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Abstract 
In this master thesis, we conduct a research on central warehouse inventory optimization problem for 

a two-echelon, multi-location, multi-item service supply network at ASML. We build up the 

connection between the central warehouse planning and the local warehouse cluster planning. We 

study the entire service supply network and provide an integrated inventory planning system in which 

the local warehouse stocking decision is taken into account when performing the central warehouse 

inventory planning. By doing this, the two planning units are better connected and aligned in the 

scope of the entire service supply chain. In this research project, the heuristics proposing close-to-

optimal stocking decisions for both central warehouse and local warehouse clusters are formulated. 

Besides, we develop a simulation tool for the evaluation of the overall performance of the entire 

service supply network. Finally, we conduct case studies for ASML to generate managerial insights 

for their central warehouse planning.  
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Executive Summary 
ASML is a leading company in the semiconductor supplier industry that designs, builds and supplies 

highly complex lithography systems to its worldwide customers. Due to the fact that the lithography 

systems are expensive and down time costs for such systems are extremely high, an availability of 

service parts close to 100% is often required to guarantee that down situations are recovered quickly. 

To provide high service levels for service parts supply, ASML operates a service supply chain with 

more than 50 worldwide local warehouses and one central warehouse in South Korea.  

Recently, an inconsistency problem in service parts planning between the local warehouse clusters 

and the central warehouse has been identified. For example, an average replenishment lead time of 14 

days from the central warehouse to local warehouses is used as an input parameter for local 

warehouse planning, but this is not a target for the central warehouse planning. According to 

statistical analysis, the actual worldwide average replenishment lead time from the central warehouse 

is around 30 days, which is twice as high as the specified 14 days, and one has a large fluctuation per 

local warehouse. This has led to the consequence that around 50% of the unavailability (planned but 

not available) of service parts in local warehouses when systems are down, is caused by this 

prolonged replenishment lead time.  

To solve this issue and improve the central warehouse planning and eventually improve the overall 

performance of the entire service supply chain, the following research assignment is formulated: 

“Define proper KPI(s) for central warehouse planning and develop a two-echelon supply 

chain model to evaluate the performance of central warehouse planning; develop a 

simulation tool based on the evaluation model and use it to give feedbacks on different 

inventory stocking policies in the central warehouse.”   

In order to measure the performance of central warehouse planning, a clear (set of) KPI(s) has been 

defined. By investigating both literature and ASML’s current situation, the combination of aggregate 

mean lead time and aggregate fill rate (known as CSD within ASML) have been selected as KPIs for 

ASML’s central warehouse planning. The aggregate mean lead time is the main KPI for central 

warehouse planning, which serves as planning target for the central warehouse, while the aggregate 

fill rate is used for measuring the fill-rate related performance to give an indication of the immediate 

availability of central warehouse stock. 

In a two echelon service supply chain, to directly evaluate the exact influence of the central 

warehouse is difficult. The impact of central warehouse planning has a strong relation with the 

worldwide warehouse inventory status, external supplies and customer demands. Without taking all 

these factors into consideration, to accurately evaluate the performance of central warehouse planning 

is impossible. Therefore, we take the entire service supply chain into account. For the analysis, we 
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evaluate different stocking decisions and therefore can provide feedbacks for adjusting the inventory 

planning. In addition, with the help of the evaluation tool, we are able to adjust the parameters for 

simulation and to see the impact of demand rates changes or supply lead time changes and adjust the 

inventory planning accordingly. It enables central warehouse planners to propose changes in the 

inventory planning and understand the impact before implementing the changes in real-life supply 

chain. Therefore, the evaluation model can also be used for proactive planning by providing the 

feedbacks for the situation changes.  
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1. Introduction 
In this master thesis, we studied the central warehouse inventory planning evaluation problem for a 

two-echelon service supply chain at ASML, an original equipment manufacturer (OEM) in the 

semiconductor supplier industry. The supply chain consists of one central warehouse and multiple 

local warehouses spread over three geographical areas, i.e., Asia, Europe and United States. 

In the semiconductor industry, setting up a fab represents more than a billion euros investment with a 

significant portion of the capital invested in the equipment. The core equipment needed in the critical 

production steps for semiconductor manufacturing is a lithography system. ASML is one of the few 

companies that design, build, and supply the highly complex lithography systems to the 

semiconductor industry. After delivery and installation at the customer factory, the lithography 

systems are used for years, during which the systems are maintained and possibly upgraded. These 

systems are extremely expensive, and thus, the availability is crucial, because operations of the 

customers may halt due to failures of the systems and results in a significant downtime loss. For 

ASML customers, the opportunity cost due to the lost production when such system is down could 

potentially run into millions of euros. Therefore, availability of service parts close to 100% is often 

required to guarantee that down situations are recovered quickly. 

To combat the costly downtime, ASML keeps service parts of lithography systems on stock at local 

warehouses near customer factory to provide the quick response when failure of the system occurs. 

With about 70% of its customers located in the Asia-pacific region, ASML set up a Global 

Distribution Center (GDC) in South Korea, functioning as central warehouse to facilitate service parts 

delivery in Asia and the rest of world. Being closer to its main customers, ASML anticipates reducing 

overall customer downtime and at the same time saving costs per request. Kennedy et al (2002) 

summarized the particularities of service parts inventory for capital goods as “with high pressure in 

attaining high service level and extremely sporadic demand”, which is indeed felt by ASML. This has 

stimulated a huge body of researches on service parts logistics, and a few of them were conducted in 

ASML aiming for potential improvement from the state-of-the-art techniques. Due to the fact that a 

service supply chain model which incorporates everything is too complicated, most of the studies 

made use of decoupling the two echelon network into single echelon problems; a few of them studied 

the two echelon problems by simplifying the behavior at the local warehouse cluster. In those 

decoupled models, the inventory planning at central warehouse and local warehouse cluster are not 

well aligned. The disconnected inventory planning for each echelon cannot guarantee the optimal 

performance for the entire supply chain. Paul Enders studied the service parts inventory control in a 

multi-item, two-echelon network setting for ASML in 2004. Since 2009, the service supply network 

in ASML has been changed; the previous two continental central warehouses have been replaced by 

one worldwide central warehouse. So far, almost no research has been done on the planning of service 
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parts inventory for the new service supply network in ASML which takes the whole two-echelon 

network into consideration and without losing the complexity in each echelon.  

To fill in the gap, this study focuses on building the connection between inventory planning at the 

central warehouse and local warehouse clusters, and concentrating on the planning at the central 

warehouse. ASML expects to see the alignment between its central warehouse planning and local 

warehouse planning units and anticipates the potential benefits from this study for its entire service 

supply network. The unique contributions of this research are in the following aspects: 1) the 

determination of KPIs for ASML’s central warehouse planning and how this can be interpreted into 

the entire supply chain performance outcome; 2) the tight coupling of the two-echelon planning and 

how the previously decoupled planning units can be connected; 3) effects of the integrated planning 

for the entire service supply network.  

The outline of the rest of the report is as follows. In chapter 2, a company description is provided for 

readers to gain an idea about the lithography system ASML is manufacturing. In chapter 3, challenges 

in ASML service logistics is explained followed by a clear project definition and project scope, as 

well as the deliverables of the project and the required research steps. In chapter 4, literature study is 

conducted to gain insights in how a relevant research problem is conducted and solved. In chapter 5, 

the current situation of ASML service supply chain including the overview of supply network, service 

measures, inventory stocking policies and overview of worldwide replenishment lead times are 

introduced. In chapter 6, KPIs selected for central warehouse planning is explained, the decoupling 

and recoupling concept is introduced followed by a clear model formulation. In chapter 7, how the 

model can be evaluated under a given stocking policy is explained. In chapter 8, the simulation tool 

developed based on the evaluation model is introduced; the numerical study and ASML case studies 

are conducted. In chapter 9, the conclusions and recommendations are made.  
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2. Company Description 
In this chapter, background information of ASML is given to provide readers with a general overview 

of the company. First of all, a description of the company is given in section 2.1, followed by a 

general introduction of the lithography systems that ASML is manufacturing in section 2.2. After that, 

the product portfolio is explained in section 2.3. 

2.1. The Company 
ASML, founded in 1984, is the world’s leading provider of lithography systems for the semiconductor 

industry, manufacturing complex machines that are critical to the production of integrated circuits or 

microchips. Headquartered in Veldhoven, the Netherlands, ASML designs, develops, integrates, 

markets and services these advanced systems, which continue to help its customers - the major 

chipmakers - reduce the size and increase the functionality of microchips, and consumer electronic 

equipment (ASML Homepage).  

The semiconductor industry continues to grow, creating smaller and more advanced devices. 

Nevertheless, it is an industry that can be very volatile. ASML has to be flexible to deal with the 

inevitable ups and downs, while maintaining the long-term investment into technology leadership. 

The commitment that ASML offers to its customers is to provide the leading edge imaging solutions 

to continuously improve their global competitiveness. With over 60 facilities, the ASML organization 

is extensive but it is characterized by close cooperation - internally, and with customers and suppliers 

worldwide. Such structure reflects ASML’s business strategy, which concerns technology leadership, 

customer focus and operational excellence. This strategy is backed up by comprehensive logistics and 

customer support.  

2.2. The Lithography System 
The lithography systems are advanced capital goods with extremely high commercial price used in 

core production processes by ASML’s customers. The ASML lithography systems are based on a 

modular architecture. Customers can tailor the system to their specific needs, adding productivity and 

performance enhancements as the process requirements changed. The engineers at ASML focus on 

designing the system and integrating the different modules into a finely-tuned machine. The product 

catalog contains the PAS 2500-5500 platform, TWINSCAN AT/XT dry platform, TWINSCAN 

XT/NXT immersion platform and Tachyon 2.5 platform EUV1.  

ASML’s largest business focuses on lithography systems for 200- and 300-millimeter diameter wafers 

and its immersion lithography systems are the state-of-the-art technology in this field. According to 

Information Network, ASML had a whopping 82 percent of 193-nm immersion lithography system 

shipments in 2011. Other business activities include customized solutions (e.g. for compound 

                                                 
1 EUV: stands for extreme ultraviolet, is the next-generation lithography system. 



4 
 

semiconductors), software-enhanced lithography and the commercialization of EUV lithography. An 

example of the EUV lithography system is shown in Figure 2.  

 
Figure 2, Extreme ultraviolet (EUV) lithography system 

For these lithography systems, in today’s business environment, the importance of after-sales service 

is high. Lost revenues due to disservice are enormous. Kranenburg (2006) points out that not only is 

after-sales service valuable as a competitive advantage for manufacturers, direct revenues in service is 

also remarkably high. Keeping machines up in the field (system availability) is significant and in 

order to guarantee this, ASML offers post-warranty Full Service Contract to customers for the best 

system performance, for example, an up to 24 hours a day, 7 days a week support coverage by 

customer support engineers armed with the latest technical know-how. The technical experts facilitate 

fast troubleshooting and repair to help ASML guarantee a promised high system availability (around 

95% uptime) commitment. 

2.3. Product Portfolio 
From the management perspective, there are three main markets worldwide in which operations are 

performed separately, i.e. Asia, Europe, and United States. Service market characteristics primarily 

depend on the number and the type of installed base. In recent years, the business was growing by 

leaps and bounds in Asia with a presence of 65.7% of the total installed base, and provided 71% of net 

system sales in 2011. The US market and European markets are ranking at the second and third place 

with 24% and 5% of net system sales respectively. The percentage of total installed bases categorized 

per machine family per market is shown in Table 1 below. 

Table 1, Installed base per machine family per market (2011) 

Machine family PAS 2500-5500 AT/XT (DRY) Immersion NXT NXE Yieldstar 

Asia 59.0% 75.6% 81.1% 69.0% 66.7% 64.3% 

Europe 14.8% 6.7% 3.1% 7.1% 16.7% 14.3% 

United States 26.1% 17.7% 15.9% 23.8% 16.7% 21.4% 
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For machines from PAS 2500-5500 families, the consumption of service parts is lower and more 

stable while parts for machines from Immersion, NXT and NXE families show a higher consumption 

per installed base per year and with higher fluctuation.  

To sustain the growth and maintain support of main customers in Asia, a central warehouse with 

purchasing, logistics and technical support has been set up in Korea 2008. This is to enable ASML to 

better facilitate service parts delivery in Asia and to the rest of the world as well. In order to create 

more transparency for its suppliers, ASML was required to explicitly split demands for the factory 

and demand for after-sales service.  

Table 2, Inventory investment per machine family and the average cost per machine 

Machine family PAS 2500-5500 AT/XT (DRY) Immersion NXT NXE Yieldstar 

% of total  
capital usage 

18.7% 37.1% 8.8% 27.0% 7.6% 0.7% 

cost per 
machine 

(normalized2) 
2.7 11.2 11.3 62.1 100 4.8 

The cost prices of service parts used for new platforms are much more expensive than those for older 

platforms. For example, the average part price is € 4,100 for EUV compared with € 1,000 for AT/XT. 

For machines from PAS 2500-5500 families, service parts are of even lower price and the pert 

consumptions are stable after years of operation. For platform like NXT, the cost of system down is 

much higher than that of PAS machine families. Thus, customers usually ask for higher service level 

to guarantee a better performance of new platforms. Consider that new platforms are less stable and 

service parts are more expensive, it is reasonable that the average maintenance cost per machine is 

significantly higher than those from older platforms. In Table 2, we show the normalized maintenance 

cost per machine categorized by machine family. 

In the next chapter, we formulate the project definition and describe the scope of project and the 

deliverables.  

                                                 
2 Maintenance cost per machine is normalized to the range of (0, 100]. 
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3. Project Definition 
In this chapter, we summarize the challenges that are encountered by the service logistics department 

within ASML in section 3.1. Based on the challenges identified, a clear project definition together 

with the scope and deliverables are formulated in section 3.2. After that, the research steps needed to 

carry out this study are explained in section 3.3. 

3.1. Challenges in ASML Service Logistics 
In ASML service supply network, the service parts inventory has tied up an extremely high capital 

investment. During the last 2 years, worldwide service parts stock value has been increasing sharply. 

The worldwide total stock value by the end of the Q2 2012 is about twice as much as the stock value 

in Q3 2010, which amounts to several hundreds of millions of euros. And the stock value in the 

central warehouse is also doubled in the meantime. According to the statistics, the central warehouse 

holds approximately 25% of the worldwide total stock value. Thus, the amount of which is significant 

enough to attract attention to carrying out research for a potential cost reduction. Even savings of only 

a few percent constitute a large cost reduction in absolute terms. For details of stock value overview, 

see Appendix I. 

Central warehouse faces uncertainties from both customers and the suppliers, i.e., the demand 

uncertainties and supply uncertainties. Since the downtime cost is extremely high, ASML committed 

to providing high service levels to its customers. The tight service levels keep stimulating central 

warehouse planners to carry out high safety stocks to minimize the stockout occasions. On one hand, 

such planning helps to provide high after-sales service level and increase the availability of the 

systems at customers. On the other hand, this results in a considerable amount of overstocks which tie 

up a large capital investment and associated operation cost. 

Currently, central warehouse does not have a clear set of key performance indicators (KPIs) for its 

inventory planning. The central warehouse planning focuses on individual item level and is not well 

aligned with the local warehouse planning. For example, an average replenishment lead time of 14 

days from central warehouse to local warehouses is used as an input parameter for local warehouse 

planning, but is not a target for the planning in central warehouse. The lack of KPIs leads to the 

difficulty for the central warehouse planning since there is no basis to evaluate the overall 

performance. Furthermore, the disconnected planning in both echelons can hardly guarantee an 

optimal performance for the entire service supply chain at ASML. 

ASML central warehouse faces challenges on how to improve the service parts management, and at 

the same time, preserving the committed service levels. Presently, the influence of inventory stocking 

policy changes in central warehouse can only be measured by implementing these changes and 

monitoring the effects for a certain period of time. However, ASML would like to gain information 
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about the related effects before implementing a certain change in inventory planning and use this 

information to influence the central warehouse planning. 

Due to the new challenges in service supply chain and the interests of the service logistics department 

of ASML, the current research project has been initiated for potential improvement in central 

warehouse planning. The detailed project definition is given in the following section. 

3.2. Project Definition 
The primary target of this research project is to evaluate the service parts inventory planning at ASML 

central warehouse. As addressed in previous section, clear KPIs are currently missing and ASML is 

not able to evaluate the effects of different stocking policies at central warehouse. Based on the 

challenges and interests of service logistics department in ASML, the following project definition is 

formulated: 

“Define proper KPI(s) for central warehouse planning and develop a two-echelon supply 

chain model to evaluate the performance of central warehouse planning; develop a 

simulation tool based on the evaluation model and use it to give feedbacks on different 

inventory stocking policies in the central warehouse.”   

Note that, the simulation approach would still not be able to capture all the influence factors in ASML 

service supply chain due to the highly volatile environment ASML is in. The feedback from 

simulation tool serves as one of the important basis for central warehouse planners to enact better 

stocking decision. In the following section, the project scope is discussed.  

3.3. Project Scope 
To develop such a methodology for measuring the central warehouse planning, clear project 

boundaries need to be set. These are summarized below with clear explanation. 

3.3.1. In scope 

1. KPIs selection: To develop such an evaluation model and simulation tool, well designed KPIs for 

central warehouse planning should be made available.  

2. The calculation methodology: Calculation methodology should be developed in order to calculate 

the performance under given planning decisions. 

3. The following parts in the supply chain: 

Non-NPI service parts: Non-NPI service parts have already been introduced in the field for years 

and are more stable in annual consumptions. 

4. The following cost factors: 

Inventory holding cost: The cost of holding one unit of service part in stock for one unit of time. 
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Transportation cost: The transportation cost consists of the transportation cost for regular 

replenishment and emergency replenishment from central warehouse to local warehouses. The 

transportation cost for lateral transshipment from one local warehouse to the other. 

5. Lead times: The supply lead times are on individual item level, which means different service 

parts have different supply lead times. 

6. Central warehouse: Only the Global Distribution Center (HK30) is regarded as central warehouse 

in this project since it consists of more than 80% of total central warehouse stock.  

3.3.2. Out of scope 

1. The following parts in the supply chain: 

NPI service parts: NPI service parts are purely used in the new platforms that are recently 

introduced in the field, the failure rates of which are of highly unstable.  

2. Central warehouses: The warehouse in Tempe (US01) and Veldhoven (NL10) function as central 

warehouse for certain SKU’s. Their stocks constitute less than 20% of total central warehouse 

stock. Therefore, they are left out of scope. 

3.4. Project Deliverables 
The deliverables of this research project are as follows: 

• Evaluation model for the integrated inventory system. 

• Simulation tool for performance measurement 

In this integrated inventory system, the local warehouse inventory planning decision is taken as input 

for central warehouse planning. In this way, central warehouse planning is able to be aware of what 

has been planned for the local warehouse cluster. And it can adjust its inventory planning decision 

according to the local warehouse planning decision. With the simulation tool, the planning decisions 

at the central warehouse and local warehouse cluster can be evaluated as a whole. The final report will 

contain specifically: 

• Input and output specification for both planning units 

• Mathematical model, i.e. the methodology to evaluate the central planning performance 

• Solving the model with an appropriate method 

• Validation of the model and comparison between the current way of planning and proposed 

planning 

• Conclusion, implementation and recommendation 

3.5. Research Steps 
In this section, we explain the research steps we take for this research project. First of all, the 

literature on the aspect of service parts inventory control is studied to gain insight into how related 

supply chain problems are solved by available principles and methodologies. Secondly, the service 
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4. Literature Review 
In this chapter, current literatures on the aspect of service parts inventory control will be studied. The 

principles and methods about inventory control that are available in literatures will be explained. This 

study matches the target of the assignment which is to optimize the service parts inventory level in 

central warehouse of ASML. The literature study together with the current situation that is to be 

shown in next chapter will offer us clear indications of misalignments between the industry practice 

and theory.  

4.1. Capital Goods Industry 
Capital goods such as advanced medical systems, baggage handling systems, advanced printing 

systems and lithography systems are highly complex customer-specific products, typically assembled 

or engineered to customer specification. After delivery and installation at the customer site the 

customer uses the product for many years, during which the product is maintained and possibly 

upgraded. The availability of these systems is crucial since operations of the users may halt due to the 

failure of these systems, thereby leading to significant losses (Öner, Kiesmüller, & Houtum, 2010). 

More and more the customer (user) expects the capital goods manufacturer to take full responsibility 

for the maintenance and availability of the technical system, according to state-of-the-art 

specifications. In the ultimate case, a customer buys only the function that is provided by a technical 

system and pays only for usage of this function and its availability (Cohen, Agrawal, & Agrawal, 

2006). Availabilities close to 100% are often required because down times have a catastrophic effect 

on the primary processes of the customer. 

Cohen et al (2006) point out the trend that advanced high-tech systems get more complex and 

customers require higher availability (Cohen, Agrawal, & Agrawal, 2006). The increasing complexity 

of systems requires an increasing quality level of maintenance and the demand for maintenance, 

which adds more difficulties to both users and manufacturers who maintain these capital goods. 

According to Kim et al (2007), besides the usually required after-sales service from the OEMs, a 

growing number of users require a service contract which specifies performance outcomes (system 

availability) instead of the individual parts and repair actions (Kim, Cohen, & Netessine, 2007).   

Therefore, manufacturers of advanced high-tech systems are already far in their transition from a pure 

product provider to a pure function provider and some of them are in a mixed situation where some 

customers ask and pay for the function and others are more focused on buying the product. In all 

cases, when buying a new technical system, a customer will consider total life cycle costs (TCO) of 

that system. The aim of TCO is to determine the actual costs for the organization to use, maintain and 

dispose an asset instead of only the initial costs (Ellram & Siferd, 1998). And the manufacturer has 

clear incentives to design, manufacture, and support its systems such that total life cycle costs are 

minimized, taking into account uncertainties about e.g. the number of years that systems are used, the 



11 
 

size of the installed base, failure rates of components, and availability of suppliers during the whole 

service period. 

4.2. Spare Parts Inventory Management 
Spare parts inventory management is often considered as a special case of general inventory 

management with some special characteristics, such as very low demand volumes and intermittent 

demand nature (Hua, Zhang, Yang, & Tan, 2007). Kranenburg (2006) states that the key reason spare 

parts inventory models differ substantially from regular inventory models is that spare parts 

provisioning is not an aim in itself but a means to guarantee up-time of equipment. Kennedy et al 

(2002) distinguish spare parts inventory from other manufacturing inventories by the following ways 

(Kennedy, Patterson, & Fredendall, 2002).  

• Firstly, the purpose of stocking inventory is different. Spare parts inventory is to assist a 

maintenance staff in keeping equipment in operating condition while finish product inventory 

is designed to protect against irregularities in lead time demand, labor troubles and other well-

known production characteristics.  

• Secondly, the control policies are different. Spare parts inventory levels are influenced by the 

use of equipment and its maintenance action while final product inventory level can be 

changed by production rate and schedules etc.  

Therefore, finished products inventory can be seen as a buffer to provide a source of products for 

delivery to customer, and spare parts inventory for its particularity of extremely sporadic demand 

should be regarded as insurance to avoid long system downtime.  

Regarding to spare parts inventory, the customer’s sole interest is that his systems are not down due to 

a lack of spare parts. According to Kranenburg (2006), if the average waiting time per demand does 

not exceed the target aggregate mean waiting time, the customer does not really care which part is in 

short supply which creates the opportunity for service provider (OEMs) to carry out smart inventory 

management. In other words, as long as on average this target is met, then for individual spare part the 

performance is allowed to differ. This is referred to as multi-item approach or system approach where 

the measures focus on the service towards the installed systems in the field instead of on service levels 

for individual SKUs. Wong et al (2007) claim that such models generally lead to much lower costs 

(savings of 20-50% are easily possible) than under solutions obtained via single-item models (Wong, 

Kranenburg, Houtum, & Cattrysse, 2007).  

The spare parts inventory management can differ to a great extent under the two fundamental types of 

maintenance: scheduled or preventive maintenance and unplanned or corrective maintenance (Wong 

et al, 2007).  Besides preventive maintenance that is scheduled in advance, the corrective maintenance 

has to be carried out upon failure of a system. For expensive capital goods, corrective maintenance is 

done on a repair-by-replacement basis: the defective part is removed from the machine and replaced 
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by a new or as good as new spare part (Kranenburg B. , 2006). Due to the fact that demand for spare 

parts within scope of corrective maintenance is not known beforehand, OEMs that provide after-sales 

service must have spare parts on hand which requires a large capital investment.  

4.3. Key Performance Indicators (KPIs) 
There are different types of KPI available in literatures. They measure the performance of the entire 

service supply network under the specific modeling settings. In this section, we investigate KPIs that 

are suitable for central warehouse planning.  

Aggregate fill rate  

Aggregate fill rate is used as KPI for the entire service supply chain in ASML (known as CSD) and is 

especially used for local warehouse planning. This KPI has been studied by Beamon (1999), who 

summarized a list of supply chain output performance measures. For local warehouse, a target 

aggregate fill rate is a good indication of the probability that the local warehouse cluster will be 

running out of stock.  

Time-based aggregate fill rate 

Reijnen et al. (2009) explicitly takes delivery time requirements into account in their study of single 

echelon, multi-location service supply network. In their model, the distribution network contains a 

central warehouse and multiple local warehouses for an OEM of advanced capital goods. The 

assumption that central warehouse has ample stock and can never reach a customer within the time 

limit is made. In this model, the time-based fill rate is the percentage of demands that is satisfied 

within the time constraint. The network model under consideration is motivated by a time limit on the 

demand fulfillment and incorporates with lateral transshipments.  

Average delay per request   

Enders (2004) introduces the average delay per request at local warehouse level in his study of 

ASML’s service supply network. In case the part is available at the local warehouse that is originally 

requested, the delay is 0. Otherwise, the delay occurs when the part has to be shipped elsewhere using 

lateral transshipment or emergency shipment. It is defined as the average time required before a 

request could be delivered in local warehouse. 

Aggregate mean waiting time  

Wong et al. (2007) takes the aggregate mean waiting time per local warehouse as a target of a multi-

item two echelon spare parts inventory system. In their model, the service supply network consists of 

a central warehouse and multiple local warehouses. This service measure also focuses on the service 

towards the installed systems as a whole rather than for individual SKU level. The aggregate mean 

waiting time is defined as the average time required to fulfill an arbitrary request and is a weighted 

average over average delays of individual SKUs.  
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Aggregate mean waiting time used as a KPI in local warehouse can be directly related to system 

availability. The expected time per year that a system is not available is equal to the average number 

of failures per year multiplied by the mean aggregate waiting time. 

4.4. Service Differentiation 
The current after-sales market is of increasing importance. And as a response to customer 

requirements, companies (or OEMs) provide the opportunity to their customers to choose from 

different service levels (against different cost). Kranenburg and van Houtum (2008) point out that 

providing differentiated service level to different groups of customers is then required by the market 

(Kranenburg & Houtum, 2008). This service differentiation or customer differentiation is a 

characteristic desired by the market that should be facilitated by inventory planning and inventory 

management. Therefore, they proposed a Critical Level polices under multi-item single-location spare 

parts inventory model aiming to exploit the differences in target service levels by inventory rationing. 

This differentiation is also studied by Enders et al (2008) in a continuous review replenishment 

inventory model, in which a base stock policy is used (Enders, Adan, Scheller-Wolf, & van Houtum, 

2012).  

The critical level policy proposed in (Kranenburg & Houtum, 2008) is used to make a distinction 

between different groups of customers. The underlying logic is that customers only obtain a requested 

part from the warehouse if the stock on hand is above the critical level of their group. If not, then the 

item is supplied from another source if any. By withholding the item, this policy could reserve 

inventory for possible future demands from other groups with higher service level requirement 

(Kranenburg & Houtum, 2008).  

Below, the critical level policy is explained by giving the model in Enders et al (2008). In their model, 

customers are primarily distinguished by whether they are willing to wait for backordered demand or 

not. When inventory is at or below the critical level demand from those customers that are willing to 

wait is backordered, while demand from customers unwilling to wait will still be served as long as 

there is any inventory available. An illustration of the behavior of inventory and back order levels 

under this policy can be found in Figure 4. 

The base stock level is denoted by S, and c denotes the critical level. Replenishment orders are 

assumed to have exponential lead times with mean  . Events = 1,2  denote demands from 

customer class j, and R denotes the arrival of a replenishment order. Only when the stock level is 

above critical level c, the demand from class 2 will be served otherwise backordered. And after the 

stock level being raised above critical level c, the backordered demand for class 2 will be fulfilled 

(Enders, Adan, Scheller-Wolf, & van Houtum, 2012).  
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Figure 4, An illustration of the critical level policy3 

4.5. Lateral Transshipment 
Kranenburg and van Houtum (2009) introduce a new spare parts inventory model with lateral 

transshipment, in which a multi-item, multi-location, single-echelon system with base stock control 

and aggregate mean waiting time constraints are applied. In their model, the local warehouses are 

grouped into two types, namely main and regular with the difference that mains can and regulars 

cannot be the supplier of a lateral transshipment. By developing an accurate and fast approximate 

evaluation method and exploiting the method in a heuristic procedure for the base stock level 

determination, Kranenburg and van Houtum (2009) conclude that most of the full pooling benefits can 

be achieved by only a small number of mains. They also implemented the algorithm in ASML, and 

realized a substantial improvement in terms of waiting times and cost. 

A graphical representation of inventory model with lateral transshipment is shown in Figure 6. Within 

a two-echelon service supply network, if a customer needs a spare part, it will be delivered from the 

local warehouse if available there. Then replenishment order will be placed to request parts from a 

central. If a customer needs a spare part that is not available in the local warehouse, it would take too 

long to wait for a normal replenishment from the central warehouse. Therefore, an emergency 

replenishment can be carried out from the central warehouse to the local warehouse in that case. The 

lead time for emergency shipment is much shorter than the normal replenishment time, but still quite 

long compared to an aggregate mean waiting time of a few hours. Thus, lateral transshipment is used 

to quickly provide the customer with a spare part. If a local warehouse that faces a demand is out of 

stock, neighboring local warehouses, e.g. local warehouses in the same cluster or continent, are 

checked for availability of the requested stock-keeping unit (SKU). If the part is available in one of 

these local warehouses, a lateral transshipment will take place which is able to reduce the waiting time 

for the spare part compared to an emergency shipment from the central warehouse (Kranenburg & 

Houtum, 2009). 

                                                 
3 Source: (Enders, Adan, Scheller-Wolf, & van Houtum, 2012) 
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Figure 5, Graphical representation of pooling structure with main and regular local warehouses4 

In the numerical investigation of the model, Kranenburg and van Houtum (2009) conclude that if only 

a few of the local warehouse are allowed to equipped as mains to provide lateral transshipment, a 

substantial part of the full pooling benefits can already be obtained. 

4.6. Conclusion of Literature Study 
Currently, the complicated supply chain problem is usually tackled by decoupling the multi-echelon 

network into single echelon problems; a few of them studied the multi-echelon problems by 

simplifying the behavior at the local cluster. For problems in each echelon, outstanding researches 

have been carried out and effective solutions have been developed. However, so far, almost no 

research has been done on the planning of service parts inventory which took into account both 

echelon warehouses without losing the complexity in each of the echelons. The gap between the real 

life supply chain issue and the theory stimulates the strong need for developing an integrated 

inventory system model. To fill in this gap, in this project, we are going to develop an integrated 

inventory system and show how this system is decoupled and reconnected again without losing the 

complexities in the local warehouse cluster, and at the same time, remain good connection between 

central warehouse and local warehouse. The KPIs in the literature we investigated will serve as a 

significant input for our determination of central warehouse performance measurement.  

Before the formulation of the inventory model, we show the result of the investigation in ASML 

service supply chain and the inventory planning in both central warehouse and local warehouse 

clusters in the next chapter. 

                                                 
4 Source: (Kranenburg & Houtum, 2009) 
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installed base can be reached within a few hours by flight from GDC. In case that GDC is unable to 

supply the requested part, the emergency shipment can take place from one of the hubs if any of them 

has that service part available. Otherwise, the part is taken from a system in production, a 

testing/prototype system or an order at supplier is expedited to fulfill customer demand. This type of 

supply is referred to as plant or Rest-of-World supply (ROW). From the lead time perspective, only 

when lateral transshipment is not available, the emergency shipment from GDC or Rest-of-World will 

take place. The lateral transshipment among local warehouses in the same cluster has been applied for 

years at ASML and has been studied by Enders (2004), and Kranenburg and van Houtum (2009). 

5.2. Service Measures for Service Logistics 
Nowadays, performance-based contracting is reshaping service supply chains in capital-intensive 

industries, e.g., semiconductor supplier industry. Customers and ASML usually agree on a certain 

expected performance level in a contract, i.e., the service level agreement (SLA). Given these system 

availability constraints, ASML aims to minimize its capital investment and total operational cost. The 

time that system is down could be divided into different aspects and both the service logistics 

department and the field engineers are assigned with a separate target, derived from the maximum 

allowed down time. For service logistics department, it aims to minimize the total capital investment 

for service parts inventory and the expected provisioning cost, such as inventory holding cost and 

transportation cost.  

The service level measures currently used in ASML are described as follows: 

• Down Time Waiting Parts (DTWP): The percentage of time that customer equipment is down 

waiting for service parts for corrective maintenance. 

• Customer Service Degree (CSD): The percentage of service parts can be delivered 

immediately from the local warehouse upon request (aggregate fill rate in literature). 

A graphical illustration of the DTWP within the scope of system availability is shown in Appendix II. 

DTWP is related to CSD in the following way: 

 DTWP = (Expected total demands / number of machines at the customer) * 

  (Transportation time from local warehouse to customer + (1 - CSD) * delayed 

  delivery time5)  

Customers of ASML have their main concern of the operational availability (up time) of the systems, 

thus, they are not interested in item-specific performance. The service level targets are set at a level of 

a complete warehouse or for all demands from a specific (group of) machine(s). 

5.3. Inventory Stocking Policies   
 

                                                 
5 Delayed delivery time is the extra time it costs to obtain a part from elsewhere. 
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Local warehouse planning 

For local warehouses, service parts inventory is controlled by a continuous review base-stock policy. 

That is, given that base-stock level is , then place orders to keep the inventory position (on-hand 

stock plus in-transit stock) equal to . There is a one-for-one replenishment policy, as parts are 

requested one by one, and replenishment orders are placed one by one as well. The base-stock levels 

are determined by a planning tool called SPartAn, an optimization and evaluation software for a 

single-echelon, multi-item, multi-location service parts distribution network. It is used to determine 

the base-stock levels of each service part at each local warehouse, by taking into account the DTWP 

and CSD based service constraints and the possibility to have lateral transshipments form one 

warehouse to the other. In SpartAn, the algorithms developed by Kranenburg and van Houtum have 

been implemented. For more details of the underlying algorithms, readers are referred to Kranenburg 

and van Houtum (2009). 

The greedy algorithm is used in SPartAn, which makes use of the principle of marginal analysis. The 

iterative decision whether or not to stock a part depends on the contribution to a pre-specified service 

measure (CSD or DTWP) against the extra required capital investment when stocking that part. In 

ASML, they are called the CSD exact and DTWP exact algorithm respectively. The algorithm tries to 

achieve the requested service level for as low investment as possible. In Appendix III, we explain the 

detailed steps for these two algorithms.  

Central warehouse planning 

For the central warehouse, the service parts inventory is controlled by a periodic review base-stock 

policy with critical levels for service differentiation. The typical review period is one week, i.e., 7 

days. The base-stock level for each service part in central warehouse is based on the historical 

consumption data. Currently, there are primarily two planning methods used in central warehouse 

planning, i.e., ROP6 based planning and forecasting based planning. Note that although they are called 

in this way at ASML, both planning methods make use of the consumption data in the past and predict 

the demand rates in the future accordingly. The difference between them is that parts that are planned 

by ROP based planning method are of low usage and the demand rates are highly sporadic. In 

contrast, parts planned by forecasting based planning method are of higher usage and the demand 

rates are less sporadic. Therefore, the ROP based planning makes use of the simple moving average 

(SMA) technique and the forecasting based planning also takes the demand trends into account. 

Examples of these two planning methods can be found in Appendix IV and Appendix V.  

Besides the planning for base stock levels, ASML also applies a critical level for each service part in 

the central warehouse. The replenishment request is assigned a priority level based on demand type. 

The request for service parts when a machine is down in the field has higher priority than a regular 

                                                 
6 ROP stands for reorder point 
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replenishment request for a local warehouse; and the sales demand is assigned the lowest priority. The 

principal of critical level policy is to reserve inventory to serve more important demands that may 

arrive in the near future. In practice, current inventory state information (e.g. amount of parts on hand) 

is monitored and based to postpone the access to inventory from lower priority request. A detailed 

explanation of the critical level policy is shown in Appendix VI.  

Currently, the central warehouse planning is executed per individual service part. The idea of a multi-

item approach for the local warehouse cluster planning is not applied in the central warehouse 

planning. At this moment, the central warehouse planning tries to carry out an as good as possible 

planning for each service part without having a good estimation of overall performance level. As 

demonstrated before, this also has to do with the lack of KPI for central warehouse planning. Since 

the planning is carried out for each service part individually, no tradeoff has been made between costs 

and the service level. 

5.4. Overview of Worldwide Replenishment Lead Times 
From the planning perspective, it is important to know the overall realized replenishment lead time for 

each local warehouse. Differences in the type of installed machines, demand rates and customer 

required service levels at different local warehouses have caused significant variation in 

replenishment lead time for different local warehouse. In the figure below, we show an overview of 

the real replenishment lead time for each local warehouse. 

 

Figure 7, overview of worldwide replenishment lead time 

Currently, the local warehouse planning uses an average replenishment lead time for 14 days for all 

local warehouses. The realized leadtimes are much longer than the specified lead time. The worldwide 

average replenishment lead time is more than twice the targeted 14 days and the actual lead time for 

each local warehouse varies within a large range, as shown in Figure 7. Based on the historical data, 
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around 50% of the occasions that machine is down and local warehouse is lack of the service parts is 

caused by these prolonged supply lead times. With the replenishment lead time analysis, local 

warehouse planning needs to adjust its input parameter for each local warehouse. However, the root 

cause is that the central warehouse is not planning to meet this lead time constraint, as mentioned 

before in section 3.1. Thus, a feasible solution is that the central warehouse and local warehouse 

should align with each other in the service parts planning, and central warehouse tries to meet the 

committed performance level for local warehouse. This is also one of the motivations for central 

warehouse planning to define clear KPIs and local warehouse can use this KPI as one of the input 

parameter for its planning. 

5.5. Conclusion of Current Situation 
In ASML, the planning techniques, including the inventory pooling among local warehouses with 

lateral transshipment and service differentiation in central warehouse are both state-of-the-art 

methodology in supply chain management and inventory control aspects. But the lack of clear 

performance measurement in central warehouse and the lack of the connection between planning in 

both echelons have caused the inefficiency and myopic problem. In the next chapter, we formulate an 

integrated inventory system in which the central warehouse can be well connected with the local 

warehouses in planning perspective. 
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6. Model Formulation 
In this chapter, we firstly introduce the selection of KPIs for central warehouse planning at ASML in 

section 6.1. In section 6.2, we explain how the integrated inventory system is decoupled into two 

submodels and how they can be coupled again by using the connecting variables. For each submodel, 

a clear mathematical description is formulated in section 6.3. The assumptions that have been made 

will be listed in section 6.4.  

6.1. Central Warehouse Planning KPIs 

The central warehouse plays an important role in the entire service supply chain at ASML. The central 

warehouse not only replenishes service parts for worldwide local warehouses but also functions as an 

inventory backup for all these local warehouses. In a two-echelon service supply network, to directly 

evaluate the exact influence introduced by central warehouse is difficult. The impact from central 

warehouse planning has strong relation with the worldwide local warehouse inventory status, the 

external supplies and customer demands. Without taking all these factors into consideration, to 

accurately evaluate the performance of central warehouse planning is almost impossible. As 

mentioned in section 3.1, the inventory planning for local warehouses and central warehouse are 

disconnected. The expected 14 days average replenishment lead time from central warehouse to local 

warehouse is not a commitment from the central warehouse planning. One of the likely problems 

caused by the inconsistency between central warehouse planning and local warehouse planning is 

given below: 

Example: “Local warehouse A expects to replenish the stock for a service part within a planned 

replenishment lead time; however, the actual replenishment lead time is much longer than planned. 

During this prolonged lead time, the remaining stocks are consumed and the stockout occurs before 

the replenishment stocks arrive at that local warehouse. Therefore, local warehouse A has to obtain 

the service part either via a lateral transshipment from nearby local warehouse or an emergency 

shipment from central warehouse. Both solutions result in an undesirable machine long down.” 

We investigated a set of KPIs in literature which potentially can be used for ASML’s central 

warehouse planning. Below, we give a short description of the KPIs, for more detail, readers are 

referred to section 4.3. 

• Aggregate fill rate (known as CSD within ASML): The percentage of replenishment requests 

that are delivered immediately from central warehouse upon request 

• Time-based aggregate fill rate: The percentage of replenishment requests that are delivered 

from central warehouse within a time constraint.  

• Aggregate mean waiting time: The average waiting time (excluding the transportation lead 

time) required before a replenishment order can be delivered from central warehouse. 
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• Aggregate mean replenishment lead time: The average lead time (waiting time plus 

transportation lead time) to fulfill an arbitrary replenishment request from central warehouse.  

By taking into account the role central warehouse is playing and the significance of the consistency 

between central warehouse planning and local warehouse planning, the selected KPI combination for 

central warehouse planning is as follows: 

Aggregate mean replenishment lead time + Aggregate fill rate 

Within this KPI combination, the aggregate mean replenishment lead time is the main KPI for central 

warehouse planning, which serves as the major planning target for central warehouse and output 

performance indicator. The aggregate fill rate (CSD) is used for measuring the fill rate related 

performance to give an indication of the immediate availability of central warehouse stock.  

By using the above mentioned KPI combination, we are able to bring the consistency for the central 

warehouse planning and the local warehouse planning. The central warehouse inventory is planned to 

meet the average replenishment lead time commitment for the local warehouses. On the other hand, 

the local warehouses use this average replenishment lead time as input for their inventory planning. 

When the central warehouse can provide (about) the same aggregate replenishment lead time as 

assumed in the local warehouse cluster planning, we have consistency in the planning at both 

echelons, and thus the inconsistency problem is solved.  This will eventually reduce the occasions of 

unavailability of service parts when machine is down and improve the performance of the whole 

service supply chain. 

In the following section, we clearly explain how to decouple the two echelon inventory system and 

how to use the selected KPIs as connecting variables to couple them together again.  

6.2. Decoupling and Recoupling  
A graphical explanation of the decoupling and recoupling of the integrated inventory system is shown 

in Figure 8. The local warehouse model is a multi-item, multi-location, full-pooling inventory system 

for local warehouses in the same cluster. As for the central warehouse model, it is a multi-item, 

single-location, service-differentiated inventory system for central warehouse. 

As shown in Figure 8, the two-echelon inventory system is decoupled into two submodels. The local 

warehouse model takes the demands from customer and specified replenishment lead times from the 

central warehouse as inputs, and generates the local warehouse inventory planning decision to meet 

the required service level constraints. With the generated local warehouse inventory planning 

decision, local warehouse model is able to calculate the differentiated demand rates from customer, 

i.e., the demand rates for regular replenishment requests and the demand rates for emergency 

replenishment requests. For the central warehouse model, it takes the differentiated demand rates from 

local warehouse model and supply lead times from suppliers as inputs, and generates the central 
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define (⊆ ) as subset of groups that is assigned to it. Hence, the sets , ∈  constitute a 

partition of .  

The machines consist of multiple items, or referred to as stock-keeping units (SKU-s). The failure of a 

part causes a malfunction of the whole machine (or at least a significant portion of functionality). The 

defective items are at such levels in the material breakdown structure that they can be replaced by a 

ready-for-use service part, and then the machine is operational again. Let  denote the non-empty set 

of SKU-s that may fail in the configurations of the machines, numbered  = 1, … , | | . For each 

SKU ∈  from group ∈  machines, the failure rates per time unit are assumed to follow a Poisson 

process with a constant rate  , . We define   as the total demand rate for group  n , i.e., =∑ ,∈ . Let ,  denote the total failure rate for SKU ∈  observed at local warehouse ∈ , 

thus , = ∑ ,∈ .  

 
Figure 9, Graphical illustration of service supply network model 

The service parts at all warehouses are controlled by a base stock policy. The base stock level for 

SKU ∈  at warehouse ∈  is denoted as ,  (∈  ℕ = {0} ∪ ℕ). Similarly, for each SKU ∈  at 

warehouse ∈ , we define ,  (∈ ℕ = {0} ∪ ℕ), as the number of on-hand stock, with 0 ≤ , ≤
, . Let  be the vector of base stock levels for SKU ∈  at all local warehouse ∈ , i.e., ∶= , , … , , . And the vector for number of on-hand stock for SKU    at all local 

warehouses is denoted as ∶=  , , … , , .  

The cost for keeping one unit of SKU ∈  in stock for one time unit is denoted as . It is assumed 

that  is the same for all the warehouses. Usually, such cost factor , ∈  is a certain percentage of 
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the value of the service part, e.g., the typical cost for holding a service part for a year is 15% of the 

cost price of the part.  

Local Warehouse Cluster Model 

In the local warehouse cluster model, it is assumed that the central warehouse has ample stock, thus, 

can always ship the part upon request. At each local warehouse ∈ , implicitly a continuous-

review, one-for-one replenishment policy is assumed for all SKU-s. Once a part in a local warehouse 

is used to satisfy demand, immediately a regular replenishment request for replenishing a new part 

from central warehouse is placed. This part will be delivered after an aggregate mean replenishment 

lead time .  For local warehouse ∈  , the demand fulfillment process is described as follows: 

• When a SKU ∈  is requested at local warehouse , it will be provided immediately by that 

local warehouse as long as it has positive on-hand stock. 

• If local warehouse  does not have stock on hand, it tries to obtain the part from one of the 

nearby local warehouses by means of lateral transshipment. The corresponding supply lead 

time and cost for lateral transshipment from local warehouse    , ≠  to local 

warehouse  are  , (≥ 0) and , (≥ 0) respectively.  

• If neither nearby local warehouse can deliver the part, an emergency replenishment request is 

placed at central warehouse. The corresponding supply lead time and cost for an emergency 

shipment from central warehouse to local warehouse  are    ≥ , ,   , ≠  

and  ≥ , ,   ,  ≠ , respectively.  

In case that there is a need for lateral support at local warehouse ∈ , warehouses in the same 

cluster will be checked in a pre-specified order. The first local warehouse that has stock on hand will 

deliver the part. The pre-specified order can be such that the transportation time is increasing. Let  

be the pre-specified order for local warehouse ∈  to check when lateral support is required. 

Furthermore, denote ( ) as the subset of local warehouses with a lower position number than local 

warehouse ∈  in the pre-specified order for local warehouse ∈ , ≠ . Correspondingly, 

define  as a set of local warehouses that potentially could receive the lateral transshipment from 

local warehouse ∈ . Thus, we have ∀ , ∈ , ≠ ,  ∈ , then ∈ .   

The fulfillment of demand for SKU  ∈  originally requested at local warehouse  ∈  can be 

denoted as follows:  

• , , the fraction of demand for SKU  requested at local warehouse  that is satisfied 

upon request, i.e., from the on-hand stock at local warehouse  itself, also known as (item) fill 

rate. 
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• , , , ∈ , ≠ , the fraction of demand for SKU  requested at local warehouse  

that is satisfied from the on-hand stock at local warehouse   by means of lateral 

transshipment. 

• , , the fraction of demand for SKU  requested at local warehouse  that is delivered 

from central warehouse or external suppliers by means of emergency shipment. 

For each local warehouse ∈ , the total fraction of demand for SKU ∈  that is satisfied by 

nearby local warehouses is denoted as , , and thus we have 

 , = ∑ , ,   (1) 

Notice that, for each SKU ∈  at each local warehouse ∈ , it holds that 

 , + , + , = 1  (2) 

The replenishment requests for SKU ∈  from local warehouse ∈  are distinguished as regular 

replenishment request and emergency replenishment request, the demand rate of which are denoted 

as ,  and , , respectively. Thus, we have 

 , = , , + ∑ , , ,  (3) 

 , = , ,  (4) 

Let , , ∈ , ∈  denote the demand rates for SKU  requested at central warehouse from local 

warehouse . Therefore, 

 , = , + ,  

  = , , + ∑ , , , + , ,  (5) 

The demand rates for SKU  ∈  requested at central warehouse for regular replenishment and 

emergency replenishment from all local warehouses are denoted as   and  , respectively. 

Let  denote the demand rate for SKU ∈  observed at central warehouse. Then, we have 

  = ∑ ,  (6) 

 = ∑ ,  (7) 

 = +   

  = ∑ , , + ∑ , , , + , ,∈  (8) 

  = ∑ ,∈  (9) 

Note that,  and  will be used as differentiated demand rates in central warehouse model. 
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For each local warehouse  ∈ , there is an aggregate mean waiting time constraint for each 

group ∈ , i.e., the maximum expected waiting time for an arbitrary request from group , which is 

denoted as . Note that, for local warehouse ∈ , the target can also be an aggregate fill rate 

target for group , denoted as . Let , ,   ,   , denote the expected waiting time 

if SKU  is requested at local warehouse . Then, the average waiting time can be expressed as follows 

 , = ∑ ,  , ,, + ,  (10) 

For local warehouses, the stock in transit is assumed to be part of the inventory of that local 

warehouse. Thus, the inventory holding cost for SKU ∈  incurred per time unit is 

 ∑ ,∈  (11) 

The expected operational cost for SKU ∈  at local warehouses per time unit is 

 ∑ , ∑ , , ,∈ , + ,∈  (12) 

Therefore, for each SKU ∈ , the total cost per time unit, ( ), is 

 = ∑ ,∈  

 + ∑ , ∑ , , ,∈ , + ,∈   (13) 

The objective of local warehouse model is to minimize the expected total cost for all SKU-s and all 

local warehouses, and at the same time meeting the constraint specified for local warehouse. In case 

that the constraint is for aggregate waiting time target, the optimization problem is formulated 

mathematically as 

  (P1) Min ∑ ∈  

  Subject to , ∈ ℕ , ∈ , ∈   

   ∑ ,∈ , ≤ , ∈ , ∈ , ∈  

For an aggregate fill rate target, replace the final waiting time constraint in (P1) with the following fill 

rate constraint: 

    ∑ ,∈ , ≥ , ∈ , ∈ , ∈  

In the rest of this section, we formulate the model for the central warehouse. 

Central Warehouse Model 

At the central warehouse, the inventory control policy adopted for all SKU-s is a periodic-review, 

order-up-to-level with a critical level for service differentiation. The typical review period is one 



28 
 

week, or 7 days. Let  denote the base stock level for SKU ∈  at central warehouse, and then we 

have = , . Let  denote the critical level for SKU ∈  at the central warehouse, with 0 ≤ ≤
. The replenishment requests from local warehouses are distinguished as regular replenishment 

requests and emergency replenishment requests, which are denoted as  and  respectively. 

These two demand rates can be obtained from equation (6) and (7) in local warehouse cluster model. 

The critical level policy is introduced to reserve inventory for possible future emergency 

replenishment request by having the regular replenishment request backordered. The process to fulfill 

demands is described as follows: 

• When on-hand stock for SKU ∈  at central warehouse is above critical level , > , 

both regular replenishment request and emergency replenishment request are satisfied 

immediately from stock at central warehouse. 

• When on-hand stock for SKU ∈  at the central warehouse is at or below critical level 0 <
, ≤ , only emergency replenishment request is satisfied and regular replenishment 

request are backordered until the on-hand stock level is increased above the critical level due 

to the arrival of replenishment from suppliers. 

• When on-hand stock for SKU ∈  at the central warehouse drops to ZERO , = 0 , the 

regular replenishment request is backordered and emergency replenishment request is 

supplied by external suppliers.  

It is assumed that the external suppliers have sufficient stock for all SKU-s and can deliver the service 

part upon request. The aggregate mean replenishment lead time from external suppliers to central 

warehouse for SKU ∈  is denoted as  and the corresponding cost is denoted as . For each 

local warehouse, the transportation lead time for a regular replenishment is denoted as ̃  which 

does not include the waiting time before shipment and the corresponding cost is denoted as . The 

transportation lead time for an emergency replenishment from central warehouse to local warehouse is 

denoted as ̃  and the cost is . When the central warehouse is out of stock and the part is 

supplied from supplier to central warehouse with expedition, the total lead time to local warehouse is 

denoted as  and the corresponding cost is .    

Let  ( , ) and ( , ) denote the fraction of demand for SKU    requested at central 

warehouse by all local warehouses as regular replenishment and emergency replenishment 

respectively, that is delivered upon request. For each SKU ∈ , the average number of backorders for 

regular replenishment request is denoted as ( , ). Let  denote the average waiting time before a 

backordered regular replenishment request for SKU ∈  can be satisfied at central warehouse.  
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As explained in section 6.2, there are aggregate mean replenishment lead time constraints for both 

regular replenishment request and emergency replenishment request at central warehouse, which are 

denoted as  and .  

Let ( , ),   , denote the expected lead time for regular replenishment request for SKU  at 

central warehouse. It can be calculated as follows, 

 ( , ) = ̃ + 1 − ( , )  (14)  

Let ( , ),   , denote the expected lead time for emergency replenishment request for SKU  

at central warehouse. Similarly, we have 

 ( , ) = ̃ ( , ) + 1 − ( , )  (15)  

For central warehouse, inventory cost is measured based on the average inventory level which is 

denoted as ( , ). Hence, for central warehouse, the inventory holding cost for SKU ∈  incurred 

per time unit equals 

 ( , ) (16) 

And for central warehouse, the operational cost for SKU ∈  per time unit equals 

 + + ( , ) + 1 − ( , )  (17) 

Therefore, for SKU ∈ , the expected total cost per time unit, ( , ) is  

  ( , ) = ( , ) 

 + + + ( , ) + 1 − ( , )  (18) 

The objective of central warehouse model is to minimize the expected total cost for all SKU-s at 

central warehouse, and at the same time satisfying the constraint specified for central warehouse. The 

decision variables are base stock levels and critical levels for each SKU ∈ . The problem can be 

formulated mathematically as follows: 

  (P2) Min ∑ ( , )∈  

  Subject to ∈ ℕ , ∈   
   ∈ ℕ , 0 ≤ ≤  , ∈   

   ∑ ∑ ∈ ≤ ,∈  ∈  

   ∑ ∑ ∈ ≤ ,∈  ∈  

In the following subsection, we summarize the main assumptions that have been made in the above 

model. For the overview of notations, please refer to Appendix VIII. In next chapter, we describe how 
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a given policy can be evaluated and how a feasible solution for problem  ( 1)  and ( 2) can be 

obtained. 

6.4. Assumptions 

The following assumptions have been made in the model we formulate above. 

1) At each local warehouse, the failure of each SKU occurs according to independent Poisson 

process with a constant rate. 

2) Each SKU is considered as critical part, the failure of which will cause the machine to be non-

operational. 

3) The defective parts are replaced by ready-to-use service parts and the defective parts in the 

field are scraped directly, or in other words, parts that are returned and remanufactured are 

assumed to have the same cost and lead time as new parts. 

4) The external suppliers always have sufficient stock for all SKU-s and can deliver the part 

upon request. 

5) For each local warehouse, implicitly a one-for-one replenishment policy is used for all SKU-s. 

6) Replenishment requests at central warehouse are fulfilled in FCFS order. 

7) Inventory holding cost is based on the average inventory level. 

8) The stock in transit to local warehouse is assumed to be part of the local warehouse inventory.  

9) The holding cost factor is the same for the same SKU at all warehouses within the service 

supply network. 

10) For emergency request, if central warehouse is not able to deliver the part, the part can always 

be obtained from suppliers with an extra supply lead time and cost. 

11) It is not allowed to backorder the request at local warehouse level and eventually all demands 

will be satisfied. 

12) All the service parts are assumed to be with same quality level, thus no quality related issue 

will be considered in the model. 

13) Inventory storage space and availability of capital is unlimited. 

14) The planning horizon is infinite. 

In the next chapter, we describe how a given policy can be evaluated for local warehouse model and 

central warehouse model. And we introduce the simulation model that is developed based on the 

integrated inventory model.  
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7. Model Evaluation  
In this chapter, we describe how a given policy, i.e., a set of specified base stock levels for all SKU-s 

at all warehouses (the central warehouse and the local warehouses in the same cluster) with specified 

critical levels for SKU-s at central warehouse, can be evaluated. As demonstrated before, our model 

can be decoupled into two submodels: the local warehouse cluster model with lateral transshipments 

and the central warehouse model with service differentiation. Our target is to build a tight connection 

between the local warehouse cluster model and the central warehouse model in the inventory planning 

scope. In this chapter, we develop the evaluation method for each submodel individually. 

In section 7.1 and 7.2, the evaluation for the decoupled submodel is described. And in section 7.3, the 

method that is developed to recouple the submodels is introduced.  

7.1. Local Warehouse Cluster Model Evaluation 
In this section, we describe how a given stocking policy, i.e., a set of specified base stock levels for all 

SKU-s at all local warehouses can be evaluated. There are many literatures available on the topic of 

inventory pooling. The local warehouse model formulated in section 6.3 is a special case of the partial 

pooling structure developed by Kranenburg and van Houtum (2009). In their inventory model, two 

types of local warehouse are distinguished: main and regular local warehouses, with the difference 

that only main local warehouse can support the lateral transshipment. In our local warehouse model, 

all local warehouses are equipped as main warehouses and can support the lateral transshipment to 

nearby warehouse. Not that, we assume that the model is used for each geographical area separately, 

and for each local warehouse cluster, all the local warehouses can support each other. 

The evaluation of a given base stock level can be done for each SKU ∈  separately by making use 

of a Markov process description. The states is described by the on-hand stock at all local 

warehouses ∈ , which might lead to the dramatically expansion of state space when the number 

of local warehouse increases. In order to apply our local warehouse model for real-life instances with 

many local warehouses, in the rest of this section, we summarize the approximation method 

developed by Kranenburg and van Houtum (2009). The approximate evaluation makes use of the loss 

probability of Erlang loss model, i.e., the | | |  queue. For more details about the evaluation by 

using Markov process description, readers are referred to Kranenburg and van Houtum (2009). 

7.1.1. Approximate Evaluation 

Recall that, the goal of the evaluation of a given policy is to calculate the waiting times ,  and 

the cost  which can be obtained by following the equation (10) and (13). Therefore, the key 

step is to approximate the , ,  , ,  and , , ∈ , ∈ . 
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The loss probability of Erlang loss model is used in the approximation method. Let ( , ) denote the 

loss probability, in which  represents the number of servers in the system and  the occupation rate. 

Then, ( , ) is given by 

 ( , ) = / !∑ / ! (19) 

We consider all the local warehouses as an aggregate system. Due to the full pooling of inventory 

among local warehouses, the emergency replenishment request occurs only when all the local 

warehouses are out of stock. The steady-state behavior of the total stock in the aggregate system is 

identical to the steady-state behavior of number of idle servers in an Erlang loss system with demand 

rate ∑ ,∈ , ∑ ,∈  servers, and the mean replenishment lead time  as mean service time. 

Thus, we can use the loss probability of this Erlang loss model to approximate , ( ), 

 ,  = ∑ ,∈ , ∑ ,∈ , ∈  (20) 

Let  , , , , ∈ , ≠  denote the demand rate for SKU  ∈  observed at local warehouse  

requested from local warehouse  for a lateral transshipment. Let ,  denote the total demand rates 

observed at local warehouse ∈ , then 

 ,  = , + ∑ , ,∈ ,   (21) 

Note that, ,  is different with ,  we formulated in eq. (5). ,  is the subset of ,  excluding the 

demand rates that are not fulfilled at local warehouse ∈ . Using the Erlang loss model, we have 

for each local warehouse ∈ ,  

 , = 1 − , , ,   (22)  

And, we have 

 , = 1 − , − ,   (23) 

From eq. (22) and (23), ,  and ,  are dependent on , . On the other hand, ,  is 

dependent on fill rates. Therefore,  , , ,  and ,  are interdependent. The 

components , ,  is determined as follows, 

 , , = , ,∏ ,∈ , ∏ 1 − ,∈ ( ) 0
, ∃ ∈ \{ }, . , > 0 , ℎ  (24) 

In equation (24), if ( ) = ∅, then the product term ∏ 1 − ,∈ ( )  is defined as 1. A 

detailed example to explain how eq. (24) works is provided in Kranenburg and van Houtum (2009).  
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In order to determine , , ∈  and , , , , ∈ , ≠ , , , ∈ , and , ( ), an 

iterative procedure has been developed. Initially, it is assumed that no lateral transshipment takes 

place between the local warehouses and accordingly the demand rates ,  equal to , . Then, the 

Erlang loss model for each local warehouse is applied to determine , ( ) and , ( ). For each 

local warehouse ∈ , , ,  is determined using equation (24), and subsequently , , , ( ) 

and , ( ). Repeat this for all other local warehouses and then consider  again. By continuing the 

iterative procedure until , , ∈ , each do not change more than ϵ, with ϵ small. After that, the 

values for , , , , ∈ , ≠  are determined as, 

 , ,  = , , , / ,   (25) 

In the next subsection, and evaluation algorithm is formulated for approximating the  , ,  , ,  and , , ∈ , ∈ . 

7.1.2. Approximate Evaluation Algorithm 

Based on the formal description of the approximate evaluation method in Kranenburg and Van 

Houtum (2009), we adapted it to our notation and the full pooling situation. The algorithm is 

described as follows.  

Approximate Evaluation Algorithm 1 

Step 1 For each local warehouse ∈ , determine ,  = ∑ ,∈ , ∑ ,∈ . 

Step 2 For each local warehouse  ∈ , determine  , = 1 − , , , , 

and , = 1 − , − , . 

Step 3 For each local warehouse ∈ : 

 Step 3-a Determine , , , ∈ , ≠  using Eq. (24) 

and ,  = , + ∑ , ,∈ ,  . 

 Step 3-b , = 1 − , , , , and , = 1 − , − , . 

Step 4 Repeat Step 3 for each warehouse ∈ .  

Step 5 Repeat Steps 3 and 4 until ,  does not change more than  for each ∈ , with  small. 

Step 6 For each local warehouse ∈ , , , ∶= , , ,, , ∈ , , ∈ , ≠ . 

In the next section, we describe the evaluation method for central warehouse model. 

7.2. Central Warehouse Model Evaluation  
In this section, we consider the central warehouse separately. To achieve this service differentiation, 

critical level (CL) policy is used: when inventory is at or below the critical level, regular 

replenishment requests will be backordered, while emergency replenishment requests will still be 
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served as long as central warehouse has positive stock on hand. The critical level policy has been used 

at ASML central warehouse planning for years and has been studied by Enders et al (2012). 

The differentiated demand streams for regular and emergency replenishment requests are obtained 

from the output of local warehouse model, i.e.,  and . Due to the fact that the service parts 

are with extremely sporadic demand rate, for each SKU ∈ , the probability of consuming more than 

one part during one review period is relatively low. We assume that the replenishment at central 

warehouse is controlled by continuous-review policy with one-for-one replenishment. Thus, the mean 

replenishment lead time for SKU ∈  is adjusted to : = + , where  denotes the review 

period. Let  denote the arrival rate of the replenishment orders, thus = . Below, we 

illustrate the behavior of inventory and backorder levels under this policy for SKU ∈  in Figure 10 

(from Enders et al 2012).  

 
Figure 10, Illustration of critical level policy 

Event 1 and 2 denote demands from emergency replenishment request and regular replenishment 

request, respectively. And  denote the arrival of a replenishment order. Regular replenishment 

requests are of lower priority, thus, when on-hand stock is at or below critical level, they will be 

backordered. For more details of the demand fulfillment and replenishment behavior depicted in 

Figure 10, please refer to the model formulation in section 6.3. 

In the rest of the section, we describe how a given policy can be evaluated approximately. 

7.2.1. Approximate Evaluation 

For each SKU  ∈ , our model can be described by a Markov process with states  ( , ) , 

where ∈ ℕ  represents the number of items on hand, ∈ ℕ  the number of items backordered. As 

introduced in the model description, the arrival rate of replenishment order is = . The 

state space and transition scheme of this policy is depicted in Figure 11. 

In Figure 11, two categories of transitions can be recognized. First, demand-related transitions that 

decrease the amount of on-hand stock or increase the number of backorders: Transitions from ( , 0) 
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to ( − 1, 0) occur at rate  as long as >  (both regular and emergency replenishment request 

are served). When  0 < ≤ , transitions from  ( , )  to  ( − 1, )  occur at rate   and 

transitions to  ( , + 1)  occur at rate  (emergency replenishment request is satisfied and 

regular replenishment request is backordered). When = 0, the only demand related transition is 

from (0, ) to (0, + 1) which occurs at rate , and the demand for emergency replenishment 

request is lost. Second, we have supply related transitions that decrease the number of backorders or 

increase the on-hand stock: All supply related transitions occur at rate ( − + )  since there 

are  ( − + )  outstanding orders. If =  and  n > 0 these transitions go from  ( , ) 

to  ( , − 1)  (a backorder is cleared); all other supply related transitions result in a transition 

from ( , ) to ( + 1, ). Note that states with both >  and > 0 are transient. 

 
Figure 11, Transition scheme of the critical level policy 

The set of all states can be partitioned into levels according to the number of backorders . Level  

consists of the following states: 

 {(0,0), (1,0), … , ( , 0), … , ( , 0)} for level = 0, (26) 

 {(0, ), (1, ), … ( , )} for level > 0. (27) 

Let ,  denote the steady state probabilities of the Markov chain for SKU ∈ . Both demand 

streams are according to a Poisson process we can use PASTA7 (Wolff 1982) to evaluate the problem 

defined in (P1). We have, 

 ( , ) = ∑ , , (28) 

 ( , ) = 1 − ∑ , , (29) 

 ( , ) = ∑ ∑ , ,  (30) 

 ( , ) = ∑ , + ∑ ∑ ,   (31) 

                                                 
7 PASTA: Poisson Arrivals See Time Averages 
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In order to calculate the average waiting time for regular replenishment request that is backordered, 

we make use of the Little’s Law. The expected number of regular replenishment request for SKU i ∈ I 
in the backordered queue in steady state is ( , ), the arrival rate for regular replenishment request 

for SKU ∈  is . Thus, the average waiting time for backordered regular replenishment request 

is, 

 = ( , ) = ∑ ∑ ,
  (32) 

Theoretically, the number of backordered request for SKU  i ∈ I  can increase unlimitedly, which 

results in an infinite state space for the Markov process.  

Eq. (29) to (30) consists of the infinite sum of steady state probabilities in their expression. An 

approximation approach by applying the lower bound and upper bound has been studied by Enders et 

al (2012). In the rest of this subsection, we briefly explain how this approximation can be constructed. 

For more detailed solution procedure for this approximation, please referred to Enders et al (2012). 

Let  be the vector of steady state probabilities at level  for SKU i ∈ I:  

 = ( , , , , … , , , … , , )  

 = , , , , … , ,          , ∈ ℕ (33) 

Let π  defined similar to π ,   

 = ( , , , , … , , , … , , )  

 = , , , , … , ,          , n ∈ ℕ  (34) 

Matrix Q is defined as the generator of the Markov process. A more detailed description of this matrix 

Q, please referred to Enders et al (2012). And π  is the solution to the following equation: 

 ∗ = 0  (35) 

In Eq. (35), π  is normalized by setting , = 1, since ∑ = 1 cannot be determined yet. By 

applying the normalization, we can figure it out that the original  can be expressed by π  in the 

following way: 

 = ∑   (36) 

By solving the Eq. (36), we can rewrite the Eq. (28) to (31) in terms of  as: 

 ( , ) = ∑ ,∑ , (37) 

 ( , ) = ∑ , ∑ ∑ ,∑ , (38) 
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 ( , ) = ∑∑ ,  (39) 

 ( , ) = ∑ , ∑ ∑ ,∑  (40) 

For each of the above four equations, the lower bound can be easily obtained by truncation. And for 

the upper bounds, we follow the following lemma developed by Enders et al (2012).  

LEMMA 1 For all ≥ 1, 

 0 ≤ ∑ ≤ ( ) 

where 

 ( ) = , , , , … , , ( + )! ( + − 1) − ( − ) ( + ) , 

and 

 ( ) =  ∑ ! = − ∑ ! (41) 

For the proof of LEMMA 1, readers are referred to the Enders et al (2012). 

The construction of the lower bounds and upper bounds are as follows: 

 
∑ ,∑  ( ) ≤ ( , ) ≤ ∑ ,∑ , (42) 

 
∑ , ∑ ∑ ,∑  ( ) ≤ ( , ) ≤ ∑ , ∑ ∑ , ( )∑ , (43) 

 
∑  ∑  ( ) ≤ ( , ) ≤ ∑ ( )∑ ,  (44) 

 
∑ , ∑ ∑ ,∑  ( ) ≤ ( , ) ≤ ∑ , ∑ ∑ , ( )∑  (45) 

where ≥ 1. We start with = 1 and increase  one unit at a time until the upper and lower bound for 

each of them are sufficiently close. In the next subsection, we develop an iterative procedure to 

approximate the value of the above four calculation components. The average waiting time for 

backordered requests can be easily obtain by Eq. (32). 

7.2.2. Approximate Evaluation Algorithm 

Based on the description in the previous subsection, the iteration is in terms of the value of . We 

initially set  as one, and define a relatively small number ϵ. With the  increased one by one, the 

lower and upper bounds are getting closer. When the difference between the bounds is smaller than ϵ, 
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input and evaluate the performance of the two-echelon service supply chain. In the rest of this section, 

we explain the procedure how a feasible policy for problem (P1) and (P2) can be found with as low 

cost as possible. And in chapter 8, we introduce the integrated simulation tool developed based on the 

integrated inventory system.  

7.3.1. Local Base Stock Level Determination 

The optimization problem we defined in problem (P1) is an integer-programming problem with non-

linear constraints. In order to find a feasible policy, we apply a greedy heuristic which makes used of 

the approximate evaluation algorithm we formulated in section 7.1. According to Kranenburg and van 

Houtum (2009), the greedy algorithm without local search performs reasonably well in comparison 

with the greedy algorithm followed by a local search. The performance gap between these two 

methods is rather small, e.g., the average gap for instances with 100 SKU-s was 0.72%. Therefore, in 

our solution, we will use the greedy approach without local search. 

The inputs and outputs are specified as follows: 

• Inputs: The demand rates for each SKU at each local warehouse - , , ∈ , ∈  

 The mean lead time for regular replenishment requests -  

 The mean lead time for emergency replenishment requests -   

• Outputs:  Optimized base stock levels - , , ∈ , ∈  

 Demand rates for regular replenishment request - , ∈  

 Demand rates for emergency replenishment request - , ∈  

The greedy algorithm builds up inventory for all SKU-s  ∈  at all local warehouses. It can be 

described in three steps. In the first step, all base stock levels are set to be zero, i.e., , = 0, ∈ , ∈
. In the second step, we increase base stock levels for each SKU as long as it does not increase 

cost. In the third step, as long as our current solution is not feasible, we iteratively increase the base 

stock level  , , ∈ , ∈ , that provide us the largest decrease in waiting time per unit cost 

increase. 

We define the condition for reaching the feasible solution to be either 1) for each customer group the 

aggregate waiting time is less than or equal to the specified waiting time target, i.e., ∑ ,∈ , ≤ , ∈ , ∈ , ∈ ; or 2) for each customer group the aggregate fill 

rate (CSD) is greater than or equal to the specified CSD target, i.e., ∑ ,∈ , ≥  .  

In the Heuristic 1 below, we show the procedure of obtaining a feasible solution for the DTWP target. 

Let Δ ( , ) and Δ ( , ) denote the cost difference and waiting time difference if base stock level for 

SKU  ∈  at local warehouse  ∈  is increased by one, respectively. And we define the 

ratio ( , ), ∈ , ∈ , as ( , ) = Δ ( , )/Δ ( , ). We summarize our heuristic below. 
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Heuristic 1 

Step 1 Set , = 0, ∈ , ∈ . 

Step 2 For each SKU ∈ : 

  Step 2-a. Calculate Δ ( , ), ∈ . 

  Step 2-b While min{Δ ( , )}≤0; 

1. Determine  ̂ such that Δ ( , ̂) ≤ Δ ( , ), ∈  

2. Set , ̂ = , ̂ + 1 

3. Calculate Δ ( , ), ∈   

Step 3 For each SKU ∈  at each local warehouse ∈ : 

  Step 3-a Calculate ( , ) and ( , ), and then ( , ). 

  Step 3-b While max { ( , )} ≥ 0: 

1. Determine  ̂, ̂ such that ( ̂, ̂) = max { ( , )}, ∈ , ∈ .  

2. Set ̂, ̂ = ̂, ̂ + 1. 
Step 4 If current , , ∈ , ∈  is feasible, then stop.  

 Otherwise, go to step 3.  

After we obtain the feasible base stock levels, we apply the evaluation method in section 6.2 to 

calculate  , ( ) ,  , ( ) ,  , ( )  and  , , ( ) . The outputs   and   can be 

obtained by applying the Eq. (6) and (7) in chapter 6. For the CSD target, we replace Δ ( , ) with Δ ( , ) and follow the same procedure.  

7.3.2. Central Base Stock Level Determination 

For the optimization problem we defined in problem (P2), we can apply similar greedy algorithm to 

find a feasible policy with the lowest cost. For the determination of critical level for each SKU at 

central warehouse, we simply apply the Rule of Thumb at ASML. In Appendix VII, the relation 

between base stock level, safety stock level and critical level has been explained.  

The inputs and outputs are specified as follows: 

• Inputs: Demand rates for regular replenishment request - , ∈  

 Demand rates for emergency replenishment request - , ∈  

 The mean lead time for replenishment from Suppliers -    

• Outputs Optimized base stock levels - , ∈  

 The mean lead time for regular replenishment requests -  

 The mean lead time for emergency replenishment requests -   
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At ASML, we have rule-of-thumb to stock at least one part for each SKU at central warehouse. This 

is reasonable since if we followed the same logic with the greedy algorithm at local warehouse 

planning, the service part not stocked at local is also very likely not stocked at the central warehouse. 

Then, when demand comes to local warehouse, the emergency shipment requests won’t be met at the 

central warehouse as well. Thus, for our initialization step in greedy algorithm, we set all base stock 

levels to be one, i.e., = 1, ∈ . Then, we increase base stock levels for each SKU at central 

warehouse and calculate the mean lead time for both regular replenishment request and emergency 

replenishment request. The same as what we formulated in the local warehouse cluster planning, in 

each round, we select the one (the SKU ∈  at central warehouse) that can bring the largest lead time 

reduction per euro invested, and increase its base stock level by one. The critical level is then set 

following the rule of thumb. As long as the current solution is not feasible, we iteratively repeat the 

procedure.  

We define the condition for reaching the feasible solution to be that for all the service parts, the 

aggregate mean replenishment lead time is less than or equal to the specified lead time constraints 

(both for regular replenishment requests and emergency replenishment requests) .  

Let Δ ( ) and Δ ( ) denote the cost difference and regular replenishment lead time difference if 

base stock level for SKU ∈  at central warehouse is increased by one, respectively. And we define 

the ratio ( ), ∈ , as ( ) = Δ ( )/Δ ( ). We summarize our heuristic below. 

Heuristic 2 

Step 1 Set = 1, ∈ . 

Step 2 For each SKU ∈  at central warehouse: 

  Step 2-a Calculate ΔC(i). 

  Step 2-b While min{Δ ( )} ≤ 0: 

1. Determine ̂ such that Δ ( ̂)≤ ( , ), ∈  

2. Set ̂ = ̂ + 1 

3. Calculate Δ ( ). 

Step 3 For each SKU ∈  at central warehouse: 

  Step 3-a  Calculate Δ ( ) and ( ), and then ( ) 

  Step 3-b while { ( )} ≥ 0: 

1. Determine  ̂ such that ( ̂) = max { ( )}, ∈ . 

2. Set ̂ = ̂ + 1. 
Step 4 If current , ∈  is feasible, then stop. 

 Otherwise, go to step 3.  
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In next chapter, we describe a simulation tool developed based on the evaluation methods and 

heuristics developed in chapter 7. We use this simulation tool to evaluate the planning decision for the 

entire two-echelon service supply chain and to validate whether the central warehouse planning is able 

to meet the replenishment lead time constraints.  
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8. Simulation 
In this chapter, we describe a simulation tool based on the concept of the decoupling and coupling of 

the integrated inventory system. The simulation tool consists of two building blocks, i.e., building 

block A for inventory planning, and building block B for performance evaluation. The detailed 

introduction of the simulation tool will be given in section 8.1, including the dependency between 

planning modules and general concept of evaluation.  

8.1. Simulation Tool Introduction 
The simulation tool consists of two independent building blocks, one is for inventory planning and the 

other is for performance evaluation. The building block for inventory planning consists of two 

modules based on the two submodels that we decoupled from the integrated inventory system. In the 

evaluation building block, there is a module for performance evaluation based on the integrated 

inventory system. The diagram of the module relationship is depicted in Figure 13. 

 
Figure 13, overview of module structure 

As shown in the above figure, there is a dependency between central warehouse planning module 

(M2) and local warehouse planning module (M1). By running module M1, we determine the base-

stock levels for each service part at each local warehouse. The base-stock level in the local 

warehouses are derived via heuristic 1 developed in section 7.3, by taking into account the lateral 

supports within the local warehouse cluster. Besides the stocking decision for local warehouse, the 

differentiated demand rates for regular replenishment requests and for emergency replenishment 

requests are calculated and used as one of the inputs for module M2. Module M2 generates the base-

stock level decision for each service part at central warehouse based on heuristic 2 developed in 

section 7.3, by taking the initial data and the output from module M1. As mentioned in section 7.3, the 
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setting for critical level for each service part at central warehouse is according to the current way of 

planning in ASML which is listed in Appendix VII. For the performance evaluation module M3, it is 

able to take either the generated stocking decisions from module M1 and M2 or any other stocking 

decisions as input. The evaluation module makes use of the concept of discrete event simulation. For 

more information about discrete event simulation, readers are referred to Lendermann et al (2003). 

In the following section, we provide a numerical example to introduce step by step how to use the 

planning block for base-stock levels determination and how to use the evaluation block for 

performance evaluation.  

8.2. Numerical Study 
In this section, we investigate numerically how to use the planning and evaluation tool developed in 

this project. By conducting the numerical experiment, we also validate the correctness of the 

simulation tool. In subsection 8.2.1, we describe the parameter settings for the numerical study. In 

subsection 8.2.2, we summarize the base-stock decision generated from M1 and M2 and afterwards 

run the evaluation module M3 to obtain the performance output. 

8.2.1. Parameter Settings 

We use a small data set with one central warehouse and four local warehouses in the same cluster. 

Each local warehouse serves one group of machines. For the data set, we use 50 SKU-s with fictitious 

cost prices and equal demand rates per group. Cost price for SKU-s 1, 2, … 50 are 2000, 4000, …, 

100000 Euro, respectively. The inventory holding cost for keeping one service part on stock for one 

day is calculated as 0.15/365 times the cost price of that part. This is the same for both central 

warehouse and the four local warehouses. Annual total demand per group for SKU-s 1, 2, …, 50 are 

25 parts, 24.5 parts, …, 0.5 parts, respectively. A summary of the service parts is shown in the table 

below. 

Table 3, Summary of service parts  

Service parts Cost price (€) Demand rates 

Item 1 to  
item 50 

From 2,000 to 100,000 
with an increment of 2,000 

Annual total demands from 25 parts to 0.5 parts with 
a decrement of 0.5 parts (for each local warehouse) 

The central warehouse is indexed with #0, and the four local warehouses are indexed from #1 to #4.  

Local Warehouse Base-stock Planning (M1) 

For local warehouse planning, the regular replenishment lead time  is set as 14 days. The lead 

time for emergency replenishment  is set as 24 hours. All , , , ∈ , ≠ , are equal to 6 

hours. The planning target is a CSD constraint with a target of 95% for each local warehouse. 
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In the following table, we summarize the parameters specified for local warehouse planning and the 

specified service levels. Note that, here we use CSD target instead of DTWP target and in fact our 

simulation tool can also generate base-stock levels based on DTWP target.  

Table 4, Parameters for local warehouse planning 

  ,  CSD target 

14 days 24 hours 6 hours 95% 

The pre-specified sequences for checking when one of the local warehouses is out of stock are listed 

in the Table 5 below. The underlying logic for these checking orders is to ensure each local 

warehouse is equally checked for lateral transshipment support. In real-life case, the situation can be 

different, e.g. some specific local warehouses are located in the center of a geographical area and 

therefore they are checked with higher probabilities compared with the others.   

Table 5, Pre-specified sequence for lateral transshipment support checking 

Warehouse No. Check sequence 

#1 #2, #3, #4 
#2 #3, #4, #1 
#3 #4, #1, #2 
#4 #1, #2, #3 

Central Warehouse Base-stock Planning (M2) 

For central warehouse planning, the transportation lead time to local warehouses (including the lead 

time for processing the request) for a regular replenishment is 7 days, for emergency shipment is 12 

hours. If central warehouse is out of stock, the total lead time for an emergency shipment from 

supplier to central warehouse is 24 hours. The target replenishment lead time to local warehouses for 

regular replenishment requests is 14 days and the target replenishment lead time for emergency 

replenishment requests is 20 hours. The parameters specified for central warehouse are listed in table 

below. 

Table 6, parameters for central warehouse planning 

Transportation 
time (regular) 

Transportation 
time (emergency) 

Supply Lt. 
(emergency) 

Supply Lt. 
(regular) 

 target  target 

7 days 12 hours 1 days 50 days 14 days 20 hours 

The supply lead times for each service parts from suppliers to central warehouse are equal and set as 

50 days. In section 8.3, we conduct the sensitivity analysis on the supply lead times and demand rates 

to see the impact from the variation of the supply lead times and the demand rates.  

Performance Evaluation (M3) 

In the performance evaluation module, shipment costs are specified in the following table.  
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Table 7, Cost for transportation (per service part) 

Transportation type From To Cost  

Lateral Transshipment Local WH Local WH 600 

€/shipment 
Regular Replenishment 

Central WH Local WH 
100 

Emergency Replenishment 600 

Emergency Replenishment Supplier Central WH 600 

Note that the regular replenishments are normally consolidated for many parts, and therefore the 

transportation cost is much lower than the emergency replenishment which usually contains only one 

service part. In the next subsection, we summarize the base-stock levels generated from module M1 

and M2 and run the evaluation module M3 to obtain the performance output. . 

8.2.2. Numerical Result 

For each service part, the base-stock levels at the four local warehouses determined by module M1 are 

almost the same, for the reason that each local warehouse serves the same demand rate and has equal 

chance to be selected to support lateral transshipment. In Appendix IX, we summarize the base-stock 

level for each service part at each warehouse. By running the performance evaluation module M3, we 

collect the statistics of the performance below. For the numerical example, the simulation module 

calculates the 95% confidence interval for each performance indicator based on the samples gathered 

from multi-runs (10 runs).  

Table 8, performance statistics for numerical study 

Performance 
Value (95% Confidence Interval) 

Unit 
Lower bound Upper bound 

Central WH Regular Repl. CSD 49.07% 49.65% 
 

Central WH Emergency Repl. CSD 82.78% 83.93% 

Central WH Regular Repl. Lead time 13.50 13.59 days 

Central WH Emergency Repl. Lead time 15.86 16.13 hours 

Central WH Annual Total Cost  1,714,518.5 1,723,907.9 

 
€ 

Central WH Annual Transportation Cost 268,217.0 269,782.3 

Central WH Annual Inv. Holding Cost 1,444,866.6 1,455,560.5 

Local WH Annual Total Cost  2,518,726.9 2,522,376.9 

Local WH Annual Transportation Cost 154,142,5 155,380.9 

Local WH Annual Inv. Holding Cost 2,363,529.0 2,368,051.4 

WH #1 CSD  95.04% 95.26% 

 
WH #2 CSD 94.89% 95.04% 

WH #3 CSD 95.03% 95.23% 

WH #4 CSD 95.00% 95.17% 



47 
 

In Table 8, the average replenishment lead time for regular replenishment request provided from 

central warehouse is close to 14 days, and the average lead time for emergency replenishment request 

is around 16 hours which is still less than the 20 hour target. And for all the four local warehouses, the 

specified 95% CSD levels are covered by the 95% confidence interval. Due to the critical level policy 

in the central warehouse, the CSD for emergency replenishment requests is around 83% which is 

much higher than the CSD for regular replenishment requests.  

As explained before, when the central warehouse can provide (about) the same aggregate mean 

replenishment lead time that is specified in the local warehouse cluster planning, the local warehouses 

are able to execute their replenishment activities as expected. This is important for local warehouses 

to achieve their service level targets. The simulation result can also serve as a feedback for the 

proposed inventory planning and the planner can use these simulation results to adjust their planning 

accordingly.  

In the following section, we conduct the sensitivity analysis for our simulation tool for the two 

important input parameters, i.e., the planned supply lead times and the customer demand rates.  

8.3. Sensitivity Analysis 
In this section, sensitivity analysis is conducted to understand how the output of the simulation model 

behaves in response to the changes in its inputs. In our integrated inventory system, the two most 

important input variables are the demand rates from customer site and the supply lead times from 

external suppliers. To be more specific, in this sensitivity analysis, we aim to answer the following 

two questions, 

1) What is the effect on the central warehouse cost if the demand rates from customer sites 

change and central warehouse provide the same service level to local warehouses? 

2) What is the effect on the central warehouse cost if the supply lead times from suppliers change 

and central warehouse provide the same service level to local warehouses? 

We investigate numerically for these two input factors separately. In subsection 8.3.1, we discuss the 

effect of changing the demand rates and we discuss the effect of changing the supply lead times in 

subsection 8.3.2.  

8.3.1. Change in Demand Rates 

Based on the numerical example in section 8.2, we increase or decrease the demand rates of service 

parts by 10% for each trial and remain all the other variables unchanged. For each trial, we regenerate 

the base stock-levels for both local warehouses and central warehouse by running the planning block 

in the simulation tool. The planning target for central warehouse is that the aggregate mean lead time 

for regular replenishment requests is 14 days and for emergency replenishment requests is 20 hours. 
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For each trial, we maintain the same level of average replenishment lead time from central warehouse 

to local warehouses, which is around 14 days. With the increase of demand rates from 50% to 180%, 

the total number of shipment is also increased. This has resulted in the increase of transportation cost 

for both central warehouse and local warehouses. The annually inventory holding cost in central 

warehouse remain in almost the same level but the initial investment for building up inventory is 

increasing all the way up. In order to cover the increased demand during supply lead time, central 

warehouse increase the base-stock level for service parts. But also due to the increase demand rates, 

the parts in central warehouse are consumed faster, which leads to a more or less stable on-hand stock 

level. In local warehouses, the inventory holding cost increases accordingly. Note that, in the 

simulation, we assume the arrival of demand is following the Poisson process. The higher demand 

rate not only means the higher number of demand arrivals during a time unit, but also higher 

variations.     

Due to the increase of demand rates from 50% to 180% of the original demand rates, the cost in both 

central warehouse and local warehouses are increased. The increase of transportation cost due to the 

increased number of shipments is the main cause of the cost increase in central warehouse. The 

average on-hand inventory remains in almost the same level. The reason for this is that although we 

plan a higher base-stock level for the service parts, they are consumed faster when the demand rates 

increased. And this leads to a stable on-hand inventory level in central warehouse. For more detail 

about central warehouse cost overview due to the change in demand rates, please referred to Appendix 

Figure 4.  

The initial investment for building up planned stock is increasing dramatically. As shown in Appendix 

Figure 5, the initial investment for service parts stock increased 2.5 times since demand rates increase 

from 50% to 180%. This is due to the increased base-stock level against the increase demands during 

lead time.  

For the local warehouse, the transportation cost and inventory holding cost are both increased due to 

the increase of demands during lead time.  

8.3.2. Change in Supply Lead Time 

For a service supply chain, each service part could have different supply lead time from external 

suppliers and these supply lead times can vary from several days to several months. We investigate 

numerically to see what kind of effect will be when the planned supply lead times are changed. Recall 

the numerical case in section 8.2; we change the planned supply lead time for all the service parts 

from 5 days to 70 days with an increment of 5 days. For every planned supply lead time, we run the 

planning block to recalculate the base stock level in central warehouse. 

Again, we maintain the average replenishment lead time from central warehouse at around 14 days. 

With the increase of supply lead time, central warehouse has to maintain higher level of inventory 
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against demand during longer supply lead time. In Appendix Figure 7, the cost for transportation 

remains in almost the same level because of the almost the same amount of shipments. To maintain a 

higher level of oh-hand stock for the lead time demand has resulted in an dramatically increase in the 

inventory holding costs and also resulted in the total operating cost of central warehouse. The initial 

investment for building up planned inventory level also increases dramatically when the supply lead 

time is getting longer. Thus, potential cost reduction can be achieved by reducing the supply lead time.  

For local warehouses, the demand rates remain in the same level and central warehouse provides the 

same replenishment lead time. Therefore, the supply lead time from suppliers to central warehouse 

has little impact on the local warehouse performance. 

8.4. ASML Case Study 

In this section, we perform two case studies with data obtained from ASML. To be more specific, the 

case study is to compare the ASML planning concept with the new integrated planning concept 

developed in this project. In section 5.3, we have introduced the planning techniques used for local 

warehouse planning and central warehouse planning in ASML. The planning module M1 follows the 

same algorithm used in “SpartAn”, the planning tool for local warehouse planning. Therefore, in the 

case studies, we will use the planning module M1 to generate the base-stock levels for the selected 

service parts at local warehouses and also calculate the differentiated demand rates from local 

warehouse cluster as an input for planning module M2.  

We firstly describe the ASML data set and the compromise we made in order to compare with the 

new planning concept. Then, by running the simulation for the exact performance outputs, we 

compare the average replenishment lead time and aggregate fill rate performance for the two planning 

methods. We also spend attention to the differences in both capital investments and annual operational 

costs. Finally, the impacts on the performance level for local warehouses will also be discussed. 

In both case studies, we incorporate the central warehouse and 4 local warehouses in Taiwan. The 

price of the most expensive item is about 106 times the price of the cheapest item. Holding cost per 

year is 15% of the cost price of the service part. All , , , ∈ , ≠ , are equal to 6 hours. The 

transportation lead time (including the lead time for processing the request) from central warehouse 

for a regular replenishment is 7 days, and for emergency replenishment is 12 hours. When central 

warehouse is out of stock, an extra lead time of 24 hours is needed from external supplier (or factory) 

to central warehouse. The transportation cost is the same with that are described in Table 7. 

Below, we show the case studies for service parts used for XT platform and for AT platform in 

subsection 8.4.1 and subsection 8.4.2 respectively. 
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8.4.1. Case 1:  Service Parts for XT Platform  

In case 1, we selected 149 service parts from XT platform. For the ASML planning, the base-stock 

level setting is based on the demand rates and the planned supply lead time from external suppliers. In 

the case study, the determination of the base-stock levels follows the same logic of the current way of 

planning in ASML. For the integrated planning, firstly, we run the planning module M1 to obtain the 

local warehouse base-stock levels and differentiated demand rates. Then the differentiated demand 

rates together with the planned supply lead times are used as input for planning module M2 to 

generate the base-stock levels for central warehouse. In the performance evaluation, we keep all the 

parameters the same and collect the statistics from 10 separate runs. For the reader’s convenience, the 

performance level is recalculated as the mean of the lower bound and upper bound from 95% 

confidence interval. 

In Table 9, we have shown that with current ASML central warehouse planning, the average 

replenishment lead time is 27.72 days which is almost twice of the expected 14 days from local 

warehouse planning. In order to approach the 14 days replenishment lead time, the planned inventory 

at central warehouse needs to be increased by 99.20% as proposed by the integrated planning method. 

The total supply chain operational cost is decreased by 1.21% with the total cost in central warehouse 

increased by 7.56% and total cost in local warehouse reduced by 11.14% as shown in Table 10. The 

integrated planning method proposes higher base-stock levels at central warehouse and the on-hand 

stock level is increased, resulting in a significant increase for inventory holding cost. But this is 

compensated by the savings in the transportation costs.  

By applying the integrated planning method, local warehouses benefit a lot from the reduced average 

replenishment lead time. Table 11 shows that the total number of emergency replenishment requests is 

decreased by 62.16%, which brings an attractive DTWP reduction of 66.40%. Recall that in section 

5.4, we demonstrated that around 50% of unavailability (planned but not available) of service parts is 

caused by the prolonged replenishment lead time. The improvement in the replenishment lead time 

helps improve the availability of service parts in the local warehouses, and thus, reduce the occasion 

of machine long down situation.  

Table 9, Results for case study at ASML for XT platform - A 

 Regular replenishment 
lead time (days) 

Emergency 
replenishment lead 

time (hours) 

Central WH Initial 
Investment 

(normalized) 
ASML Planning 27.72 20.18 100 
Integrated Planning 13.48 15.40 199.20 
% difference -51.37% -23.69% +99.20% 
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Table 10, Results for case study at ASML for XT platform - B 

 Central WH annual 
operational cost 

Local WH annual 
operational cost 

Supply chain annual 
operation cost (normalized) 

ASML Planning 53.09 46.91 100 
Integrated Planning 57.11 41.68 98.79 
% difference +7.56% -11.14% -1.21% 

 

Table 11, Results for case study at ASML for XT platform - C 

 Nr. of Emergency replenishment 
per year (normalized) 

DTWP per local WH per year 
(normalized) 

ASML Planning 100 100% 
Integrated Planning 37.84 33.60% 
% difference -62.16% -66.40% 

In addition to our analysis, we also calculate the cost changes in central warehouse and local 

warehouse to gain an insight of the impacts on the transportation cost and inventory holding cost, and 

they are further described in Appendix XII.  

8.4.2. Case 2:  Service Parts for AT Platform  

In case 2, we select 189 service parts from AT platform. The average demand rate for these 189 parts 

is around 40% of the demand rates for the selected service parts from XT platform. The experiment 

settings are the same with case 1. In this case study, we evaluate the performance of the ASML 

planning and integrated planning. We compare the impacts and the potential improvements in the 

local warehouses that the integrated planning method can bring, under lower demand rates 

circumstance.   

In Table 12, current ASML central warehouse planning is able to provide an average replenishment 

lead time of 19.14 days. To bring it back to 14 days, the planned inventory needs to be increased by 

19.47% as proposed by the integrated planning method. With the proposed changes in inventory 

planning, the supply chain total operational cost is increased by 10.88%. This is due to the reason that 

under the lower demand rates circumstance, the increase in inventory level will dramatically increase 

the holding cost, while the benefit from the cost reduction in transportation cost is not as much, see 

Appendix Table 6. Another reason is that, with providing an average replenishment lead time of 19.14 

days, local warehouse can replenish the stock within an acceptable delay. The reduced number of 

emergency replenishment request is around 10.87% and around 16.32% DTWP reduction can be 

achieved.  
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Table 12, Results for case study at ASML for AT platform - A 

 Regular replenishment 
lead time (days) 

Emergency 
replenishment lead 

time (hours) 

Central WH Initial 
Investment 

(normalized) 
ASML Planning 19.14 14.36 100 
Integrated Planning 13.82 14.22 119.47 
% difference -27.82% -1.18% +19.47% 

    

Table 13, Results for case study at ASML for AT platform - B 

 Central WH annual 
operational cost 

Local WH annual 
operational cost 

Supply chain annual 
operation cost (normalized) 

ASML Planning 56.65 43.35 100 
Integrated Planning 67.88 43.00 110.88 
% difference +19.83% -0.81% +10.88% 

 

Table 14, Results for case study at ASML for AT platform - C 

 Nr. of Emergency replenishment 
per year (normalized) 

DTWP per local WH per year 
(normalized) 

ASML Planning 100 100% 
Integrated Planning 89.13 83.68% 
% difference -10.87% -16.32% 

 

The study of case 2 also give us some insight that if the demand rates of service parts is really low, 

then relaxing the replenishment lead time constraint might also be an option. For example, if the 

interarrival time of the demands for certain service part is much longer than the specified 14 days 

average replenishment lead time, then the difference between the actual replenishment within 14 days 

and within 20 days will be less. Nevertheless, further investigation is needed before we can draw such 

conclusions. In the next section, we summarize the insight from the ASML case studies and the 

numerical studies in previous section. 

8.5. Managerial Insight Discussions 

The integrated inventory planning method is able to couple the disconnected central warehouse 

planning and local warehouse planning. 

The idea of the decoupling and recoupling of the integrated inventory system explained in section 6.2 

is verified. The numerical result in Table 8 provides us evidence that the selected KPIs, namely the 

aggregate replenishment lead times, are good connections between central warehouse planning and 

local warehouse planning. When central warehouse can offer the specified average replenishment lead 

time for local warehouses, the local warehouses are able to execute their planning as expected. By 

doing this, the local warehouses are able to provide the target service level to the customer. According 
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to the numerical study in section 8.2, we have seen that the integrated inventory planning method is 

able to interact with local warehouse planning and takes differentiated demand rates from local 

warehouse cluster model and external supplies as inputs to generate the base-stock levels for central 

warehouse. In addition, the integrated inventory planning method is able to generate a cost wise 

solution to meet the replenishment lead time constraint. This has been proved by the numerical result 

discussed in subsection 8.2.2.  

The planning and evaluation model can be used for proactive planning.  

Currently, the influence of inventory stocking decision changes in central warehouse can only be 

measured by implementing the changes and monitoring the effects for a certain period of time. With 

the help of the simulation tool, we are able to adjust the parameters and to see the impact of demand 

rates changes or supply changes and adjust the inventory planning accordingly. It enables central 

warehouse planners to propose changes in the inventory planning and understand the exact impact 

before implementing the changes in real-life supply chain. For example, when up and down trends in 

semiconductor industry is foreseen by ASML, we are able to adjust the parameter for simulation and 

decide how to adjust our planning decision for the coming challenges. Without such evaluation tool, 

we can only do it reactively: only after we monitor an excess stock exists, we are going to reduce the 

stock; and only after we monitor an understock situation exists, we are going to increase the stock 

level. 

The evaluation model can give feedbacks for different directions of adjusting the planning decision. 

Another benefit of the planning and evaluation model is that it can offer clues about for which 

category of service parts we need to adjust the planning to meet the replenishment lead time 

constraints and for which category of service parts, the replenishment lead time constraints might be 

relaxed. According to the two ASML case studies, we have shown that for service parts with higher 

demand rates, the replenishment lead time has bigger impact on the local warehouse performance, and 

for service parts with lower demand rates, the replenishment lead time has smaller impact on the local 

warehouse performance.  

For service parts with lower demand rates, the expected interarrival time is longer, and therefore, we 

can accept a longer replenishment lead time. As long as the prolonged replenishment lead time is 

agreed between central warehouse and local warehouses, they can then adjust their own planning 

according to the changes in replenishment lead time constraint.   
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9. Conclusion and Recommendation 
This project focuses on the performance evaluation of the central warehouse inventory planning and 

the development of an integrated inventory model to solve the inconsistency problem between central 

warehouse planning and local warehouse planning. As a gap existing in the two echelon service 

supply chain of ASML, the lack of clearly defined KPI for central warehouse planning prevents it 

from providing right performance level for local warehouse planning. The gap also exists in the 

theoretical aspect that for each echelon, many research studies have been conducted and provided us 

efficient inventory models for real life supply chain problem; but the study of integrated inventory 

model for carrying out an inventory planning for both echelon warehouses without losing the 

connection between them is rarely conducted. The decoupling and recoupling concept for an 

integrated inventory planning in ASML service supply chain fills the gap and provides a new 

direction for capital goods service supply chain with extremely strict service level constraint. 

Through the development of mathematical evaluation method, we formulate the heuristics for 

obtaining a cost-wise inventory stocking solution for both central warehouse and local warehouse 

cluster. And by investigating numerically, we demonstrated that the connection between the 

decoupled submodels can be built up and performs as expected. This also serves as evidence that the 

selected KPIs for central warehouse planning, i.e., the aggregate replenishment lead times, are proper 

KPIs for connecting the planning in both echelons. With the evaluation model developed in this 

project, the comparison of different planning decisions is enabled. ASML and TU/e scientists are able 

to analyze various heuristics before implementing them into real-life supply chain. 

Built on the conclusions from the numerical study and ASML case studies, the integrated inventory 

model is able to evaluate the impact on the local warehouse performance when central warehouse 

carries out different planning decisions. Furthermore, the average replenishment lead time based on 

the current ASML central warehouse inventory planning deviates with a significant amount from the 

target 14 days. To bring it back to the target, the evaluation model could provide feedbacks on the 

different directions of adjusting the current planning decision. For example, for service parts with 

high demand rates, to provide a sufficient short replenishment lead time is crucial; while for service 

parts with low demand rates, relaxing the replenishment lead time can also be an option.  

Limitation in this project is that in the ASML case studies, we only select a small set of data (less than 

200 service parts and only 4 local warehouses) for testing our planning and evaluation model. 

Regarding the fact that the selected service parts are representative for ASML service parts, we 

believe that the numerical results are of value and can provide enough insights. The study can be 

strengthened by taking more service parts and more local warehouses into consideration.  

Another recommendation is that a dynamic setting for determine the critical levels for service parts in 

central warehouse can be considered. By obtaining the differentiated demand rates from local 
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warehouse model, we already have information about the demand rates for emergency replenishment 

requests for each service part. The dynamic setting for critical level based on the demand rates can 

bring more flexibility of stocking decision. 

Furthermore, recommendations for future research directions include 1) the incorporation of service 

parts repair process to be able to take into account various supply lead time for the same service part; 

2) extending the two-echelon inventory model to three-echelon model if continental central warehouse 

is set up in the worldwide supply network; 3) developing specific strategy for different category of 

service parts.     
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Appendix I. ASML Service Parts Stock Value Overview 
In Appendix Figure 1, an overview of ASML service parts stock value for the last 10 quarters is 

shown. For the confidential concern, we use a normalized stock value for each quarter. 

 

Appendix Figure 1, ASML service stock value overview 

The total stock value by the end of Q2 2012 amounts to several hundreds of thousands of euro. 

Worldwide stock value has been doubled during the last 2 years. Approximately, the service parts 

stock value in central warehouse is around 25% of the total stock value. 
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Appendix II.  Graphical Illustration of DTWP  
A graphical illustration of the DTWP within the scope of system availability is shown below. 

 
Appendix Figure 2, DTWP and machine availability 

Normally, customers of ASML require the up time of their systems to be above 95% and DTWP 

targets are typically ≤ 1%. Customized DTWP targets are also available. The service performance is 

determined at the end of each quarter (13 weeks rolling average).  

Currently, both CSD and DTWP can be specified in the Service Level Agreement between ASML 

and its customers. Using DTWP instead of CSD in service contract enables ASML to meet the target 

in a more flexible way. The parts that might be requested by customer need not to be stocked in every 

local warehouse that such customer assigned to. Some parts can be stocked only in several locations 

on a continent and can still satisfy the DTWP targets at all local warehouses. 
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Appendix III. CSD Exact and DTWP Exact Algorithms 
Both CSD exact and DTWP exact algorithms are based on the marginal analysis technique. In 

principle, the method does the following: “Stock a part that brings per invested Euro the highest 

service measure (CSD or DTWP) contribution. Apply this for all service parts then at the end a target 

service level will be met with the lowest possible investment.” 

CSD/DTWP exact Algorithm: 

Step 1: Set all base-stock level to ZERO.  

Step 2: Calculate for all parts the following: 

 2-a: Calculate the CSD or DTWP if zero parts are stocked 

 2-b: Calculate the CSD or DTWP if one part is stocked 

 2-c: Calculate delta CSD or DTWP per invested Euro 

Step 3: Determine part  with the highest delta CSD or DTWP per invested Euro 

Step 4: Increase base-stock level for selected service part in step 3 with one 

Step 5: Repeat steps 2 to 4 until a target service level or a target investment is reached. 

Marginal analysis is a so-called multi-item method. Single item method has a target service level per 

item. Multi-item method has a target service level over all items. 
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Appendix IV.  Example of ROP based Planning 
For parts that are of low usage and highly sporadic demand rates, a simple moving average (SMA) 

forecasting method is applied. Below, an example of inventory planning for a non-repairable service 

parts that falls in ROP based planning scope is shown in Appendix Table 1. 

Appendix Table 1, An example of ROP based planning  

Worldwide 
Part Usage 

Avg. 6 
months 

Nov
. 

Oct. Sep. 
Aug

. 
Jul. Jun. 

Past 12 
months 

Year 
10 

Year 
09 

Year 
08 

0.83 0 1 3 1 0 0 13 14 6 16 

Current 
Planning 

Planned Lead Time Base stock Level Safety stock Safety Factor 

139 days 9 2 50% 

New 
Planning 

Base stock Level (New) Safety stock 

6 2 

The moving average for past 6 months is 0.83 parts and the planned lead time for replenishment this 

service part is 139 days. Therefore, the lead time demand can be calculated as (139/30)*0.83 = 3.84. 

At ASML, an extra safety stock is added to the inventory to minimize possible stockout occasion. In 

this case the safety factor is 50%, thus, the final proposed base stock level for this service part is 3.84 

* (1 + 50%) = 6 (rounded up). A general relation between base-stock levels and safety stock levels 

can be found in Appendix VII. 
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Appendix V. Example of Forecasting based Planning 
Fore parts that are of higher usage and less sporadic demand rates, demand trend is considered in the 

forecasting procedure. Below, we show an example of inventory planning for a non-reparable service 

part that is planned by this technique.  

Worldwide 
Part Usage 

Avg. 6 
months 

Nov
. 

Oct. Sep. 
Aug

. 
Jul. Jun. 

Past 12 
months 

Year 
10 

Year 
09 

Year 
08 

3.67 5 2 3 5 2 5 38 27 19 42 

Current 
Planning 

Base stock Level (New) Forecasted demand per month 

3 3-4-3-48 

New 
Planning  

Base stock Level (New) 
 

4 

The moving average for past 6 months is 3.67 parts. And since the demand rates are less sporadic, 

planner can base on these historical consumption data and his experience to forecast the demand for 

coming months. In this case, the forecasted demand per month is 3-4-3-4. Therefore, the base stock 

level is increased from 3 to 4 to be able to cover the higher forecasted demand of 4 parts per month. 

                                                 
8 3-4-3-4: for the coming 4 months, the forecasted demand is 3, 4, 3 and 4 parts respectively. 
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Appendix VI. Critical Level Policy at ASML 
In Appendix Figure 3, the critical level policy used in ASML central warehouse planning is 

introduced. When the actual stock level is above safety stock level, it is available for all customer 

classes and all demand types. The critical level of a service part is set according to its safety stock 

level. The relationship between critical levels and safety stock levels as well as the base-stock levels9 

is shown in Appendix VII. When the stock level drops below safety stock level, the stock is only 

available for emergency replenishment requests and a small group of regular replenishment requests 

which are on the projected shortage list. The projected shortage list determines to which local 

warehouse the service parts should be distributed first among those regular replenishment orders.  

 
Appendix Figure 3, Illustration of Critical level policy  

When the actual stock level drops at or below the critical level, the stock is only available for 

emergency replenishment requests. The regular replenishment requests will be backordered until the 

stock level is increased above the critical level. When the last part (or in case that the critical level is 

2, one of the last two parts) is taken out of the central warehouse, decision has to be made whether it 

is necessary to return one of such part from local warehouse (if any) to central warehouse to guarantee 

the emergency request. 

                                                 
9 At ASML, the base-stock level is referred to as reorder-point (ROP). 
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Appendix VII. Base-stock level, Safety stock and Critical level 
The relationship between critical levels and safety stock levels as well as the base-stock levels is 

shown in Appendix Table 2. 

Appendix Table 2, Base-stock level, Safety stock and Critical level 

Base-stock 
level 

Safety 
stock 

Critical 
level 

Base-stock 
level 

Safety 
stock 

Critical 
level 

1 to   5 1 1 51 to  60 8 2 

6 to   9 2 1 61 to  70 10 2 

10 to  15 3 1 71 to  80 12 2 

16 to  20 4 1 81 to  90 14 2 

21 to  30 5 1 91 to 100 16 2 

31 to  40 6 2 >100 20 2 

41 to  50 7 2  
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Appendix VIII. Overview of Notations 
Below, the notations that have been used in the model we described in Chapter 6 are listed. 

:  A non-empty set of local warehouses, numbered = 1, … , | |. 
:  The entire set of warehouses in the service supply network, i.e., = {0} ∪ . 

:  A non-empty set of groups of installed machines, numbered = 1, … , | |. (⊆ ): Subset of groups that is assigned to local warehouse ∈ . 

:  A non-empty set of SKU-s, numbered = 1, … , | |. , :  Failure rate for SKU ∈  from group ∈  installed machines. 

:  The total failure rate for all SKU-s from group ∈  installed machines. , :  The total failure rate for SKU ∈  observed at local warehouse ∈ . 

, : The demand rate of regular replenishment for SKU ∈  requested at central 

warehouse from local warehouse ∈ . , : The demand rate of emergency replenishment for SKU ∈  requested at central 

warehouse from local warehouse ∈ . , : The total demand rate for SKU ∈  requested at central warehouse from local 

warehouse ∈ . 

: The demand rate of regular replenishment for SKU ∈  requested at central 

warehouse from all local warehouses. 

: The demand rate of emergency replenishment for SKU ∈  requested at central 

warehouse from all local warehouses. 

: The total demand rate for SKU ∈  requested at central warehouse from all local 

warehouses. , :  Base stock level for SKU ∈  at warehouse ∈ . 

:  The base stock levels for SKU ∈  at central warehouses. 

:  The vector of base stock levels for SKU ∈  at all local warehouses. , :  On-hand stock level for SKU ∈  at warehouse ∈ . 

:  The vector of on-hand stock level for SKU ∈  at all local warehouses. 

: The critical level for SKU ∈  at central warehouse, with 0 ≤ ≤ , . 

, : Supply lead time for a lateral transshipment from local warehouse    to local 

warehouse ∈ , ≠ .  

, : Total cost for a lateral transshipment from local warehouse    to local 

warehouse ∈ , ≠ .  ̃ :  Transportation lead time for a regular replenishment from central warehouse to local 

warehouse ∈ . 
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: Total cost for a regular replenishment from central warehouse to local warehouse ∈
. ̃ : Transportation lead time for an emergency shipment from central warehouse to local 

warehouse ∈ .  

: Total cost for an emergency shipment from central warehouse to local warehouse ∈
. 

: The aggregate mean replenishment lead time from external suppliers to central 

warehouse. 

: Total cost for a replenishment from external suppliers to central warehouse. 

: Supply lead time for an expedited shipment from supplier to local warehouse ∈ . 

: Total cost for an expedited shipment from supplier to local warehouse ∈ . 

: The average waiting time before a backordered regular replenishment request for 

SKU ∈  can be satisfied at central warehouse. 

: One-time penalty cost incurred whenever a demand of regular replenishment request 

is not immediately satisfied upon request. 

: The cost for holding one unit of SKU ∈  in stock for one time unit. 

: The permutation of pre-specified order for local warehouse ∈  to check when 

lateral support is required. ( ): The subset of local warehouses with a lower position number than local warehouse ∈ , ≠  in the pre-specified order for local warehouse ∈ , ≠ . 

: Subset of local warehouses that potentially could receive the lateral transshipment 

from local warehouse ∈ . 

, : The fraction of demand for SKU ∈  requested at local warehouse ∈  that is 

satisfied upon request, i.e., from the on-hand stock at local warehouse j itself, also 

known as (item) fill rate. 

, , : The fraction of demand for SKU ∈  requested at local warehouse ∈  that is 

satisfied from the on-hand stock at local warehouse k ∈ , ≠  by means of 

lateral transshipment. 

, :  The fraction of demand for SKU ∈  requested at local warehouse ∈  that is 

delivered from central warehouse or external suppliers by means of emergency 

shipment. α , : The total fraction of demand for SKU ∈  requested at local warehouse ∈  that 

is satisfied from the on-hand stock at local warehouses in the same region by means 

of lateral transshipment. 
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( , ): The average number of backorders for regular replenishment for SKU ∈  requested 

at central warehouse. ( , ): The average inventory level of SKU ∈  at central warehouse. ( , ): The expected total cost for SKU  ∈  that is incurred within the service supply 

network per time unit. , ( , ): The expected waiting time if SKU ∈  is requested at local warehouse ∈ . ( , ): The expected lead time for regular replenishment request for SKU ∈  at central 

warehouse. ( , ): The expected lead time for emergency replenishment request for SKU ∈  at central 

warehouse. 

: The maximum expected waiting time for an arbitrary request from group  installed 

machines. 

: The aggregate fill rate target for group n machines.  
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Appendix IX. Generated Base-stock Levels for Numerical Study 
In the Appendix Table 3 below, we summarized the base-stock levels generated for both the central 

warehouse and the local warehouses.  

Appendix Table 3, the base-stock level decision for central and local warehouses 

Service part Base-stock Level (CWH)10 
Base-stock Level 

(LWH) 

Item 1  14 6 
Item 2 to item 5 14 5 
Item 6 14 4 
Item 7 to item 12 13 4 
Item 13 to item 14 13 3 
Item 15 to item 21 12 3 
Item 22 to item 23 11 3 
Item 24 11 3-2-3-311 
Item 25 to item 27 11 2 
Item 28 to item 33  10 2 
Item 34 to item 36 9 2 
Item 37 9 2-1-1-1 
Item 38 9 1 
Item 39 to item 43 8 1 
Item 44 to item 45 7 1 
Item 46  3 0 
Item 47 to item 49 2 0 
Item 50 1 0 

 

                                                 
10 For the central warehouse planning, we apply rule of thumb to stock at least 1 part for each SKU. 
11 For local warehouse #2, stock 2 parts, and for local warehouse #1, #3 and #4, stock 3 parts.  
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Appendix X. Sensitivity Analysis for Demand Rates 
 

 

Appendix Figure 4, Central warehouse operational cost (changes in demand rates) 

 

 
 
 
 

 

Appendix Figure 5, Central warehouse initial investment (changes in demand rates) 
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Appendix Figure 6, Local warehouse operational cost (changes in demand rates) 
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Appendix XI. Sensitivity Analysis for Supply Lead Times 
 

 
 

Appendix Figure 7, Central warehouse operational cost (changes in supply lead times) 

 

 

 

Appendix Figure 8, Central warehouse initial investment (changes in supply lead times) 
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Appendix Figure 9, Local warehouse operational cost (changes in supply lead times) 
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Appendix XII. ASML Case Study 
 

Appendix Table 4, Results for case study at ASML for XT platform - E 

 Central WH 
Transportation cost 

Central WH Inv. 
Holding cost 

Central WH annual operational 
cost (normalized) 

ASML Planning 84.28 15.72 100 
Integrated Planning 67.90 39.66 107.56 
% difference -19.44% +152.33% +7.56% 

 

Appendix Table 5, Results for case study at ASML for XT platform - F 

 Local WH 
Transportation cost 

Local WH Inv. 
Holding cost 

Local WH annual operational 
cost (normalized) 

ASML Planning 73.00. 27.00 100 
Integrated Planning 52.01 36.84 88.86 
% difference -28.75% +36.44% -11.14% 

 

 
Appendix Table 6, Results for case study at ASML for AT platform - E 

 Central WH 
Transportation cost 

Central WH Inv. 
Holding cost 

Central WH annual operational 
cost (normalized) 

ASML Planning 51.57 48.43 100 
Integrated Planning 50.84 68.99 119.83 
% difference -1.42% +42.46% +19.83% 

 

Appendix Table 7, Results for case study at ASML for AT platform - F 

 Local WH 
Transportation cost 

Local WH Inv. 
Holding cost 

Local WH annual operational 
cost (normalized) 

ASML Planning 43.12 56.88 100 
Integrated Planning 39.58 59.61 99.19 
% difference -8.21% +4.80% -0.81% 
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[The End] 
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