutively scheduled products in taken into account, so that a very long 
simulation run is needed in order to correctly record the effect of this dependency. 

  

Figure A- 2: Effect of warm-up period on service level  
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Appendix G: Regression model assumptions 
In this appendix the regression model assumptions are described and validated to show that the 
regression model from section 5.1 is a valid model. The assumptions of linear regression, together 
with guidelines how to test the assumptions, are given by Field (2013). Below the explanation for 
each assumption is given. 

- Multi-collinearity: a correlation between the predicting variables.  

The collinearity statistics in Table A-2 show that the VIF is below 10, so there should be no issues 
with multi-collinearity. This is also not an issue since there is only one independent variable that 
cannot correlate with another independent variable. 

- All relevant predictor variables included.  

This is a hard assumption to check, because it is hard to test the significance of all possible predicting 
variables. In this model several other variables are checked and the current model is found to be the 
most significant while explaining the highest level of variance. Therefore, the assumption is met. 

- Homoscedasticity (all residuals are from a distribution with the same variance) and Linearity 

These two assumptions can be checked using a scatter plot of the standardized predicted value by 
the regression model and the standardized residuals. If the dots do not show any kind of pattern, the 
assumptions are met. In Figure A-3 the scatter plot is made, where can be seen that there is no 
relationship between the standardized predicted value and the standardized residuals. Therefore, 
these two assumptions are met. 

- Independency of errors: having information about the value of one residual results in 
information about another residual value. 

This assumption cannot be tested, but can only be detected using knowledge about the model. Since 
the cases used for building the regression model are randomly picked from the data it is likely that 
the errors are independent. Therefore, this assumption is also met. 

- Errors are distributed normally 

The normality of residuals is the assumption that can be tested using a histogram and a cumulative 
probability plot of the standardized residuals. These figures are shown in Figure A-4 and Figure A-5 
respectively. The histogram looks like to have the bell-shaped curve of a normal distribution and the 
cumulative probability plot is almost a straight line. These are the requirements to satisfy this 
assumption. Therefore, the assumption of normally distributed residuals appears to be valid. 

Table A-2: Regression coefficients with collinearity statistics 
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Figure A-3: Scatterplot of standardized predicted values and standardized residuals of the regression model 

 
Figure A-4: PDF of the standardized residuals of the regression model 

 
Figure A-5: Normal probability plot of the standardized residuals of the regression model 

 


