
 Eindhoven University of Technology

MASTER

Mitigation strategies against supply chain disruptions in high-tech equipment industry

Chen, R.

Award date:
2012

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/324f402b-f9a8-494a-8f10-ddf4c7660276


 Veldhoven, Aug 2012 

 

 

 

 

 

 

 

BSc Industrial Engineering — INPG 2012 

Student identity number 0754827 

 

 

BSc Industrial Engineering—Zhejiang University, 2010 

Student identity number  0754827 

 

 

 

in partial fulfilment of the requirements for the degree of 

 

Master of Science 

in Operations Management and Logistics 

 

 

 

Supervisors: 

dr. ir. Z. Atan, TU/e, OPAC 

prof. dr. ir. A.G. (Ton) de Kok, TU/e, OPAC 

dr. ir. M. Atan, ASML, M&L GLS SL  

dr. ir. F. Janssen, ASML, M&L GLS SL 

Mitigation strategies against  

supply chain disruptions in  

high-tech equipment industry 

by 

Rong Chen 

 



2 

 

TUE. School of Industrial Engineering. 

Series Master Theses Operations Management and Logistics 

 

 

 

 

 

 

 

 

Subject headings: disruptions, mitigation strategies, supply chain simulation 

 

 

 



I 

 

Abstract 

In this master thesis project, we investigated the supply side disruptions of ASML. Because 
of some high-profile incidents, disruption risks caught people’s attention. Based on the 
current ASML risk management situation, qualitative analyses have been conducted to some 
extent, while rarely any quantitative analyses have been conducted. Our main objective is to 
develop algorithm to model disruptions and the effects of different disruption mitigation 
strategies. While mathematical modeling cannot give the optimal analytical results, we rely 
on the simulation tool which is developed using Excel VBA to get the optimal solution within 
each mitigation strategy. What is more, the results of all the mitigation strategies are 
compared and managerial insights have been given regarding the suggestion about which 
mitigation strategy is best under certain circumstance (material portfolio).  
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Executive Summary 

ASML has become the world’s biggest lithography system provider and it leads the 
innovation of technology. Since its foundation, ASML manages to keep its business growing 
through many outstanding achievements.  

As a high-tech manufacturer, the core competence is design and integration of the systems. 
Thus, ASML depends on its suppliers significantly, not only the first tier supplier, but also 
the upstream suppliers of the supply chain. As a company leading the technology, its 
suppliers have to keep aligned with the technical requirements and thus it is difficult to 
switch orders to another supply source in a short time. ASML have about 600 suppliers, of 
which 40 partners represent 80% of the purchasing value. The supplier decisions made 5-10 
years ago are affecting ASML now with its supply chain. As several high profile disruption 
events caught our attention in recently years, ASML starts to consider the effects of 
disruptions to its supply chain and finally the customer satisfaction. Drawing lessons from 
past experience, the Business Continuity Group has conducted supplier risk assessment and 
done some investigations of disruption risks in order to prevent some risk occurrence and 
create actionable plans in case of future disruptions. However, what they have done so far is 
qualitative analyses and it is not easy to achieve optimal decision. Our project aims to provide 
an easy way to model disruption and test disruption strategies in order to help managers make 
decisions.  The objective of the project is defined as follows: 

“Identify supply side disruption risks of ASML, model different mitigation strategies 
and develop a simulation tool to help determine the current system risk and help 
mangers determine the optimal supply decisions.” 

This project has been divided into the following tasks: 

1. Select potential mitigation strategies against disruptions for ASML  
2. Model supply side disruptions and the effects of potential mitigation strategies 

mathematically 
3. Evaluate the effect of disruption mitigation strategies using a simulation tool 
4. Analyze the results and create the optimal inventory and sourcing decisions for each 

material group 

In the first task, it is necessary to study the literature to know the managerial mitigation 
strategies. After that, according to the company and product characteristics, we select two 
main mitigation strategies, inventory mitigation and supplier diversification.  

In the second task, this project follows the most common way to model disruptions. That is, 
there is two states UP and DOWN, the status changes from UP to DOWN with probability α 
(called failure probability) and from DOWN to UP with probability β (the repair probability). 
We simplify the model to a single item, two-echelon problem. Four models corresponding to 
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the four strategies (acceptance, inventory mitigation, supplier diversification, and hybrid 
mitigation) are proposed, with two single sourcing models and two dual sourcing models. In 
the inventory mitigation model, safety stocks are carried in two stock points. In supplier 
diversification model, two sources are available with one reliable supplier and another 
unreliable supplier. When we made an order to the unreliable supplier and unfortunately the 
supplier is disrupted, this order is switched to the reliable supplier immediately.  

In the third task, evaluation of the disruption mitigation strategies is achieved by a simulation 
tool developed using Excel VBA. By keeping different safety stock levels or different 
allocation fractions, the effects of mitigation strategies can be quantified. 

In the fourth task, the optimal decisions, including sourcing decision (single sourcing or dual 
sourcing), how many safety stocks are kept, or how much allocation to the reliable supplier is 
can be made with the help of the simulation tool.  

Some parameters (input) are difficult to get, i.e. disruption parameters, backorder cost, etc. 
Disruption parameters including the failure probability and repair probability are used in our 
disruptions modeling methodology. We conduct experimental design of different scenarios. 
An experiment with different factors, each factor with two different levels is designed to 
obtain a detailed analysis of the problem. Analyzing these, managerial insights are easily 
drawn afterwards. 

Acceptance or inventory mitigation is favored when the repair probability of the supplier 
manufacturing process is large: 

1. Acceptance is favored when penalty cost ratio (penalty cost per unit per time / price 
per unit) is small, failure probabilities of supplier and transportation disruptions are 
small, and repair probabilities of supplier and transportation disruptions are large. 

2. Inventory mitigation is favored in all the scenarios that supplier repair probability is 
large except for the scenarios that acceptance is favored. 

Supplier diversification or hybrid mitigation is favored when the supplier manufacturing 
process disruption repair probability is small: 

3. Supplier diversification is favored when penalty cost ratio is small, transportation 
failure probability is small, and transportation repair probability is large. 

4. Hybrid mitigation is favored in all the scenarios that supplier repair probability is 
small except for the scenarios that supplier diversification is favored. 

Besides the conclusions generated in this project, it is suggested that more studies should be 
conducted to achieve a more in-depth understanding of the disruption risks. There exist two 
limitations of this project.  

First, we make some assumptions that simplify the situation which may not be realistic. 
Instead of completely gone with production capacity, partial production may be possible. 
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Also, in reality, when the production facilities recover from disruption, they cannot ramp up 
their capacity in a short time. But in our simulation, since we have no clue how to estimate 
the supplier capacity, we do not take the capacity constraints into consideration. Secondly, 
the methodology to achieve optimal solution is enumeration. The safety stock from 0 to 10 is 
enumerated which may not reach the real optimal solution.  
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1 Introduction 

This report is the master thesis of the master program OML in Eindhoven University of 
Technology. This project is carried out at sourcing logistics group in ASML.  

Nowadays, the globalization increases the interdependency among firms along the supply 
chain. Being more complex and vast is the trend of modern supply chain. For high-tech 
manufacturer ASML, the dependency on its suppliers is significant. It outsources the modules 
production as much as possible. It is beneficial for ASML to focus on its core competence. 
On the other side, it results in potential risks that ASML has to face in case of disruptions. 
Disruptions would cause supply chain to breakdown, and the drivers of this risk can be varied: 
natural disaster, labor dispute, supplier bankruptcy, war and terrorism, etc (Chopra and Sodhi, 
2004). 

The primary objective of this project is to identify the disruption risks that threaten ASML 
and find methods to mitigate the effect of disruptions. The report is organized in the 
following way. The first chapter briefly introduces the company and its supply chain 
management situation. The second chapter describes the company’s disruption risks and 
current risk management. Project definition, scope and deliverables are presented in Chapter 
3. Chapter 4 the literature study related to this project topic. The fifth chapter models four 
mitigation strategies to deal with supply side disruptions, called inventory mitigation model, 
supply diversification model, hybrid model and acceptance model. Chapter 6 describes the 
simulation model which conducts an experimental design of comparison of these four 
mitigation models, in order to provide insights about which strategy is better under certain 
situation. Chapter 7 conducts a case study. Finally the conclusion is drawn at Chapter 8. 

1.1 Company description 

To begin with, a general description of ASML and its business is given, followed by the 
supply chain structure and the current sourcing strategies in ASML. 

1.1.1 Introduction of the company 

Founded in 1984, ASML designs, develops, integrates, and serves lithography systems for the 
semiconductor industry who is dedicated to manufacturing complex machines that are critical 
to the production of microchips. ASML regards itself as the system integrator and thus 
focuses on its core competence: design and integration of lithography systems. In the middle 
to high-end lithography market, ASML occupies about 60% of the market in year 2007 while 
it has a market share of 80% in the high-end lithography market. In year 2010, ASML has a 
market share of about 90% in the high-end market. Now obviously ASML has become the 
top Lithography Tool supplier in the semiconductor industry.  
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ASML’s headquarter is located in Veldhoven, the Netherlands. Operating subsidiaries are 
located worldwide, including United States, Italy, France, Germany, the United Kingdom, 
Ireland, Belgium, Korea, Taiwan, Singapore, China, Japan, Malaysia and Israel.  

1.1.2 Supply chain structure  

Doing worldwide business, ASML has a complex and vast scale supply chain network. 
ASML has the world’s major chip manufactures as customers. ASML works in partnership 
with suppliers from all over the world which provide components and modules that are 
manufactured to ASML’s specifications. It has more than 600 suppliers.  

ASML has multiple suppliers (1st tier suppliers) and multiple customers. ASML’s suppliers 
have their own suppliers (2nd tier suppliers). Figure 1 is a simplification of the ASML supply 
chain organization structure (the number of suppliers for each tier is much larger than the 
numbers showed in the picture and the supply chain layers in reality can extend the current 
range). The 1st tier suppliers have the direct influence on ASML’s resource availability while 
the second tier suppliers have the indirect influence on ASML through 1st tier suppliers’ 
production. Similar logic applies for third, fourth suppliers.  

 

ASML

1st tier Supplier 2

1st tier Supplier 1

Customer 2

Customer 3
2nd tier Supplier 2

2nd tier Supplier 1
Customer 1

3rd tier 
Supplier 2

3rd tier 
Supplier 1

3rd tier 
Supplier 3

1st tier Supplier 3

3rd tier 
Supplier 5

3rd tier 
Supplier 4

3rd tier 
Supplier 6

 
Figure 1 Simplified supply chain organization structure architecture 

Suppliers ASSY FASY Test Customer 
option add in

ASML 

Test pack Customers

CODP

 
Figure 2 Detailed supply chain structure 
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Figure 2 is the logistics flow from the 1st tier suppliers, to ASML manufacturing internal 
processes, and finally to the customers. 

ASML manufacturing factories are located in three places: Veldhoven (NL01), Wilton 
(US50), and Taiwan (HK31).  According to the agreement between ASML and suppliers, 
suppliers keep certain inventory in their sides to respond ASML order in time. While on the 
ASML side, taking factory NL01 for example, it has a warehouse in Building 21 to store the 
received parts supplied externally. The production process starts with the assembly of 
production modules in different work centers, which is called ASSY. After ASSY, these 
modules are assembled into a standard machine. Until this process, it is “make to stock”. In 
“customer options add in” process, the customer specific options are added to the standard 
machine. The machine is tested after the specific configurations are added according to 
customer needs. Finally, the lithography system is delivered to customers through third party 
logistics. 

1.1.3 Sourcing strategy 

Focusing on its core competence, ASML outsources the modules production as much as 
possible. Around 90% of all the items used in ASML machines are outsourced from suppliers.  

For one particular buy part, the sourcing strategy is mostly single sourcing in order to ensure 
overall quality and timeliness delivery. 

The sourcing strategies operated in ASML is a formal strategy with suppliers known as 
“value sourcing”, which is based on competitive performance in quality, logistics, technology 
and total cost. The essence of value sourcing is to maintain a supply base that is world class, 
globally competitive and globally present1

The basic value sourcing strategic principles are shown as following: 

. 

 Maintaining long-term relationships with the suppliers. 
 Sharing risks and rewards with the suppliers. 
 Dual sourcing of knowledge, globally, together the suppliers. 
 Single, dual or multiple sourcing of products, where possible or required.  

Value sourcing is intended to align the performance of our suppliers with our requirements on 
quality, logistics, technology and total costs. 

1.2 Supply chain management at ASML 

In section 1.1, general information of ASML is given. This section describe the current 
supply chain management situation, divided into four subsections: supply chain uncertainty 

                                                 
1 Source: ASML intranet 
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ASML faces with; buy parts classification based on significance; inventory management and 
the KPI of supply resource availability.  

1.2.1 Supply chain uncertainty of ASML 

Supply chain uncertainty includes two forms: supply uncertainty and demand uncertainty.  In 
this subsection, detailed reasons of uncertainty in ASML would be described in the forms of 
supply uncertainty and demand uncertainty, respectively.  

As mentioned in section 0, ASML is highly dependent on suppliers. The buy parts are 
customer specific and complex, thus more attention and technical efforts (for example, testing) 
should be made to the complex modules. As a consequence, lead time is long and have a 
large variability for these complex buy parts. What is more, supply side disruptions influence 
the supply availability. There are several reasons that may lead to the large increase of lead 
time in case of disruptions: 

 The various disruptions that make the 1st tier suppliers production stop for certain 
period would result in resource unavailability. Depending on the types and durations 
of disruptions, the customer service level of ASML is influenced. This influence is 
direct. 

 Not only 1st tier suppliers’ production stop would result in supply uncertainty, the 
production stop of any other elements along the supply chain would hinder the supply 
of material of ASML. This influence is not so direct and easily neglected.  

 The transportation disruptions would result in the lead time to increase. Thus the 
manufacturing schedule in ASML would be delayed, causing potential risks. 

As the aspect of demand uncertainty, it is very difficult to forecast the customers demand 
because of the following reasons: 

 The market itself is fluctuating and has down and up period (these two states rotates 
all the time). 

 The demand is customer-specific. In most case, ASML produces standard machines to 
stock first, and then customers can choose the specific requirement, for example, 
added functions. Customers’ need is varied and specifications for each order have 
diversities.  

 The product life cycle is short, around 2 years. 

1.2.2 Buy parts classification 

A number of inventory control methods have developed to reduce the inventory-related cost 
and finally optimize the profit. The first step of inventory control methods is parts 
classification. In common sense, it is not appropriate to use the same inventory policies for all 
the items that may differ in several aspects, probabilities of defective, value, significance, etc.  
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For instance, the parts that become defective easily should keep higher inventory level than 
ones that are stable. 

The buy parts classification is based on the importance. 

ABC analysis is similar to Pareto principle in that “A” item would typically account for a 
large proportion of the overall value but a small percentage of number of item. “A” items 
represent a high importance for the organization. On the contrary, “C” items account for a 
small proportion of overall value but a large number of items. “B” items are of intermediate 
importance. 

Table 1 buy parts summary based on ABC categorization 

category Numbers percentage Value percentage 

A 2.16% 94.74% 

B 6.18% 4.12% 

C 91.66% 1.14% 

 

1.2.3 Inventory management  

The current inventory management methods in ASML are based on MRP logic. Some rules 
are summarized in Table 2. 

Table 2 inventory control rules 

ABC 
class 

Differentiation Order strategy Lot sizing Replenishment 

A 
High 

IPO 2  /MC-LTA 3  /Auto 
PO4 Fixed lot size=1 

 
JIT5 (/others) 

Low IPO/MC-LTA/Auto PO Daily Buckets ARC6(/others) 

B 

High IPO/MC-LTA/Auto PO Weekly Buckets ARC(/others) 

Low IPO/MC-LTA/Auto PO 
Two Weekly 
buckets 

ARC(/others) 

                                                 
2 IPO: Individual Ordering 
3 MC-LTA: Material Contact or Long Term Agreement 
4 Auto PO: Automatic Purchase Orders 
5 JIT: call to order the material one day earlier than manufacturing scheduled date to deliver the item to factory 
6 ARC(Authorized Replenishment Call): call to order the material three days earlier than the manufacturing 
scheduled date and the delivered items are sent to warehouse 
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C 

High IPO/MC-LTA/Auto PO 
Four weekly 
buckets 

ARC(/others) 

Low IPO/MC-LTA/Auto PO 
Eight weekly 
buckets 

ARC/VMI(/others) 

The outsourced modules are classified according to ABC logic. In each category, 
differentiation of high and low value is distinguished and different rules are designed for 
inventory replenishment. The order strategies consist of IPO, Auto PO, and MC/LTA. The lot 
sizing rule is a fixed size 1 for the most expensive items and flexible numbers otherwise 
(requirements are bucketed in a purchase requisition per day/week/bi-weeks, etc). The 
replenishment strategies include JIT, ARC, VMI and others. For expensive buy parts, the 
inventory control policies are following lean principle. 

1.2.4 KPI of supply resource availability 

B1 value is one of the key performance indicators to evaluate the resource availability.  B1 
value represents the assembly machine stop time due to resource unavailability. We expected 
to decrease B1 value in our project. 

Another KPI is the material completeness which displays the proportion of available versus 
all materials that are included in all deliveries for all ASML production processes7

  

. The 
formula to calculate the material completeness is: material completeness = the number of buy 
parts available at order starts in work center/ materials required in work center. 

                                                 
7 We only consider the main manufacturing plant NL01 
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2 Disruption risks and their management in ASML 

In this chapter, disruption management cases in ASML are displayed, followed by the 
introduction of the Business Continuity Management Group (BCM group). The introduction 
of BCM group aims to provide some information about the current risk management situation 
in ASML. Finally, problems are identified regarding the risk management. 

2.1 ASML disruption management cases 

Single sourcing is the sourcing strategy that most buy parts would adopt. It is the case under 
the situation that the supplier is transparent so that ASML can assess the weak point of supply 
chain and invest some money to do prevention. If ASML does not want to invest money or if 
single sourcing is not possible, then dual/multiple sourcing is adopted. For some parts, 
dual/multiple sourcing is really expensive due to the development of long relationship with 
suppliers (5-10 years is needed to get the supplier manufacture the exact module ASML 
needs). 

Since some of the modules contain specialized new technique and are very expensive while 
the amount (order quantity) is relatively low, in most of the cases, ASML only sources one 
particular module from one suppliers and ASML almost keeps no inventory of the module 
(Machine is expensive, keeping inventory wastes a lot of money). If one part becomes 
unavailable because of the disruption of one supplier (natural disasters, etc), other parts 
should wait until this disruption is over and money (inventory cost) is wasted. What is more, 
there is a big possibility that the production of the machine would be delayed and customer 
orders are not satisfied in time. 

Until now, ASML has experienced several supply chain disruptions. In this section, we would 
like to describe three of these cases and how ASML deals with these disruptions. This 
knowledge is based on the interviews with several group leaders in Manufacturing and 
Logistics department. 

Iceland volcano eruption in April 2010 

In April 2010, Iceland volcano eruption caused interruption of air travel across western and 
northern Europe over an initial period of six days. The whole network has been influenced 
and about 20 countries closed their airports.  At that time, the main issue is how to deliver 
parts to ASML. If the transportation was within Europe, road transportation could be used. If 
the suppliers were out of Europe, alternative ways should be figured out. Emergency team 
tried to find airport available (this information was updated daily), like Spain airport (open 
for some time). Then it arranged a new transportation plan. Also, ASML talked to DHL 
(ASML’s third party logistics) to negotiate. Since the parts delivered by DHL were without 
ASML control previously, third party logistics would not place ASML’s materials in the 
priority. The delay was about 10 days.  
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The lesson learned from this disruption is to control the logistics flow from suppliers to 
ASML. Normally, ASML depends on third party logistics to ship the material. When eruption 
happened, the number of open airport was limited. DHL would not place the parts ASML 
needed in the first priority since suppliers were less powerful in influencing the third party 
logistics. So ASML should take part in the control of shipment of the parts (ASML are 
powerful and have the ability to make DHL put the parts in the first priority). In conclusion, 
not only internal logistics, but also external logistics should be managed. 

Earthquake in Japan 2011 

When the earthquake in Japan happened, some airports were open, but service was very 
limited since the earthquake influenced roads in Japan were destroyed. Reacting as quickly as 
possible, ASML contacted 1st tier suppliers and checked whether they were available or not. 
ASML got all the information checked every day, their suppliers’ current situation, like 
manufacturing line and inventory level to estimate how many time it needed to recover 
production and whether inventory was enough to keep production. Luckily, they found that 
some suppliers quickly recovered and would be available for production soon in the south of 
Japan (e.g. Kyocera). ASML also helped to solve other problems, for instance, the electricity 
power was limited at that time in the supplier manufacturing factory. They shift production to 
night and weekends. Finally, this disruption did not cause serious effect to ASML. 

The lesson learned from this disruption is that ASML should get the whole picture of the 
supply chain. The information of 2nd tier suppliers is retrieved from 1st tier suppliers. In this 
way, ASML got the whole picture of the supply chain. After figuring out the whole picture, 
alternative ways were considered for the disrupted elements of the whole supply chain. Being 
aware that a managing 1st tier supplier is not enough, 2nd, 3rd tier suppliers need to be 
monitored and managed. 

Bankruptcy of suppliers 

ASML have a group (Business continuity Group) that monitors the financial operation 
situation of its suppliers. They would provide supplier assessment, called yearly risk analysis. 
If problem happens, they would start to search another available supplier, or they may buy 
the supplier to prevent it from bankruptcy. 

2.2 ASML risk management  

The current risk management in ASML is done by the Business Continuity Management 
(BCM group). In this section, its vision, strategy, tactics are described in order to give a 
general understanding about the current risk management situation in ASML, followed by the 
supplier yearly risk management in section 2.2.2. Finally, the disruption risks identification 
by BCM group is displayed. 
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2.2.1 BCM group introduction 

Whenever a severe calamity occurs at ASML or at one of its main suppliers, ASML 
committed: 

 Product delivery will not be delayed more than 3 months and a normal level of 
business operations is restored within 6 months; 

 Service will not be delayed more than 1 week and a normal level of business 
operations is restored within 1 month; 

 Impact on sales and service commitments as projected in the most recent 12 month 
forecast will not be more than 25%. 

In order to guarantee these commitments, the main responsibility of BCM group is the 
following: 

 Translate results of structured analyses of Business Continuity threats into focused 
risk prevention measures and actionable plans. 

 Provide a second line of defense to ensuring business continuity by having: 

• A Global Crisis Management organization for handling disruptions that have an 
impact on more than one sector/location and/or requires considerable coordination 
of recovery activities; 

• Business Continuity Plans (BCP) prepared for major calamities and scenarios with 
a high impact on sales and service commitments to customers. 

2.2.2 Supplier yearly risk management 

The supply chain sustainability process is shown in Figure 3. After supplier selection process, 
assessment and monitoring are continuously conducted through the yearly risk assessment. 
Supplier yearly risk management is done by questionnaire. The supplier risk assessment 
identifies the risk of supply base. 

 
Figure 3 Supply chain sustainability process 

The risk identification is assessed over three risk areas: 

 Technology ownership and knowledge risk 



10 

 

 Supply Market Risk (transfer barriers) 
 Supplier risk (financial, dependency, sustainability, disaster contingency plans, 

flexibility requirements, 2nd tier management, etc) 

The Procurement Account Manager (PAM) fills out the questionnaire for all the active 
suppliers. Each aspect is to be assessed and marked with a score between 2 (low risk) and 10 
(high risk).  

Figure 4 is an example of overview of a supplier risk assessment report. The logic in this 
diagram is to determine one of the four statuses per risk aspect: 

 No risk: no risk has been identified 
 Risk contained: risk has been identified, but based on contingency and mitigation 

actions the risk has been contained 
 Risk mitigation in place: risk has been identified, a risk mitigation plan is in place 

with a clear timing when risk has been mitigated 
 As risk: risk has been identified, but no risk mitigation plan is in place 

The risk acceptance level for each aspect has been determined by management (the green line 
in Figure 5). For those risks that have a high impact on ASML or risks that are not contained, 
risk mitigation must be in place (“At risk” or “Risk Mitigation in place”). This risk mitigation 
plans must be approved by management.  

 
Figure 6 Risk identification spider diagram 

2.2.3 Identified disruption types 

The identification of disruption risks is based on the information from Business Continuity 
Management Group. It mainly considers ASML internal disruptions and transportation 
disruptions while our project mainly considers ASML supply side disruptions.  We think 
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there are some similarities exist in the disruption types between ASML and its suppliers that 
may encounter with. Hence, we can identify the disruption types considered in our project, 
including transportation disruptions and supplier disruptions which are summarized below in 
Table 3. 

Table 4: Identification of disruption risks 

TRANSPORTATION DISRUPTIONS 

Earthquake  Storms  

Flooding  Volcano eruption 

SUPPLIER DISRUPTIONS 

Organizational change 

Labor unrest / strikes Renovations Site 

Reorganizations, mergers Bankruptcy 

Succession planning/Staffing issues Reorganizations, mergers 

Calamities and Natural hazards 

Explosion in the vicinity Fire in the clean room 

Damage by construction faults Natural disasters that damage the manufacturing facility 

Deliberate Acts 

Terroristic attack Violence at the work place 

Theft Introduction of viruses / malicious software 

Errors  

Facilities maintenance errors Operations and maintenance errors  

Software maintenance errors   Hardware maintenance errors  

User errors  

 

2.3 Current problem identified 

The supply chain of ASML is highly vulnerable to disruptions because of its characteristics. 
Focusing on its core competence, ASML is dependent on its suppliers significantly. What is 
more, in order to reduce cost, JIT and lean principle has widely adopted in the supply chain. 
Redundancy is removed as much as possible, thus smaller safety stocks are carried and 
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smaller supplier base amount is kept. While JIT and lean principle lead to cost reduction 
under normal operations (steady environment), probability that firms are vulnerable to 
disruptions is increased. 

In this section, problems regarding the current situations and the insufficiencies underlying 
current way of disruption management will be discussed. 

Lean principle and the dependency on suppliers lead to disruption risks 

The current supply chain is highly vulnerable to disruption risk because of the following two 
reasons: 

 The current inventory policy in ASML is lean-principle based.  
 ASML relies on outside suppliers. 

ASML relies on outside suppliers for the components, each of which is obtained from a 
single supplier or a limited number of suppliers. The reliance on a limited group of suppliers 
involves several risks, including a potential inability to get an adequate supply of required 
components and the risk of delivery lateness. 

Although delivery timeliness and yield to date from ASML’s suppliers generally have been 
satisfactory, manufacturing some of these components that ASML uses in the manufacturing 
processes is an extremely complex process and delays caused by suppliers may occur. A 
prolonged inability to obtain adequate deliveries of components or subassemblies, or any 
other circumstance that requires ASML to seek alternative sources of supply, could 
significantly hinder the ability to deliver the products in a timely manner, which could 
damage relationships with current and prospective customers. Hence, ASML is highly 
dependent on its suppliers. 

From the current inventory policies ASML adopts, we can see that inventory management is 
lean-principle driven. Especially for expensive buy parts, no/less inventory is held.  

The two reasons mentioned above increase the risk in case of disruptions. Inventory mangers 
who neglect the risk of supply disruptions would face excess costs when such disruptions 
occur, in the form of stock-out costs, expediting costs, and loss of goodwill.  

On the other hand, disruptions are typically infrequent and unpredictable, so holding too 
much extra inventory is costly, as well. An effective inventory policy should strike a balance 
between protecting against stock-outs during disruptions and maintaining low inventory 
levels. 

No clear proactive strategies exist to prevent the detrimental effects of disruptions in 
ASML 

To my knowledge, nowadays, there exist no clear proactive strategies to prevent the effect of 
disruption in ASML. ASML deals with disruption by reactive actions (form emergency group 
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after disruption happens and figure out the handling solutions) and survived in the several 
disruptions so far (Iceland volcano eruption, Japan earthquake, etc). But sometimes reactive 
actions would not mitigate the effects of disruptions so smoothly. Taking Ericsson and 
Nokia’s example as a warning for ASML, proactive strategies need to be developed in 
advance.  

Hence, the consciousness of disruption effects is of great importance to the high tech 
manufacturer like ASML. In this assignment, the short and long effect of supplier disruptions 
to ASML is identified and mitigation strategies are developed accordingly. 

No quantitative methods exist to measure disruption risks and the effects of mitigation 
strategies 

Although BCM group assesses the supplier risk and make some actionable plans for potential 
risks, their methods are mainly subjective. The trade-off between investment and benefit of 
mitigation strategies are not clearly measured. Hence, the investment of disruption mitigation 
strategies are not convincing to managers. As we mentioned before, disruptions are typically 
infrequent and unpredictable, holding too much inventory is costly which may exceed the 
benefit that inventory mitigation can bring. Similarly, dual sourcing may also be very costly 
for the extra operation cost. In certain circumstances, acceptance may be better than any other 
strategies. In conclusion, quantitative measuring methods are strongly needed to provide 
mitigation suggestions. 
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3 Project formulation 

This chapter includes the definition and scope of the project based on the analysis on the 
current situation described above. This project aims at solving the problems mentioned in 
section 2.2.  

3.1 Project Definition 

The primary objective of this project is to evaluate and compare different disruption 
mitigation strategies and find the optimal strategy to cope with disruption risks. The current 
situations and analyses help to define the problems we are going to solve in this project. The 
project definition is shown as follows: 

“Develop a methodology to determine the current risk level of supplier side disruptions 
to ASML; evaluate and compare different mitigation strategies by developing a 
simulation tool.” 

According to the definition, the project output should include mathematical models that 
generalize the effects of supply side disruption mitigation strategies and a simulation tool to 
help determine the optimal solution. The simulation tool may have the following objectives: 

 Assess the current level of supply chain disruption risks in the system 
 Test the effects of different proactive mitigation strategies  
 Compare different strategies and create the parts portfolio of disruption risks 

3.2 Project scope 

The most important highlight in our project is to include disruptions risk into the supply 
uncertainty. The evaluation of disruption risks and different mitigation strategies is achieved 
through a simulation tool. First we need to define the studying system (supply chain network). 
Clear definition of system includes the scope and necessary simplification.  Figure 7 is the 
representation of our project scope. 

 

 

 

 

 

Figure 7  Representation of ASML simplified supply side supply chain network 

Regarding the performance indicators, there are many dimensions to supply network 
performance. Companies may choose to monitor customer-centric measures such as fill rate 
and on-time delivery, financial measures such as profit and revenue, process-centric measures, 

Raw Material Supplier WH ASML WH 

Manufacture Transportation 
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such as efficiency, or a combination of these. In this study, we measure the system 
performance through cost, including ordering cost, inventory holding cost and stock-out cost. 

The in scope and out of scope are summarized below: 

3.2.1 In scope 

1. The mathematical model is developed to summarize the supply chain of ASML and 
prepare for evaluation (it has target functions about the trade-off between cost and 
benefit). 
The following part of supply chain is going to be modeled and evaluated: 

 1st tier suppliers of ASML  
 The transportation between 1st tier supplier and ASML  
 ASML warehouse near main manufacturing plant NL01 

2. The simulation model takes disruption risks at 1st tier supplier manufacturing facility 
and transportation between 1st tier supplier and ASML into consideration. 

3. Schedule of new system manufacturing plan is seen as the demand orders to suppliers. 
Other manufacturing schedule is out of our scope. 

4. Capacity of the suppliers: suppliers and ASML have certain agreement that they can 
ramp up their capacity within a certain period.  

3.2.2 Out of scope 

1. The manufacturing production process in ASML (ASSY, FASY, Testing, etc). As 
section 6.2.1 says, the supply chain we are going to model ends in the warehouse in 
ASML which is used to store buy parts supplied from suppliers. 

2. Effect of batch ordering on the price. The ordering price for certain item may vary 
because of the ordering batch sizes while the SCP is the average price for a long 
period. Since it is difficult to determine the price with the changing batch size each 
time, we adopt the SCP as the price for each ordering. 

3. Demand variability. Instead of using customer demand as input, we use 
manufacturing plan schedule as the input. We assume that demand is deterministic. 
Hence, we know demand in advance. 

4. The variability of supplier manufacturing time and transportation time. Since we only 
consider the one form of supply uncertainty-disruption risks, the lead time variability 
is out of our scope. 

5. Capacity of the transportation process: we assume that there is no limit in the 
transportation capacity. 

3.3 Project deliverables 

According to the project definition, the project output should include: 

1. Four mathematical models that model the supply side disruptions mitigation strategies 
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2. A simulation tool to help assess the current disruption risks, test the potential 
strategies and compare them in order to find the optimal strategy 

3. The final report summarizes all the analytical results and managerial insights which 
are drawn from experiment 
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4 Literature study 

In this chapter, literature study is done to get a better understanding of disruption. It is aimed 
to introduce the concepts of supply chain uncertainty and disruption firstly, followed by the 
importance of studying disruptions. Then classification of disruptions is proposed based on 
literature. Further, modeling methods and mitigation strategies are summarized. 

4.1 Supply chain risks and disruptions 

In the field of supply chain management, many publications have addressed the questions 
about how to define supply chain risk. There are two differing meanings:  risk of purely 
danger and risk as both danger and opportunity (Mitchell, 1995). For the purpose of this 
study, we tend to define supply chain risk as purely detrimental. Nowadays, in order to be 
competitive, firms must examine the supply chain risk to understand their true level of risk-
exposure. In this way, a firm can be aware of its supply chain risk levels so that it can 
evaluate its investments and make decisions based on its own level of risk tolerance (Schmitt 
and Singh, 2011). 

In essence, supply chain risk is caused by uncertainties. Supply chain uncertainties have been 
discussed in the literature, including the forms of disruption, yield uncertainty, capacity 
uncertainty, lead time uncertainty, etc. 

In this project, we only consider one form of supply uncertainty: disruptions. Disruptions are 
random events that cause the stop functioning of certain elements of the supply chain, either 
completely or partially, for a random amount of time (Snyder et al., 2011). Disruptions can 
affect a firm itself, its suppliers and its customers. But in most models, disruptions affect a 
firm’s suppliers (Snyder et al., 2011). During a disruption, the supplier cannot produce any 
goods or can provide resources partially. Disruption phenomena include the stop of 
manufacturing or transportation caused by natural disasters and the intentional or 
unintentional human actions (Snyder et al. 2011). 

Table 5 disruption examples 

Natural disaster Volcano eruption 

Earthquake 

Flood 

Intentional or  

unintentional human  

actions 

Fire in the factory 

Supplier bankruptcy 

Terrorist attack 

Economic crisis 

Labor strikes 
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4.1.1 Importance of studying disruption 

Modern supply chains are highly vulnerable to disruptions because of the characteristics of 
the supply chain nowadays. In order to improve the financial performance, the managers 
implement various supply chain management methods to increase revenue (e.g. increase 
product variety), reduce cost (e.g. just-in-time inventory system) and reduce asset (e.g. 
outsourcing). For example, in industry, JIT and lean manufacture has dominated in this area 
(Tang, 2006). The basic principle of JIT is to reduce waste, so smaller safety stocks are 
carried. While JIT and lean principle lead to cost reduction under normal operations (steady 
environment), probability that firms are vulnerable to disruptions is increased. What is more, 
these initiatives have created longer and more complex global supply chains (Tang, 2006). 
Firms are much less vertically integrated than in the past (Snyder et al. 2011) and are more 
dependent on other related firms along the supply chain. In modern society, the volume of 
goods moved is significantly high. Disruptions to these supply chain would result in 
increased operational and recovery cost, reduced market share and firm reputation. A firm 
may lose its chances of winning in this fierce competition business world.  

Another reason for the recent interest in the disruption research is that there were several 
high-profile events that lead to significant damages to supply chain (Snyder et al. 2011), like 
terrorist attacks in September 11, 2000, Iceland volcano eruption in 2009, and Japan 
earthquake in 2011.  

Examples of the detrimental effects of supply chain disruption are widespread: Land Rover 
laid-off 1,400 workers after one of their key suppliers became insolvent in 2001; Dole’s 
revenue declined after their banana plantations in Central America were destroyed by 
Hurricane Mitch in 1998; and Ford closed five plants for several days after all air traffic was 
suspended after September 11 in 2001 (Monaham et al., 2003). 

Sometimes even a seemly small disruption can have a vast impact on the downstream firms 
as it would cascade through the supply chain nowadays. Taking Ericsson’s case for instance, 
10 minutes fire, occurred in the Phillips semiconductor plant in Albuquerque which is the 
main chip supplier of both Ericsson and Nokia, New Mexico in 2000. This seemed a small 
disruption, but its influence was so enormous. Ten minute fire has stopped the production for 
3 weeks since the fire happened in the clean room where no dust is tolerated. Ericsson was 
slow in reacting to this disruption. After 6 months, the yield was only 50 percent and it would 
take years to get new equipment delivered and installed (Norman and Jansson, 2004). What’s 
more, having eliminated many of its back up suppliers, Ericsson found it is really difficult to 
manage alternative suppliers. Consequently, Ericsson lost 400 million Euros in sales 
(Norman and Jansson, 2004), and even worse, it lost market and reputation and the disruption 
finally had a great impact on Ericsson’s decision to withdraw from the mobile phone terminal 
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business. In contrast, Nokia responded immediately by reconfiguring the design of their basic 
phones so that the modified phones could accept slightly different chips form Philips’s other 
plants. Also, Nokia had other suppliers and Nokia’s managers were able to secure alternative 
chip sources. As a result, Nokia defeated Ericsson and dominant the phone market. From this 
case, the importance of having the foresight of disruption awareness (proactive) and 
responding to disruption effectively (after the disruption) is obvious. 

Based on anecdotal observations, during major disruptions, most supply chains tend to break 
down and many of them cannot recover afterwards. In addition, supply chain disruptions can 
have long term negative effects on a firm’s financial performance. For instance, Hendricks 
and Singhal (2005) investigated the long-term stock price effects and equity risk effects of 
disruptions based on a sample of 827 disruption announcements made over a 10-year period. 
They found that companies suffering from supply chain disruptions experience 33–40% 
lower stock returns relative to their industry benchmarks over a 3-year time period. 

Regarding a certain supply chain disruption as a rare event, people tend to ignore the 
probability that a firm will be disrupted. However, if we consider the large number of 
possible disruption types and the vast scale of supply chains, the probability that a given 
supply chain would be disrupted is high (Snyder et al. 2011). For example, if one of ASML’s 
supplier is located in Iceland, while the probability of volcano eruption is really small, there 
are other types of disruptions may happen in Iceland, like fire, bankruptcy, snow, etc. Also, 
there are other suppliers of ASML located in other places may face the risks of disruptions.  

4.1.2 Classification of disruptions 

There are many disruption classification methods according to literature. For example, 
Helferich and Cook (2002) classify disruptions by three dimensions: cause, magnitude and 
nature of impact on supply chain. Lewis et al. (2005) classify disruptions into two categories: 
disruptions of product availability at the supplier itself, and disruptions in the transportation 
of product from supplier to customer/manufacturer (Lewis et al., 2005). We can also classify 
disruption according to the source of risk. Supply chain relevant risk sources fall into three 
categories: Environmental risk sources, network-related risk sources and organizational risk 
sources (Juttner, Helen, & Christopher, 2003). Based on sources of risk, the disruptions can 
be categorized into three types. Environmental risk sources compromise any disruptions 
arising from the supply chain environment interaction, for instance, fire, earthquake, terrorists 
attack, etc. Organizational risk sources lay within the boundaries of the supply chain parties and 
range from labor (e.g. strikes) or production disruptions (e.g. machine failure) to IT system 
disruptions. Network-related risk sources arise from interactions between organizations 
within the supply chain.  
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Here we introduce a comprehensive classification framework developed by Natarajarathinam 
et al. (2009).  They did the classification based on 5 factors: source, stage, scale, respondent8

Figure 8

, 
and the research method employed to address the crisis (Natarajarathinam et al., 2009) as 
shown in . 

 

 
Figure 8 Classification framework (Natarajarathinam et al., 2009) 

Production, labor and IT-related incidents are regarded as internal disruptions while political, 
natural, social and market risks are classified as external disruptions (Juttner et al., 2002). 

Natarajarathinam et al. (2009) define three categories for the scale of a disruption based on its 
geographical scope: single stage (company itself), supply chain, regional. Helferich and Cook 
(2002) also include factors of duration and frequency in their classfication. 

Stage means the level of disruption management. There are four stages: mitigation, 
preparation, response and receovery. Mitigation is assessing the possible sources of risks and 
identifying methods to reduce detrimental effects. Preparedness is developing a response plan 
and training employees involved so that people can effectively react in case of disruptions. 
Response constitutes the set of immediate actions taken after a disruption happens while 
recovery is the final set of actions that deals with the disruptions in the long term. 

Based on the methods used, disruptions can be classfied into 4 groups. Reseraches that 
propose a new method to disruption mangement is seen as the conceptul work. These 
methods are justified with modeling or empirical research 9

                                                 
8 This aspect is not of our interest, so we neglect this aspect in 

.  Research methods such as 
simulation and mathmatical modeling fall under the analytical work.  

Figure 3 
9 Researchers collect data and observations and evaluate the collected information 
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4.2 Mathematical modeling of disruptions 

The common way to model disruptions is that an unreliable supplier alternates randomly 
between two possible UP and DOWN states.  Once the supplier switches to the DOWN state, 
it cannot accept any orders for the duration of the “DOWN” period until it returns to the UP 
state, though some papers consider that it can produce partial capacity during DOWN period. 

Typically, the system remains in the UP state for a random amount of time, and then in the 
DOWN state for a random amount of time. The most common assumption is that the duration 
of both the up period and the down period are exponentially distributed (continuous-time case) 
or geometrically distributed (discrete-time models) (Snyder et al., 2011).  

In this section, we summarize results of the papers that incorporate disruptions into inventory 
models and models about supplier diversification. 

4.2.1 EOQD models (EOQ models with disruption) 

The basic disruption models incorporate disruptions into classic EOQ inventory models. The 
assumptions are deterministic demand, zero lead time. 

Parlar and Berkin (1991) analyze the supply uncertainty problem in which the supplier is 
exposed to disruptions, that is, supply is only available during certain interval of random 
length, and then unavailable for another interval of random length. By using the renewal 
reward theorem, they construct an average cost objective function. Their work is based on 
two main assumptions. One is that the decision maker knows the availability status of the 
product at the supplier but he/she does not know when the state would change. The other one 
is that the retailer follows a zero-inventory ordering (ZIO) policy.  

Berk and Arreola-Risa (1994) proves that the cost function developed by Parlar and Berkin 
(1991) is incorrect. They develop a correct cost function but the function cannot be 
minimized in closed form, and has not been proven to be convex which lead to difficulty in 
optimizing the situation. Further approximation methods should be explored for the analytical 
models. 

Snyder (2006) develops a simple but tight approximation for EOQD introduced by Berk and 
Arreola-Risa (1994). He shows that his approximate cost function not only is convex but also 
yields a closed-form solution. He uses numerical examples to demonstrate the disadvantage 
of the classic EOQ model. When random supply disruptions occur, ignoring disruptions when 
it exists can be very costly. A similar work by Heimann and Waage (2005) proposes a cost 
function while relaxing the ZIO assumption made in Berk and Arreola-Risa (1994), and 
derives a closed-form approximate solution.  

Parlar and Perry (1995) relax two assumptions made by Parlar and Berkin (1991). First, it is 
assumed that the decision maker is not aware of the system state until a cost is occurred. 
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Second, the reorder point is non-negative and it is regarded as one of the decision variables. 
They consider both deterministic and random yields at the supplier. 

4.2.2 Extensions of EOQD models 

There are extensions of EOQD models which consider the randomness of demand and non-
zero lead time.  

Gupta (1996) assumes that the customer demands are generated according to a Poisson 
process and constant lead time is considered. Parlar (1997) develops a more general model. 
He develops a heuristic cost minimization in a continuous review (s, Q) inventory system 
with random demand, random lead time, and backorders where the duration of the ON period 
follows an Erlang distribution and OFF period is general distributed. But the disadvantage of 
this heuristic method is that it can result in overly inflated cost values when the lead time is 
highly variable. 

Similar to Gupta (1996), Mohebbi (2003) presented an exact cost-minimization model for a 
continuous review lost sales inventory system in which demands occur according to a 
compound poisson process and lead times follow an Erlang distribution. Mohebbi (2004) 
considers a similar problem but extend the earlier model. He assumes that the lead time is 
hyper-exponentially distributed and the supplier’s ON/OFF periods follow general and hyper-
exponential distributions, respectively.  

4.2.3 Supplier diversification 

The works cited above mostly assume there is only one supplier and do not consider supplier 
diversification. Being aware that single sourcing is of high risks (supply chain breaks down 
under disruptions), multiple sourcing is gaining attentions.  In this subsection, we are going to 
introduce several works that consider the supplier diversification. 

Normally three types of sourcing strategies are adopted based on the number of suppliers: (1) 
single sourcing, (2) dual sourcing, and (3) multiple sourcing. Firstly, it is necessary to 
mention that single sourcing differs from sole sourcing. Sole sourcing refers to a buyer-
supplier relationship where the supply base contains only one supplier, while single sourcing 
is the situation when a buyer chooses a single supplier even though other comparable 
suppliers exist in the supplier base(Newman, 1989). Dual sourcing indicates that a buyer 
employs two suppliers, one of which may dominate the other in terms of business share, price, 
reliability, and others. Multiple sourcing means a buyer does business with several suppliers 
and plays one supplier against the other to enjoy the best price advantage (Yu et al., 2009). 

Regarding the problem about how to determine the optimal number of suppliers, it has 
resulted in a number of researches. For example, Berger et al. (2004) consider two kinds of 
disruption events which include catastrophic super events that affect all suppliers, and the 
unique events that impact only one single supplier, and present a decision-tree based model 
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(BGZ model) to help determine the optimal number of suppliers needed for the buying firm. 
Similarly, Ruiz-Torres and Farzad (2007) present an extension of the BGZ model by 
considering unequal failure probabilities for all the suppliers. They have also compared their 
proposed models with the BGZ model by conducting a sensitivity analysis in order to better 
understand the effect of the input parameters on the optimal supply size. In the other effort, 
Berger and Zeng (2006) study the optimal supply size under a number of scenarios which are 
decided by the probability that all suppliers are down, operating cost functions of working 
with suppliers and financial losses functions. Their exact or approximate optimal solutions 
for the various scenarios and their sensitivity analyses are obtained and examined. 

About decision between single or dual sourcing methods, we see a number of important 
research efforts. For instance, Burke and Garrillo (2007) indicate that when supplier 
capacities are large relative to the product demand and when the buying firm does not obtain 
diversification benefits, single sourcing is a dominant strategy. Otherwise, dual sourcing is an 
optimal sourcing strategy. Wagner and Friedl (2007) analyze the choice whether a firm 
switches single sourcing to dual sourcing. They have found that the sourcing strategies 
switching depends on the buying firm’s beliefs in the alternative supplier’s unit costs, 
switching costs, the price offered by the incumbent supplier, and refinements of the price 
offered by the incumbent supplier due to competitive reactions and economies of scale. 

What is more, there are other researches related to supplier diversification. Parlar and Perry 
(1996) discuss the issue of diversification in an EOQ setting. They consider the two-echelon 
supply chain network which includes one retailer and two/multiple identical cost, infinite 
capacity suppliers. Numerical results of order quantity and reorder point (non-negative) are 
proposed to give optimal solutions. Though it is a breakthrough, it is shown that even a 
simple case requires complicated computations. It would be desirable to approximate the 
target functions and find easy ways to get solutions. Tomlin (2006) presents a dual sourcing 
model which consists of a cheap but unreliable supplier and an expensive but reliable supplier. 
The reliable supplier may increase its capacity within a certain duration when it is asked to 
which is called contingent rerouting. The optimal strategies to deal with disruptions depend 
on the supplier’s percentage uptime and the nature of the disruptions (frequent but short 
versus rare but long). The potential strategies mainly include inventory mitigation, rerouting 
mitigation and acceptance (Tomlin, 2006).  

4.3 Disruption simulation 

We can conclude from section 3.4 that most disruption mathematical models focus on two-
echelon problems and a lot of assumptions (e.g. deterministic demand, zero lead time, etc) are 
made to simplify the supply chain in order to model the process or find easy ways to get the 
optimal/sub-optimal solutions. As a result of model simplification, these mathematical 
models cannot reflect on the real supply chain.  
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For systems that have not yet been modeled analytically or the optimal/sub-optimal solutions 
are hard to find out, simulation is a valuable tool for analysis. The simulation model allows us 
to evaluate the trade-off between service level and the investment. Deleris et al. (2004) 
evaluate the losses caused by the fire within a large manufacturing network by using a Monte 
Carlo simulation to model a stochastic process. Deleris and Erhun (2005) use Monte Carlo 
simulation to quantify the risk levels in the supply chain. Wilson (2005) studies the effect of a 
transportation disruption using system dynamics simulation, comparing a traditional supply 
chain and a vendor managed inventory (VMI) system when a transportation disruption occurs 
in a 5-echelon supply chain. The result shows that the impact are less severe for the VMI 
structure.  

In conclusion, simulation is an effective tool to assess disruption risks and evaluate the 
impacts of  mitigation strategies which can provide support for decision makers. We would 
introduce an simulation study conducted by Schmitt and Singh (2011) in the following part. 

Schmitt and Singh (2011) consider a real supply chain to examine the impacts of the 
disruptions and the effect of mitigation strategies (inventory mitigation and back-up 
mitigation) on multi-echelon network. They model CPG (a large consumer packaged goods 
firm) supply chain network as shown in Figure 9. The network consists of two suppliers, one 
packaging plant and two distribution centers (assembly-distribution system). Material is 
shipped weekly along the supply chain flow and shipment times are on the order of hours or 
days with the exception of offshore manufacturer, who take 7 weeks to ship to the packaging 
plant. After the network modeling, the risk profiles (include the likelihood and duration of 
disruptions for each node and the link between node10

 

) are investigated and acted as inputs to 
the model. For each site that can be disrupted, a backup was built into the model to provide 
additional X% capacity after Y weeks (X and Y values are estimated). The model is 
simulated by Arena and aimed to examine disruptions at specific sites to observe the impact 
and test different mitigation response plans. The initial inventory levels for RM, WIP, FG to 
be 1, 2, and 4 weeks, respectively. The simulations are run under different scenarios and the 
key performance indicator customer fill rate is evaluated. The results demonstrate the 
importance of considering risk quantitatively so that management can make risk-informed 
decisions. 

 

 

 

                                                 
10 Transportation 
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Figure 9 supply chain flow of CPG firm11

 

 

4.4 Disruption mitigation strategies 

In this section, mitigation strategies from literature are introduced in order to give a general 
idea of how to deal with disruption. Based on literature, firms have a wide range of available 
mitigation strategies to deal with disruption (Tomlin, 2006; Stecke and Kumar, 2009; Tomlin, 
2009; Schmitt and Tomlin, 2010).  

Tomlin (2006) mainly discuss three mitigation strategies for coping with disruption: 
inventory control (carry extra inventory to cover potential shortage), sourcing (contingency 
strategy for backing up suppliers) and acceptance (doing nothing).  

According to Stecke and Kumar (2009), the mitigation strategies can be classified into 3 
types: proactive, coping, and survival strategies. The proactive and coping strategies are done 
before disruption happens and the final one is done afterwards. Proactive strategies includes 
choosing supplier located at safe locations,  robust supplier, robust transportation, 
establishing secure communication links, enhancing visibility and cooperation in supply 
chain, increasing transportation visibility, monitoring weather forecasting, etc. Coping 
strategies includes maintaining multiple manufacturing facilities with flexible and/or 
redundant resources, carrying extra inventory, multiple sourcing, flexible transportation, 
standardizing various process (a product with a standardized and well-documented process 
can be easily processed at different facilities and by different workers), redesigning products 
for component and process commonality, influencing customer choice, insurance against 
various risks. Finally survival strategies include implementing organizational emergency 

                                                 
11  Triangles represent inventory locations; RM represent raw material; FG represent finished goods; WIP 
represents work in process (products that have not yet been packaged) 
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plans, maintaining communication, keeping control of the organization at all times and 
identifying needs to resume operations. 

In conclusion, except the options like selecting robust suppliers and locations, there are five 
mitigation strategies (Snyder et al., 2011): 

 Inventory. Extra inventory can be used to protect against the potential shortages. 
 Routine sourcing/supplier diversification. Diversification means a firm uses multiple 

supply sources on regular basis. Under disruption, order quantity to non-disrupted 
suppliers does not change.  

 Contingent rerouting. Having multiple suppliers, the order quantity to non-disrupted 
suppliers would change after disruption. 

 Demand substitution. Firms may shift demand to another product that is available 
during the stock-out of one product by providing incentives to customers or making 
upgrade to a superior product. 

 Financial mitigation. Commonly used methods include buying the suppliers to protect 
them from bankruptcy or purchase insurance to protect themselves from disruption 
risks. 

The final strategy is “acceptance” which is used in the case that cost of mitigation strategies 
outweighs the benefits. 

Although many firms need to manage disruptions, the most effective strategy would not be 
same across firms. According to Tomlin (2009), the preference of mitigation strategies 
strongly depend on nine key attributes of the firm: supplier reliability, supplier failure 
correlation, payment responsibility in the event of a supply failure, product contribution 
margin, product substitutability, demand uncertainties and correlation, and the decision 
maker’s risk aversion.  He investigated how these attributes of the suppliers influence the 
appropriate disruption management (or risk management) strategy in the context of a firm 
that sells multiple products over a single selling season. 
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5 Mathematical modeling 

The high-tech equipment industry has complex, elongated and geographically diverse supply 
chains, with products often traveling across multiple international borders. The disruptions in 
supply can have a range of negative effects on the enterprise.  

From the literature study, we find out that inventory mitigation and supplier diversification 
are the most common mitigation strategies. Inventory mitigation is possible by keeping extra 
parts in either supplier side or ASML side. For some parts requiring specific technique that is 
mastered by only one supplier, supplier diversification is not possible. Even if that specific 
technique is mastered by other companies, developing new supply relationship is not an easy 
task, i.e. time consuming. For other common parts, supplier diversification is possible and 
achievable within a short time. In our opinion, supplier diversification is a long term strategy 
that will be beneficial in the future if other mitigation strategies are not favored.  
In this chapter we will describe four models that we will use to test potential mitigation 
strategies, namely: 

 Acceptance model 
 Inventory mitigation model 
 Supplier diversification model 
 Hybrid model (inventory mitigation + supplier diversification) 

To begin with, we would like to introduce the general assumptions that we assume in our 
modeling. These assumptions are applied in all the four models mentioned above. These 
assumptions are: 

  The planning horizon is a finite time period T. 
 We do periodic review.  
 We assume discrete lead times for manufacturing / transportation process. 
 ASML has control over the supplier warehouse. 
 Raw materials are infinite. 
 The ordering policy is MRP logic based. 
 We consider capacity constraints in the supplier manufacturing process. That is to say, 

a maximal number (𝑐max ) of parts can start manufacturing per time. 
 We do not consider capacity constraints in the transportation process.  
 Inventory storage space is unlimited. 
 All the unmet demand at ASML warehouse is backordered. 
 The demand throughout T is deterministic and known at time t = 0. 

5.1 Disruption modeling 

In this section, we will introduce our way of modeling disruptions and how firms recover 
from disruptions.  
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We assume that the firm’s failure and recover transitions are such that they can be modeled as 
discrete-time Markov processes which is shown in Figure 10. The supply process 
(manufacturing / transportation) that is subject to disruptions is governed by a two-state 
Markov Chain in which UP and DOWN represents the non-disrupted and disrupted status, 
respectively. The process transitions from UP to DOWN with probability α (called failure 
probability) and from DOWN to UP with probability β (the repair probability). Thus, failure 
and repair time are geometrically distributed with parameter α and β, respectively. One can 
easily show that the process is UP or DOWN in a given period is given by β/(β+α) and 
α/(β+α), respectively. The expectation of the lengths of UP or DOWN is 1/α, and 1/β, 
respectively.  

 

UP DOWN

α

β

1-β
1-α

 
Figure 10 Two-state Markov Chain 

The firm tries to recover from the unmet demand of the disruption period when the disruption 
ends. If we consider capacity constraint in our model, the amount of start producing per time 
can only be equal or smaller to 𝑐max  (the capacity of the firm). An illustration of the 
disruption period and how the firm behaves after disruption can be seen in Figure 11. In the 
example below, the capacity of the firm is 15 units per time. The demand is 10 units per time. 
Before disruption, the production is in normal situation in which 10 units are produced per 
time. Disruption starts at time 3 and ends at time 6 during which time 40 units are 
backordered. When the disruption period finishes, the firm recovers from the disruption 
period and spends 8 days to compensate the backordered demand. After that, the firm turns 
back to its normal production again.  
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Figure 11 Disruption example 

In the following four sections, four models corresponding to four potential mitigation 
strategies are presented. 

5.2 Acceptance model 

Acceptance model is a model in which no mitigation is done against the disruption risks. It 
can be seen as the default strategy. When the benefit of mitigation cannot exceed the cost of 
mitigation, acceptance is a better choice. Acceptance model can be used to quantify the 
current disruption risk level.  The acceptance model is similar with the model described in 
section 5.3 except the objective function (1) and constraint (6). In inventory mitigation model, 
the objective function is a function of decision variables  𝑠1  and  𝑠0 , constraint (6) is  
𝐼𝑁𝑖 (0) =  𝑠𝑖 , while in this acceptance model there is no decision variable, constraint (6) 
should change to 𝐼𝑁𝑖 (0) = 0. In other word,  𝑠𝑖= 0 for i = 0 and 1. For the details of 
mathematical modeling, refer to section 5.3. 

5.3 Inventory mitigation model 

In the following part, we will describe the model in which case safety stocks are kept in order 
to mitigate the disruption risks. This is a single item, single sourcing, two-echelon problem as 
shown in Figure 12. 

0

1
L1 L0

Supplier 1 
WH

ASML WH

D0

s1 s0  
Figure 12 Graphical illustration of supply chain risk model 

This model includes two warehouses and two processes (supplier manufacturing process and 
transportation process). As showed in Figure 12, 𝐿1 denotes the supplier’s lead time, from 
ordering raw material to finished parts ready to shipment while 𝐿0  denotes the shipment time 
from supplier to ASML. WH 1 depicts supplier warehouse while WH 0 denotes ASML 
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warehouse for the temporal storage. 𝑠1 and 𝑠0 denotes the safety stock kept in WH 1 and WH 
0, respectively.  

The manufacturing / transportation process shown in Figure 12 can be disrupted. During the 
lead time of the process, the status of the process can change. For simplicity, we assume that 
the status change will not affect manufacturing / transportation process as far as it starts 
normally. That is to say, the UP/DOWN status at the start period of manufacturing / 
transportation is assumed to be valid during the complete process of this order. If it is UP 
when an order starts manufacturing / transportation, then it is UP during the whole process of 
manufacturing / transportation. The failure probability and repair probability for the 
manufacturing / transportation are (𝛼1 , 𝛽1) , and ( α0 , 𝛽0)  respectively. Orders can be 
processed normally when the status is UP. Otherwise, orders need to wait until the status 
turns to UP again. 𝐹𝑖 (𝑡) denotes the UP/DOWN status at the manufacturing / transportation 
before WH i at time t.   

Assuming the demand at WH 0 is 𝐷0 (t), we follow MRP logic making the ordering decisions. 
That is to say, if a demand occurs at time t, ASML orders from supplier at time t-𝐿1-𝐿0 and 
requests supplier to ship at time t - 𝐿0 .  

In Table 6, we summarize the notation that will be used in the mathematical model afterwards. 

Table 6 Inventory mitigation model Notation 

Notation  

I The set of warehouses (WH), I ={0, 1} 

𝒉𝒊 Inventory holding cost per unit per time for WH i, Ii∈  

p Backorder cost per unit per time at WH 0 

𝒄𝟏𝒎𝒂𝒙 Capacity constraint of Supplier 1 manufacturing process 

𝑳𝒊 Lead time for manufacturing/transportation before WH i, Ii∈ ,  𝐿𝑖 ∈INT,  

𝛂𝒊 Failure probability for Manufacturing/Transportation before WH i,  , α𝑖∈(0,1) 

𝛃𝒊 Repair probability for Manufacturing/Transportation before WH i,  β𝑖 ∈ (0,1), 
Ii∈  

𝑭𝒊 (𝒕) UP/DOWN status at the Manufacturing/Transportation before WH i at time t, 
Ii∈  

𝑹𝒊 (t) Receive amount of the parts at time t at WH i, Ii∈  

𝑫𝒊  (t) Demand amount that occurs at time t at WH i, Ii∈  

𝑺𝒊 (t) Start processing amount of the parts at time t at the Manufacturing / 
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Transportation before WH i, Ii∈  

𝑩𝒊 (𝒕) Local backorder at time t at WH i, Ii∈  

𝑰𝒊 (𝒕) Local inventory level at time t at WH i, Ii∈  

𝑰𝑵𝒊 (𝒕) Net inventory level at time t at WH i, Ii∈  

T Planning horizon,  T INT∈  

Decision Variable  

𝒔𝒊 Safety stock at WH i,  Ii∈  

 

The objective is to minimize the total cost for the system. The problem can be formulated 
mathematically as following: 

Min C(𝑠0, 𝑠1) = ∑ ℎ𝑖i∈ I  ∑ 𝐼𝑖(𝑡)𝑇
𝑡=1  + p ∑ 𝐵0(𝑡)𝑇

𝑡=1                                                   (1) 

St: 𝐷1 (t) = 𝐷0 (t + 𝐿0) , ∈∀t {1,2…T}                                                                                         (2) 

 𝑆1 (t) = �𝑀𝑖𝑛{ ∑ 𝐷1 (j + 𝐿1 ) − ∑ 𝑆1 (j)𝑡−1
𝑗=1 , 𝑐1𝑚𝑎𝑥}  , if 𝐹1 (𝑡) = 𝑈𝑃 𝑡

𝑗=1
0,                                                    𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

� ,    ∈∀t {1,2…T} (3) 

 𝑆0 (t) =  �𝑀𝑖𝑛{ ∑ 𝐷1 (j) − ∑ 𝑆0 (j)𝑡−1
𝑗=1 ,   𝐼1  (t − 1) + 𝑅1 (t)},    if 𝐹0 (𝑡) = 𝑈𝑃 𝑡

𝑗=1
0,                                                                               𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

�, ∈∀t {1,2…T} (4) 

 𝑅𝑖 (t + 𝐿𝑖 ) = 𝑆𝑖 (t) , Ii∈∀ , ∈∀t {1,2…T} (5) 

 𝐼𝑁𝑖  (0) = 𝐼𝑖 (0) =  𝑠𝑖  ,     Ii∈∀  (6) 

 𝐼1 (𝑡) = 𝐼1 (𝑡 − 1) + 𝑅1 (t) -  𝑆0 (t), ∈∀t {1,2…T} (7) 

 𝐼𝑁0 (𝑡) = 𝐼𝑁0 (𝑡 − 1) + 𝑅0 (t) -  𝐷0 (t), ∈∀t {1,2…T} (8) 

 𝐼0(𝑡) =  [𝐼𝑁0 (𝑡)]+, ∈∀t {1,2…T} (9) 

 𝐵0(𝑡) =  [−𝐼𝑁0 (𝑡)]+, ∈∀t {1,2…T}                                                    (10) 

  𝑠𝑖 INT∈  ,  Ii∈∀  (11) 

The system performance indicator is the total cost which considers the holding cost at WH 1 
and WH 0, and the backorder cost at WH 0 in the time horizon T. Stock in transit to a 
warehouse is not considered when calculating the inventory holding cost. Hence we have 
constraint (1) as our objective function. Two decision variables are considered in this 
objective function. 

Constraint (2) shows the relation between 𝐷1 (t) and 𝐷0 (t) based on MRP logic. The demand 
at WH 1 at time t equals to the demand at WH 0 at time t + 𝐿0 following MRP logic. 
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Constraints (3) and (4) identify the start processing amount of the parts at the manufacturing / 
transportation before WH 1 and WH 0 at time t. Whether we can start processing as planned 
depends on the status of the Manufacturing / Transportation and the material availability. We 
assume that the supplier has infinite raw materials. If the status is DOWN at time t, the start 
processing amount is 0 at time t. When the status turns to UP again at time t, the start 
processing amount is minimal value of the unmet orders that are piled up and the capacity 
constraint (𝑐1𝑚𝑎𝑥). Since the supplier has infinite raw materials, material availability is not 
considered when calculating 𝑆1 (t).  Hence, Constraint (3) holds. Constraint (4) expresses the 
start processing amount at transportation. Similar logic applies to this constraint. When the 
status of transportation is DOWN at time t, the shipment amount is zero. The delivery 
recovers until the status of transportation turns to UP again. The expression ∑ 𝐷0 (j +𝑡

𝑗=1

𝐿0 ) − ∑ 𝑆0 (j)𝑡−1
𝑗=1  shows the amount of orders that pile up during disruption period, while 

𝐼1  (t − 1) +  𝑅1 (t) expresses the material availability at WH 1 at time t. 

Constraint (5) relates the starting amount and the receiving amount. Since the UP/DOWN 
status at the start time of manufacturing / transportation is assumed to be valid during the 
complete process of this order, if an order can start processing, it can arrive after a certain 
lead time.   

Constraint (6) shows the initial inventory levels at WH i which equal to their safety stock 
levels. Under this constraint, we assume that backorders at time zero are both zero for WH i. 

Constraint (7) expresses the local inventory level for WH 1.  The local inventory level at time 
zero is set to be its safety stock level. At time t (t ≥ 0), the local inventory level equals to the 
local inventory level at time t-1 plus the arriving amount at WH 1 at time t minus the sending 
amount to WH 0 at time t. Thus, 𝐼1 (𝑡) = 𝐼1 (𝑡 − 1) + 𝑅1 (t) -  𝑆0 (t) holds. 

Constraint (8) is the inventory balance equation for WH 0. At time 0, the net inventory level 
is set to be its safety stock level. At time t (t ≥ 0), the net inventory level equals the net 
inventory level at time t-1 plus the arriving amount at time t minus the demand at time t. 
Hence, the constraint 𝐼𝑁𝑖 (𝑡) = 𝐼𝑁𝑖  (𝑡 − 1) + 𝑅𝑖 (t) - 𝐷𝑖 (t) holds. 

Net inventory at time t at WH 0 can be positive or negative. If it is positive, it equals to 
inventory level at time t at WH 0. Otherwise, it equals to the backorder level at time t at WH i. 
Hence, we have constraint (8) and (9). 

Constraint (10) ensures that the safety stocks at WH 1 and WH 0 should be integers. 

5.4 Supplier diversification model 

Disruption risks can also be mitigated by dual sourcing. Instead of single sourcing from an 
unreliable supplier (Supplier 1), we also source from another reliable supplier (Supplier 2). In 
single sourcing case, the firm recovers from a disruption gradually when the disruption ends. 
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In dual sourcing case, the reliable supplier acts as the backup for the unreliable supplier when 
disruptions occur. This problem can be modeled in the following way: 

0

1
L1 L0

Supplier WH ASML WH

D

L2

L0

2

 
Figure 13 Dual sourcing model 

Supplier 2 is a perfect reliable supplier (no disruptions occur in Supplier 2 manufacturing 
process) with expensive ordering cost for each unit. The order prices for each unit from the 
two suppliers are 𝑘1 and 𝑘2 respectively and we assume  𝑘1 < 𝑘2. In reality, a supplier can 
manage to become a perfect reliable supplier by keeping a high amount of finished parts 
(inventory) in its warehouse. The inventory results in extra cost which is reflected in the 
higher unit price for the parts sourced from reliable supplier in our model. 

Since the supplier manufacturing process lead time is much longer than the transportation 
lead time in ASML case, we assume that the transportation lead time between suppliers and 
ASML is same, 𝐿0. But these two transportation processes are independent and may have 
different disruption profiles (failure probability and repair probability). Furthermore, we 
assume that the two suppliers have different lead times of their manufacturing process, 𝐿1, 𝐿2 
respectively.  

For each 𝐷0  (t), we make order pre-allocation decision O (t). The value of O (t) can be 1 or 2.  

If the value of O (t) is 2, this order is allocated to Supplier 2 and we order from Supplier 2 at 
time t- 𝐿2 − 𝐿0. If the value is 1, it means this order is allocated totally to Supplier 1 and we 
order from Supplier 1 at time t- 𝐿1 − 𝐿0. If the status of manufacturing process at time t-
𝐿1 − 𝐿0  is DOWN, this order is decided to switch to backup supplier - Supplier 2. The 
response time of diverting this order is θ (this can be seen as the human operational time or 
Supplier 2’s preparation time to increase production amount). Hence, this order will be 
diverted to Supplier 2 at time t-𝐿1 − 𝐿0+ θ. In the light of the above analysis, if θ + 𝐿2 > 𝐿1, 
the diverted order will arrive late compared to the schedule. Otherwise, the diverted order 
will finish processing early than the schedule if θ + 𝐿2 < 𝐿1 and this order can start processing 
when the order is made to Supplier 2 (the orders that are processed at that time satisfy the 
capacity constraint). Supplier 2’s manufacturing process is subject to the capacity constraints 
(𝑐2𝑚𝑎𝑥).  

The notation that will be used in the following mathematical model is summarized below: 
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Table 7 Supplier diversification model notation 

Notation  

𝑰𝒔 The set of suppliers’ warehouse, 𝐼𝑠={1,2} 

I The set of all warehouses , I ={0, 1, 2} 

𝒌𝒊 Order price per unit from WH i, i∈𝐼𝑠 

𝒉𝒊 Inventory holding cost per unit per time for WH i, i∈I 

p Backorder cost per unit per time at WH 0 

𝒄𝟐𝒎𝒂𝒙 Capacity constraint of Supplier 2 Manufacturing process 

θ Diverted orders response time 

𝑳𝒊 lead time for Manufacturing process before WH i,  i∈I 

𝛂𝟏 Failure probability for Manufacturing process of Supplier 1 

𝛃𝟏 Repair probability for Manufacturing process of Supplier 1 

𝛂𝒊𝟎 Failure probability for Transportation between WH i and WH 0, i∈𝐼𝑠 

𝛃𝒊𝒐 Repair probability for Transportation between WH i and WH 0, i∈𝐼𝑠 

𝑭𝟏(𝒕) UP/DOWN status at the Manufacturing process before WH 1 

𝑭𝒊𝟎(𝒕) UP/DOWN status at the transportation between WH i and WH 0, i∈𝐼𝒔 

𝑹𝒊 (t) Received amount of the parts at time t at supplier WH i, i∈I 

𝑫𝒊  (t) Demand occur at time t at WH i, i∈I 

𝑺𝒊 (t) Start processing amount of the parts at time t at the Manufacturing process before 
WH i, i∈𝐼𝑠 

𝑺𝒊𝟎 (t) Start processing amount of the parts at time t at the transportation process 
between supplier WH i and ASML WH,  i∈𝐼𝑠 

O (t) Order allocation decision made for 𝐷0  (t) ,  O (t) = 1 or 2 

𝑩𝒊 (𝒕) Local backorder at time t at WH i, i∈I 

𝑰𝒊 (𝒕) Local inventory level at time t at WH i, i∈I 

𝑰𝑵𝒊 (𝒕) Net inventory level at time t at WH i, i∈I 

E(t) Extra orders made to Supplier 2 because of the disruption to Supplier 1 

T Planning horizon, T INT∈  
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Decision 
Variable 

 

X Pre-defined allocation of the demand to Supplier 1, X∈[0,0.9] 

 

The problem can be formulated mathematically as following: 

Min C (X)= (𝑘2 -𝑘1) * ∑ 𝑆20 (𝑡)𝑇
𝑡=1  + ∑ ℎ𝑖2

𝑖=0 ∑ 𝐼𝑖(𝑡)𝑇
𝑡=1  + 𝑝 ∑ 𝐵0(𝑡)𝑇

𝑡=1  (12) 

S.t: O (1)= 1  (13) 

 O (t) = �1,   𝑖𝑓 ∑  𝐷0  (𝑗)𝑡−1
𝑗=1 = 0 𝑜𝑟  

∑  (𝐷0  (𝑗)𝑤ℎ𝑒𝑟𝑒𝑂(𝑗)=1)𝑡−1
𝑗=1

∑  𝐷0  (𝑗)𝑡−1
𝑗=1

<  𝑋

2,                                             𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                              
�,    t ≥ 2 

(14) 

 𝐷1(𝑡) = �𝐷0(𝑡 + 𝐿0), 𝑖𝑓 𝑂(𝑡 + 𝐿0) = 1 𝑎𝑛𝑑 𝐹1 (𝑡 − 𝐿1) = 𝑈𝑃 
0,                                                𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

�, ∈∀t {1,2…T} 

(15) 

 
𝐷2(𝑡)  = 𝐷0(𝑡 + 𝐿0) - 𝐷1(𝑡), ∈∀t {1,2…T} 

(16) 

 E(t+θ) = �𝐷0  (𝑡 + 𝐿1 + 𝐿0),   𝑖𝑓 𝑂 (𝑡 + 𝐿1 + 𝐿0) = 1 𝑎𝑛𝑑  𝐹1 (𝑡) = 𝐷𝑂𝑊𝑁
0,                                                               𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

�, ∈∀t {1,2…T} (17) 

 𝑆1(𝑡) = 𝐷1(𝑡 + 𝐿1) , ∈∀t {1,2…T} (18) 

 𝑆2 (𝑡) = Min�∑ (𝐸(𝑗) +  �𝐷0(𝑗 + 𝐿0 + 𝐿2),     𝑖𝑓 𝑂(𝑗 + 𝐿0 + 𝐿2) = 2
0,                       𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

�)𝑡
𝑗=1 − ∑ 𝑆2 (𝑗),𝑡−1

𝑗=1  𝑐2𝑚𝑎𝑥� (19) 

 𝑆𝑖0 (t) =  �𝑀𝑖𝑛{ ∑ 𝐷𝑖  (𝑗) − ∑ 𝑆𝑖0 (𝑗)𝑡−1
𝑗=1 ,   𝐼𝑖  (𝑡 − 1) +  𝑅𝑖  (𝑡)},    𝑖𝑓 𝐹𝑖0 (𝑡) = 𝑈𝑃 𝑡

𝑗=1
0,                                                                              𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

�, sIi∈∀   (20) 

 𝑅𝑖 (t + 𝐿𝑖 ) = 𝑆𝑖 (t),  i∈𝐼𝑠, ∈∀t {1,2…T} (21) 

 𝑅0 (t+𝐿0 ) = 𝑆10 (t) + 𝑆20 (t), ∈∀t {1,2…T} (22) 

 𝐼𝑁𝑖  (0) = 𝐼𝑖  (0) = 0  , Ii∈∀ , ∈∀t {1,2…T} (23) 

 𝐼𝑖  (𝑡) = 𝐼𝑖  (𝑡 − 1) + 𝑅𝑖 (t) - 𝑆𝑖0 (t), 
sIi∈∀ , ∈∀t {1,2…T} (24) 

 𝐼𝑁0 (𝑡) = 𝐼𝑁0 (𝑡 − 1) + 𝑅0 (t) - 𝐷0 (t), ∈∀t {1,2…T} (25) 

 𝐼0(𝑡) =  [𝐼𝑁0 (𝑡)]+, ∈∀t {1,2…T} (26) 

 𝐵0(𝑡) =  [−𝐼𝑁0 (𝑡)]+, ∈∀t {1,2…T} (27) 

 X∈[0,0.9] (28) 

   
 

 

When calculating the total cost for the system, besides the inventory holding cost, backorder 
cost because of stock-out, we include the extra ordering cost (order from the expensive 
supplier) into consideration. Hence, we have equation (12) as our objective function. 
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The pre-defined allocation to Supplier 1 is X. X and 𝐷0(𝑡) are used to calculate the pre-
defined allocation O(t). If O (t) = 2, we order from Supplier 2 at time t- 𝐿2 − 𝐿0 for the 
order 𝐷0(𝑡). If O (t) = 1, we order from Supplier 1 at time t- 𝐿1 − 𝐿0. We assume that 𝐷0(1) 
is allocated to Supplier 1 and 𝐷0(𝑡)  (t ≥ 2)  is allocated to Supplier 1 if  
∑  (𝐷0  (j)𝑤ℎ𝑒𝑟𝑒𝑂(𝑗)=1)𝑡−1
𝑗=1

∑  𝐷0  (j)𝑡−1
𝑗=1

<  𝑋. Otherwise, 𝐷0(𝑡) (t ≥ 2) is allocated to Supplier 2. Thus, we 

have constraint (13) and (14). To note, due to the switched orders, the real allocation to 
Supplier 1 is smaller than X. 

Constraints (15) and (16) express the relationship between  𝐷1(𝑡)  and 𝐷0(𝑡),  𝐷2(𝑡)   and 
𝐷0(𝑡). Different from the inventory mitigation model, the demand at time t at WH 1 is only 
valid when the order is allocated to Supplier 1 and the status is UP when making the order. 
Instead of waiting for the disruptions to recover, disrupted orders turn to back-up supplier 
(Supplier 2), which is called switched orders. 

When we order from Supplier 1 but it is disrupted, we switch our order to Supplier 2. The 
response time for diverted order is θ. Constraint (17) expresses this kind of extra order.  

Constraints (18) (19) (20) express the starting amounts at time t at the manufacturing / 
transportation before WH i. The starting amount at manufacturing process before WH 1 at 
time t is the occurred real demand at WH 1 at time 𝐿1 + 𝑡. At Supplier 2, the starting amount 
at time t is the switched order plus the pre-allocated order. If we consider the capacity 
constraint of Supplier 2 (𝑐2𝑚𝑎𝑥), the starting amount should also be smaller than 𝑐2𝑚𝑎𝑥 . 
Whether we can start shipping as planned depends on the status of the transportation and the 
material availability. Constraint (20) expresses the start shipping amount at time t after WH i. 

Constraints (21) (22) show the arriving amount at time at WH i. Since the UP/DOWN status 
at the start period of manufacturing / transportation is assumed to be valid during the 
complete process of this order, if an order can start processing, it can arrive after a certain 
lead time.  

Constraint (23) ensures the initial net inventory and local inventory level at all the 
warehouses are zero. 

Constraint (24) shows the expressions of local inventory levels at both suppliers’ warehouses. 
For both warehouses, the local inventory level at time t equals the local inventory level at 
time t-1 plus the arriving amount at time t minus the sending amount at time t which is the 
starting amount at the transportation process. In the cases of transportation disruptions, the 
parts would be piled up in the suppliers’ warehouse. 

Constraint (25) is the inventory balance equation for WH 0. Constraints (26) (27) show the 
expressions for the local inventory level and backorder level for WH 0. 
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Constraint (28) shows the pre-defined allocation fraction must be in the range [0, 0.9] which 
is rational. When the allocation is 0, single sourcing to reliable supplier is adopted. In reality, 
the capacity of the supplier as well as the long-term sustainable strategy is a significant factor 
in deciding the pre-defined allocation.   

5.5 Hybrid model 

In the previous three sections, three mitigation strategy models are introduced. Hybrid model 
uses a combination of strategies of inventory mitigation and supplier diversification 
mitigation. In this section, we want to analyze whether the combination of strategies is 
beneficial compared to the situations using only one of the strategies. In the inventory 
mitigation model, the supplier disruption is mitigated by the safety stock at WH 1, while the 
transportation disruption is mitigated by the safety stock at WH 0. In the supplier 
diversification model, supplier disruption is mitigated by capacity rerouting of another 
supplier- Supplier 2 while the transportation disruption cannot be mitigated. As mentioned in 
section 5.4, if θ + 𝐿2 > 𝐿1, the diverted order will be late. But if we keep safety stocks at WH 
2, it can help mitigate the material tardiness. What is more, the safety stocks at WH 0 can 
mitigate the transportation disruption which will solve the flaws of the supplier 
diversification mitigation. In the hybrid model, supplier disruption can be mitigated by the 
capacity rerouting of Supplier 2 and the safety stock at WH 2, while the transportation 
disruption can be mitigated by the safety stock at WH 0.  

Hybrid model is similar with supplier diversification model except the objective function (12) 
and constraint (23). In supplier diversification model, there is one decision variable (pre-
defined allocation X), and 𝐼𝑁𝑖 (0) = 𝐼𝑖 (0) = 0 for any i = 0, 1, 2. But in hybrid model, two 
decision variables are added, safety stock at WH 2 (𝑠2), safety stock at WH 0 (𝑠0). For 
warehouse 0 and 2, 𝐼𝑁𝑖 (0) = 𝐼𝑖 (0) =  𝑠𝑖 ,  𝑠2  and  𝑠0  are integers. For warehouse 1, 
𝐼𝑁1 (0) = 𝐼1 (0) = 0. Other constraints are same with the model in section 5.4. 
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6 Simulation 

The applications of supply chain disruption models in multi-echelon supply chain are scarce 
due to the complexity of those systems. The reason is that optimal solution (optimal stock 
combination in inventory mitigation, optimal allocation fraction in supplier diversification) is 
not easily achievable by mathematical analyses. Under this circumstance, simulation is 
deemed the best approach for solving this problem. 

The previous chapter gives clear description of mathematical modeling. It clarifies how we 
model the supply chain with disruptions. This chapter aims to describe the simulation tool we 
develop to optimize the solution. Then experimental designs are conducted to understand the 
relationship between factors and performance indicator (the total cost). In the experimental 
design, we will compare the results of different strategies under certain parameter setting to 
see which strategy is the best. 

6.1 Simulation setup 

This section aims to describe how we set up our simulation experiments. Several 
simplifications are made in the experiments for simulation purpose. To begin with, customer 
demand rate is assumed to be constant throughout the planning horizon. Secondly, regarding 
the supplier capacity constraints (𝑐1𝑚𝑎𝑥/𝑐2𝑚𝑎𝑥), we have no clue estimating them. Hence, we 
do not consider capacity constraints in our simulation. Finally, 𝐿2 is assumed to be larger 
than 𝐿1 and θ is assumed to be zero in the analysis of this chapter.  A case study illustrating 
the situation that 𝐿2 is smaller than 𝐿1 will be presented in the next chapter.  

Demand generation 

To begin with, we generate demand 𝐷0(𝑡) (demand that occurs at WH 0) throughout the 
planning horizon T. The demand rate (r) is assumed to be constant for simulation purpose. 
After generating 𝐷0(𝑡), based on MRP logic, 𝐷1(𝑡) which represents the demand of WH 1 
can be attained.  The parts that are shipped at t=1 at the most upstream location will arrive at 
WH 0 after certain lead time (𝐿0 + 𝐿1in acceptance model and inventory mitigation model, 
𝐿0 + 𝑀𝑎𝑥 (𝐿2, 𝐿1) in supplier diversification and hybrid model). The demands 𝐷0(𝑡) for the 
first few days are all set to zero until the certain lead time.  

Warm up period and planning horizon 

The warm up period needs to be larger than the total lead time since the warm up period 
should cover the periods until the system behaves in a steady state. In this simulation, 200 
days are set for warm up period. In this simulation experiment, we are interested in the 
average total cost per year. If the disruption failure rate is low (disruptions are rare), it may 
not get a steady cost (cost for each iteration will be significantly different due to randomness) 
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in a finite planning horizon. Hence, we set the planning horizon to be a large number 109500 
days (300 years) to get a trustful average cost per year. 

Holding cost estimation 

The holding cost for inventory per unit per year is estimated at 14% of the price per unit. That 
is, inventory holding cost per unit per year equals 0.14 times the price per unit. The 
expression of the h0 is: 

h0= 0.14*k1/365 per unit per day 

Regarding the holding costs at WH 1 and WH 2, we assume that they are a little cheaper than 
the holding cost at WH 0. Also, since the holding costs of the parts sourced from two 
suppliers are not a big difference, we assumed them to be same. Hence, we have: 

h1 = h2 = 0.7 ∗ h0 

Order of events 

 
Figure 14 Order of events of supplier warehouse 

At any time t, supplier warehouse receives goods, then check the current physical inventory 
level and the demand to see whether demand can be fulfilled.  The demand includes the 
demand that occurs at time t and the unmet demand before time t because of the material 
unavailability at supplier warehouse and the transportation unavailability. 

If the current physical inventory can fulfill the demand: 

1. Send the needed amount immediately if the transportation process is in UP status.  
2. Otherwise, postpone the shipment until the transportation process becomes UP again. 

If the current physical inventory cannot fulfill the demand: 

1. Send all the inventory if the transportation process is in UP status, the unmet demand 
becomes backorder. 

2. Otherwise, postpone the shipment until the transportation process becomes UP again. 

Cost calculation 

We choose total cost as our performance indicator. In acceptance model and inventory 
mitigation model, inventory holding cost and stock-out cost are considered while in other two 
models, inventory holding cost, stock-out cost, and extra cost for dual sourcing are 
considered.  

Disruption generation  

Receive Check  Send 
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In order to generate disruptions, random numbers between 0 to 1 are created for each day. 
The UP/DOWN status is modeled as a discrete-time Markov process. If F(t) =UP, the random 
number created for time t+1 is smaller than the failure rate, then F(t+1) =DOWN, otherwise 
F(t+1)=UP. If F(t)=DOWN, the random number created for time t+1 is smaller than the 
recovery rate, then F(t+1)=UP, otherwise, F(t+1)=UP. 

Disruption behavior 

Before sending the goods to the downstream, status is checked whether processing is possible. 
In acceptance model and inventory mitigation model, when the supplier manufacturing 
process encounters a disruption, raw material waits until the disruption ends. When the status 
turns to UP again, the cumulative orders that are piled up during disruption period starts to 
process.  

In supplier diversification and hybrid model, when there is supplier manufacturing process 
disruption,  since there are another back-up supplier (reliable supplier),  orders does not wait 
until the disruption ends like the previous two models, instead, they are diverted to the back-
up supplier. 

Optimality  

We use enumeration to get the optimal solution. For example, in inventory mitigation model, 
for each parameter setting, Excel generates random numbers to create disruptions. The 
average costs are calculated under different safety stock combinations (s0 from 0 to 10, s1 
from 0 to 10, 121 combinations in total). Then the optimal solution will be recorded. In order 
to be comparable, the random numbers for generating disruptions are same for different 
safety stock combinations. 

6.2 Experimental design  

In order to investigate the relationship between factors and the performance indicator (total 
cost), we test the total costs of different parameter settings. After this experimental design, 
we aim to create the part portfolio which indicates the optimal solution for certain part. 

A number of different factors are used to design our study. Each factor is experimented at 
two different levels (high and low) to obtain a detailed analysis of the problem.  

The first experimental factor is the stock-out cost per unit per time divided by price per unit 

(p/k1), which we use to measure the loss of the material lateness. Another factor is  𝑘2−𝑘1
𝑘1

, 

which represents the extra price per unit ratio sourced from reliable supplier (expensive 
supplier). The lead time difference 𝐿2 - 𝐿1+ θ is also a factor which will have an influence on 
the material lateness of diverted orders. What is more, disruption related parameters (β0 , β0, 
α1, α0) are also experimental factors, which are used to decide the status of the supplier 
manufacturing and transportation process. Larger failure possibility and smaller repair 
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possibility indicate frequent and long disruptions while smaller failure possibility and larger 
repair possibility indicate infrequent and short disruptions. A model that consists of 2^7 
factor combinations is designed.  

The experimental design factors are summarized in Table 8. The values of other parameters 
are summarized in Table 9.  

Table 8 Experimental design  

Factor p/k1 (k2-k1)/k1 L2-L1+θ α1 β1 α0 β0 
low 0.002 0.001 1 0.01 0.05 0.01 0.1 

High 0.02 0.01 10 0.1 0.5 0.1 0.5 
 

Table 9 Values of parameters 

Parameter Value 
L1 60 
L0 2 
k1 10000 
r 1 

 

The results are shown in Appendix table 1 and table 2. Table 1 includes all the scenarios that 
p/k1 is small and table 2 includes all the scenarios that p/k1 is large. To begin with, we 
introduce how we get the optimal solution for each scenario in this paragraph. In each 
scenario, the cost of each model is calculated. For single sourcing model (acceptance 
mitigation and inventory mitigation), the optimal safety stock combination (s1 and s0) is 
achieved and the corresponding optimal cost is recorded.  If s1 and s0 are both zero, 
acceptance mitigation is better than inventory mitigation. Otherwise, inventory mitigation is 
preferred. For dual sourcing model (supplier diversification mitigation and hybrid mitigation), 
the optimal safety stock combination and corresponding optimal cost are recorded. If s2 and 
s0 are both zero, supplier diversification is preferred over hybrid mitigation. Otherwise, 
hybrid mitigation is preferred. Finally, we compare the costs in the single sourcing model and 
dual sourcing model to get the final comparison result. 

 “IM” represents inventory mitigation 
 “A” represents acceptance mitigation 
 “SD” represents supplier diversification 
 “SD+IM” represents hybrid mitigation 

After getting the data of the experimental design, we can start analyzing the result in the 
following part.  
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To be clear, firstly, we will separate all the scenarios into two categories according to the 
results whether single sourcing (acceptance / inventory mitigation) or dual sourcing (supplier 
diversification / hybrid mitigation ) is better. The green part in the Appendix table 1 and table 
2 represents the scenarios in which dual sourcing is better. We can see that all the scenarios 
are placed orderly. The first observation is that four adjacent scenarios have the same result. 
The reason is that transportation disruption parameters do not have influence in deciding 
whether single sourcing or dual sourcing is better. Hence, we can eliminate the factors (β0 , α0) 
when we analyze whether single sourcing or dual sourcing is better. The following table 
summarizes all the scenarios. 

Table 10 Experimental result summary 

 

From the results in Table 10, we can conclude that: 

Dual sourcing (supplier diversificaiton / Hybrid mitigation) is preferred when supplier 
disruption repair probability (β1) is small. When β1 is large, single sourcing (acceptance 
/ inventory mitigation) is favored.  

p/K1 (K2-K1)/K1 L2-L1+θ α1 β1 Strategy
LOW LOW LOW HIGH LOW
LOW LOW LOW LOW LOW
LOW LOW HIGH HIGH LOW
LOW LOW HIGH LOW LOW
LOW HIGH LOW HIGH LOW
LOW HIGH LOW LOW LOW
LOW HIGH HIGH HIGH LOW
LOW HIGH HIGH LOW LOW (*)Single sourcing
HIGH LOW LOW HIGH LOW
HIGH LOW LOW LOW LOW
HIGH LOW HIGH HIGH LOW
HIGH LOW HIGH LOW LOW
HIGH HIGH LOW HIGH LOW
HIGH HIGH LOW LOW LOW
HIGH HIGH HIGH HIGH LOW
HIGH HIGH HIGH LOW LOW
LOW LOW LOW HIGH HIGH
LOW LOW LOW LOW HIGH
LOW LOW HIGH HIGH HIGH
LOW LOW HIGH LOW HIGH
LOW HIGH LOW HIGH HIGH
LOW HIGH LOW LOW HIGH
LOW HIGH HIGH HIGH HIGH
LOW HIGH HIGH LOW HIGH
HIGH LOW LOW HIGH HIGH
HIGH LOW LOW LOW HIGH
HIGH LOW HIGH HIGH HIGH
HIGH LOW HIGH LOW HIGH
HIGH HIGH LOW HIGH HIGH
HIGH HIGH LOW LOW HIGH
HIGH HIGH HIGH HIGH HIGH
HIGH HIGH HIGH LOW HIGH

Single sourcing

Dual soucrcing

Dual sourcing
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In the following part, we will analyze each category separately. In the scenarios that dual 
sourcing is favored, we will examine under what circumstance supplier diversification 
mitigation only is favored and under what conditions hybrid mitigation is favored. 
Afterwards, the analyses about the optimal pre-allocation, safety stocks (s2 and s0) are 
conducted.  In the scenarios that single sourcing is favored, we will check under what 
circumstance acceptance mitigation is favored or inventory mitigation is favored. Then the 
significant predicators for optimal safety stocks (s1 and s0) are analyzed. 

Scenarios that dual sourcing is favored 

The probability that a supplier is DOWN in a given period is given α1/(β1+α1) which indicates 
the frequency of disruptions, and the expectation of the disruption duration is 1/β1. Small 
repair probability (β1) indicates long and frequent disruptions. If we use inventory to mitigate 
supplier disruptions that are long and frequent, the optimal safety stock will be very big and 
thus inventory holding cost increases dramatically. So inventory mitigation becomes less 
attractive. Under this circumstance, supplier diversification / hybrid mitigation is deemed a 
better way to mitigate the supplier disruptions.  

There is one exception marked as (*) in the Table 10. We will explain this exception later in 
this chapter. In the scenarios that dual sourcing is favored: 

1. If penalty cost ratio (p/k1) is small, transportation failure probability (α0) is small, 
and transportation repair probability (β0) is large, supplier diversification is favored. 
It is not beneficial to keep safety stocks at WH 0 when the transportation disruption is less 
frequent and short and the penalty cost ratio is small. If we also keep safety stocks at WH 
0, the inventory holding cost will exceed the benefit that safety stocks can bring. 

2. Inventory mitigation is favored in all the scenarios that supplier disruption repair 
probability (β1) is large except for the scenarios that acceptance mitigation is 
favored. That is to say, if penalty cost ratio (p/k1) is large, or transportation failure 
probability (α0) is large, or transportation repair probability (β0) is small, hybrid 
mitigation is favored. Since the penalty cost ratio is large, stock-out is not economical. 
Thus, certain levels of stocks will be kept. If the transportation disruptions are frequent 
and short, safety stocks are beneficial to keep obviously. Hence, hybrid mitigation is 
chosen as the best mitigation strategy. 

In the following part, we will analyze which factors influence the optimal pre-allocation and 
safety stock combination in the scenarios that dual sourcing is favored. 

The optimal pre-allocation is small when extra price per unit ratio (k2-k1)/k1 is small 
and lead time difference L2-L1+ θ is large. Otherwise, pre-optimal allocation is large. Large 
L2-L1+θ indicates that diverted orders will be late for a long time which leads to high penalty 
cost. In order to decrease the stock-out cost, we need to reduce the amount of diverted orders. 
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If the pre-allocation to unreliable supplier is small, the amount of orders that are needed to be 
diverted will be small. What is more, small (k2-k1)/k1 indicates that extra price per unit 
sourced from reliable supplier is small. Hence, it is not very expensive to allocate more 
orders to reliable supplier. The benefit of sourcing from reliable supplier outweighs the extra 
cost due to more expensive price per unit. Hence, small pre-allocation to unreliable supplier 
is optimal in the scenarios that (k2-k1)/k1 is small and L2-L1+θ is large. 

The optimal s0 depends on the transportation disruption parameters (α0, β0) and the 
penalty cost ratio (p/k1). p/k1, α0 are positive predictors for the optimal s0 while β0 is a 
negative predicator for s0. When stock-out cost ratio is high, more inventories are needed to 
mitigate the high stock-out cost by reducing the stock out amount. What is more, large 
transportation failure probability or small repair probability increase the transportation 
DOWN time in average, which will request more safety stock to mitigate the stock-out. 

The optimal s2 depends on the lead time difference L2-L1+ θ, supplier failure probability 
(α1), supplier repair probability (β1) and the optimal pre-allocation (x). The lead time 
difference L2-L1+θ represents the time of material lateness for diverted orders. In order to 
reduce the impact of material lateness, more safety stock at WH 2 should be kept. Hence, the 
larger L2-L1+θ is, the larger optimal s2 we will get. The supplier failure probability (α1) is also 
a positive predicator for optimal s2. Larger failure probability indicates that disruptions are 
frequent which require more safety stocks for mitigation. Similarly, small supplier repair 
probability (β1) means large percent of supplier DOWN time which results in large diverted 
order amount. More safety stocks are required as a consequence. Finally, optimal s2 has 
correlation with optimal pre-allocation. When the pre-allocation becomes larger, more 
diverted orders occur which requires more safety stocks at WH 2.  

Scenarios that single sourcing is favored 

When supplier repair probability (β1) is large, the disruptions tend to be short and frequent. 
We do not need to keep a lot of inventory while the safety stocks are enough to alleviate the 
impact of disruption risks. On the other hand, if we adopt supplier diversification / hybrid 
mitigation, extra price per unit needs to be considered. Thus, for short disruption duration 
scenarios, inventory mitigation / acceptance is favored over supplier diversification / hybrid 
mitigation. 

1. If penalty cost ratio (p/k1) is small, failure probabilities (α1, α0) are small, and repair 
probabilities (β1, β0) are large, acceptance mitigation is favored. When the disruptions 
are rare and short, the unreliable supplier manufacturing process and transportation both 
have very high percentage uptime. What is more, the penalty cost ratio is small. The 
benefit of keeping inventory to mitigate the impact of disruption caused stock-out does 
not exceed the inventory holding cost. Hence, acceptance is favored. 
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2. Inventory mitigation is favored in all the scenarios that β1 is large except for the 
scenarios that acceptance is preferred. That is to say, if penalty cost ratio (p/k1) is large, 
or supplier disruption failure probability (α1) is large, or transportation disruption failure 
probability (α0) is large, or repair probability β0 is small, inventory mitigation is favored.  

In the following part, we will analyze which factors influence the optimal safety stock 
combination (s1 and s0) in the scenarios that single sourcing is favored. 

The optimal s1 depends on penalty cost ratio p/k1 and disruption parameters of supplier 
disruptions (α1, β1). Disruptions tend to be frequent when the supplier failure probability (α1) 
is large. Thus, more safety stocks are needed. Similarly, small repair probability (β1) shows 
that disruptions are long and frequent which will make optimal s1 large. Hence, the optimal s1 
increases when p/k1 increases, α1 increases or β1 decreases.  

The optimal s0 depends on penalty cost ratio p/k1, disruption parameters of supplier 
disruptions and transportation disruptions (α1, β1, α0, β0). The penalty cost ratio p/k1, 
failure probabilities (α1, α0) are positive predicators for optimal s0 while repair probabilities 
(β1, β0) are negative predicators for optimal s0. Since WH 0 locates in the downstream of the 
supply chain, safety stock s0 can mitigate the impacts of supplier disruptions and 
transportation disruptions. Hence, the optimal s0 is influenced by the disruption parameters of 
supplier disruptions, transportation disruptions and the penalty cost ratio. 

Exception discussion 
In this paragraph, we would like to discuss about the exception mentioned above. All the 
scenarios that β1 is small favor dual sourcing except for one that marked as (*) in Table 10. 
Large extra price per unit ratio (k2-k1)/k1 and large lead time difference L2-L1+θ make dual 
sourcing not very attractive. Further, in this exception, the cost difference between single 
sourcing and dual sourcing is small which means it almost lies on the boundary. We tend to 
neglect this exception in our analyses. 
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7 ASML case study 

In this chapter, one material example is given for the case study. The material is sourced from 
two suppliers A and B. Recently, Supplier A encounters a technical problem which can be 
seen as a serious disruption. The pre-defined allocation is 50% and 50% respectively. But if 
we take a look at Table 11, we can see that more than half orders are allocated to Supplier B 
recently. The price per unit sourced from Supplier A and Supplier B is Y Euros and 1.1Y 
Euros respectively. The lead times are 84 days and 63 days respectively. We can use our 
simulation models to test which mitigation strategy is best for ASML.  

Supplier A acts as the unreliable supplier and Supplier B acts as the reliable supplier. We 
compare the cost of single sourcing from Supplier A (with acceptance / inventory mitigation) 
with the cost of dual sourcing from Supplier A and Supplier B (with supplier diversification 
mitigation only / supplier diversification plus inventory mitigation). In this case, the lead time 
of reliable supplier is larger than the lead time of unreliable supplier which is the opposite of 
situation discussed in section 6.2. We know that the disruption response time for diverted 
order is θ. In order to reduce the material earliness, θ will be set to be 𝐿1 - 𝐿2= 21. Thus, 𝐿2 - 
𝐿1+ θ equals zero. The demand is estimated based on the data of ordering and forecasting. 
From the table below, we can estimate that the demand rate to be 1unit per day.  

Table 11 Material order in year 2012-2013 

Supplier Ty
pe 

M0
7/2
012 

M08/
2012 

M09/
2012 

M10/
2012 

M11/
2012 

M12/
2012 

M01/
2013 

M02/
2013 

M03/
2013 

M04/
2013 

M05/
2013 

M06/
2013 

M07/
2013 

Supplier 
A O 3 7 13 11 0 0 0 0 0 0 0 0 0 

 F 0 0 0 0 15 15 10 17 15 12 10 5 4 

 
Supplier 
B O 8 35 23 31 0 0 0 0 0 0 0 0 0 

 F 0 0 0 14 30 15 9 17 15 13 10 5 4 

 

So far, the unknown parameters are stock-out cost per unit per time (p) and disruption 
parameters for supplier disruptions and transportation disruptions (α1, β1, α0, β0). We design 
an experiment with 5 predictors, each predicator with two values (low and high). Thus, An 
experiment with 2^5 factor combinations is designed in Table 12. 

Table 12 Experimental design 

Factor p/K1 α1 β1 α0 β0 
Low 0.002 0.01 0.01 0.01 0.05 
High 0.02 0.1 0.1 0.1 0.5 
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We do experiments on scenarios of different stock-out cost ratios and different disruption 
parameters. Table 13 shows the results of the experimental design. The last column shows the 
optimal mitigation strategy for each scenario setting.  

Table 13 Results of case study 

 

From Table 13, we can see that the optimal solution is aligned with the results in Chapter 6. 

Dual sourcing (supplier diversificaiton / Hybrid mitigation) is preferred when supplier repair 
probability (β1) is small. Otherwise, single sourcing (acceptance / inventory mitigation) is 
favored. 

In the scenarios that supplier repair probability (β1) is small, supplier diversification 
mitigation is favored when transportation failure probability (α0) is small, transportation 
repair probability (β0) is large, and penalty cost ratio (p/k1) is small (In this experiment, the 
adopted two values of p/k1 makes no difference, it means that these two values 0.002 and 
0.02 are low for this case. If we take higher values, it will make difference). Hybrid 
mitigation is favored in all the scenarios that supplier disruption repair probability (β1) is 
small except for the scenarios that supplier diversification mitigation is favored. 

This paragraph will discuss about the optimal pre-allocation, optimal safety stocks in the 
scenarios that dual sourcing is favored. The optimal pre-allocations to the unreliable supplier 

Scenario p/K1 α1 β1 α0 β0 s1 s0 cost s2 s0 Allocation cost Strategy
1 0.002 0.01 0.01 0.01 0.05 10 10 1,617,151 0 1 0.9 1,122,871 SD+IM
2 0.002 0.01 0.01 0.01 0.5 10 10 1,521,402 0 0 0.9 996,458 SD
3 0.002 0.01 0.01 0.1 0.05 10 10 1,941,434 0 10 0.9 1,358,936 SD+IM
4 0.002 0.01 0.01 0.1 0.5 10 10 1,525,868 0 1 0.9 1,007,335 SD+IM
5 0.002 0.01 0.1 0.01 0.05 0 7 147,181 0 1 0.9 476,477 IM
6 0.002 0.01 0.1 0.01 0.5 0 0 32,911 0 0 0.9 350,064 A
7 0.002 0.01 0.1 0.1 0.05 0 10 381,161 0 10 0.9 712,542 IM
8 0.002 0.01 0.1 0.1 0.5 0 1 40,635 0 1 0.9 360,941 IM
9 0.002 0.1 0.01 0.01 0.05 10 10 2,531,121 0 1 0.9 1,685,629 SD+IM

10 0.002 0.1 0.01 0.01 0.5 10 10 2,403,025 0 0 0.9 1,559,216 SD
11 0.002 0.1 0.01 0.1 0.05 10 10 2,872,229 0 10 0.9 1,921,694 SD+IM
12 0.002 0.1 0.01 0.1 0.5 10 10 2,411,223 0 1 0.9 1,570,093 SD+IM
13 0.002 0.1 0.1 0.01 0.05 5 10 180,899 0 1 0.9 1,070,742 IM
14 0.002 0.1 0.1 0.01 0.5 10 1 83,649 0 0 0.9 944,329 IM
15 0.002 0.1 0.1 0.1 0.05 10 10 427,895 0 10 0.9 1,306,807 IM
16 0.002 0.1 0.1 0.1 0.5 10 3 87,048 0 1 0.9 955,206 IM
17 0.02 0.01 0.01 0.01 0.05 10 10 15,576,413 0 10 0.9 1,751,892 SD+IM
18 0.02 0.01 0.01 0.01 0.5 10 10 14,710,899 0 0 0.9 1,007,114 SD
19 0.02 0.01 0.01 0.1 0.05 10 10 18,508,340 0 10 0.9 3,828,110 SD+IM
20 0.02 0.01 0.01 0.1 0.5 10 10 14,753,346 0 4 0.9 1,027,696 SD+IM
21 0.02 0.01 0.1 0.01 0.05 10 10 846,048 0 10 0.9 1,105,498 IM
22 0.02 0.01 0.1 0.01 0.5 10 6 142,069 0 0 0.9 360,721 IM
23 0.02 0.01 0.1 0.1 0.05 10 10 2,938,766 0 10 0.9 3,181,716 IM
24 0.02 0.01 0.1 0.1 0.5 10 7 145,043 0 4 0.9 381,302 IM
25 0.02 0.1 0.01 0.01 0.05 10 10 25,000,421 0 10 0.9 2,314,651 SD+IM
26 0.02 0.1 0.01 0.01 0.5 10 10 23,851,582 0 0 0.9 1,569,873 SD
27 0.02 0.1 0.01 0.1 0.05 10 10 28,061,388 0 10 0.9 4,390,868 SD+IM
28 0.02 0.1 0.01 0.1 0.5 10 10 23,925,914 0 4 0.9 1,590,454 SD+IM
29 0.02 0.1 0.1 0.01 0.05 10 10 1,015,385 0 10 0.9 1,699,763 IM
30 0.02 0.1 0.1 0.01 0.5 10 10 264,548 0 0 0.9 954,986 IM
31 0.02 0.1 0.1 0.1 0.05 10 10 3,231,638 0 10 0.9 3,775,981 IM
32 0.02 0.1 0.1 0.1 0.5 10 10 271,525 0 4 0.9 975,567 IM

single sourcing Dual sourcing
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for all the scenarios are large (the maximal value 90%) due to the reasons that extra price per 
unit ratio is large (10% percent) and lead time difference is small (zero). The optimal s0 
depends on the transportation disruption parameters (α0, β0) and the penalty cost ratio (p/k1). 
p/k1, α0 are positive predictors for the optimal s0 while β0 is a negative predicator for s0. The 
optimal safety stock at reliable supplier (s2) is zero for all the scenarios. This phenomena is 
caused by the fact that reliable supplier has shorter lead time. In such a way, diverted orders 
will not be late. It is not beneficial to keep safety stock at WH 2 in this case. Hence, we can 
conclude that if the lead time of reliable supplier is shorter than the lead time of unreliable 
supplier, it is not beneficial to keep safety stock at reliable supplier side.  

Acceptance mitigation is favored when penalty cost ratio (p/k1) is small, failure probabilities 
(α1, α0) are small, and repair probabilities (β1, β0) are large. Inventory mitigation is favored in 
all the scenarios that supplier repair probability (β1) is large except for the scenario that 
acceptance is preferred. 

The results of optimal solutions are aligned with the results in section 6.2. For more 
explanations, please refer to section 6.2. 
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8 Conclusions and recommendations 

This report focuses on the development of disruption modeling and evaluation of four 
different disruption mitigation strategies.  

One of the contributions is that we develop multi-echelon disruption mathematical models. 
Scarce literature regarding multi-echelon disruption problems is found. Most of the multi-
echelon supply chain disruption problems are only solved by simulation with strict 
assumptions. In order to be able to develop a disruption modeling methodology applicable to 
the ASML case, the current supply chain situation is analyzed carefully. Based on these 
analyses and the results from literature study, four models corresponding to four mitigation 
strategies are built in order to quantify the disruption risks and the impacts of mitigation 
strategies. 

Another achievement is the part categorizations based on the optimal mitigation strategy. A 
simulation tool is developed to be able to compare the results of different strategies and 
optimize the situations afterwards. The main conclusions from data analyses are material 
portfolio which is summarized in Table 14. 

Table 14 material portfolio 

β1 p/K1 (k2-k1)/k1 L2-L1+ θ α1 α0 β0 Optimal Strategy 

High 
Low   Low Low High Acceptance 

All the other scenarios Inventory 

Low 
Low    Low High Supplier diversification 

All the other scenarios Hybrid 
 

The experimental results demonstrate that acceptance or inventory mitigation is favored when 
the repair probability of supplier manufacturing process (β1) is large: 

1. Acceptance is favored when penalty cost ratio (p/k1) is small, failure probabilities for 
supplier and transportation disruptions (α0, α1) are small, and repair probabilities for 
supplier and transportation disruptions (β0 , β1) are large. 

2. Inventory mitigation is favored in all the scenarios that β1 is large except for the scenarios 
that acceptance mitigation is favored. 

The optimal safety stock at WH 1 (s1) increases when penalty cost ratio (p/k1) increases, 
supplier failure probability (α1) increases or supplier repair probability (β1) decreases. The 
penalty cost ratio p/k1, failure probabilities (α1, α0) are positive predicators for optimal safety 
stock at WH 0 (s0) while repair probabilities (β1, β0) are negative predicators for optimal s0. 

Supplier diversification or hybrid mitigation is favored when the supplier repair probability 
(β1) is small: 
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3. Supplier diversification is favored when penalty cost ratio (p/k1) is small, transportation 
failure probability (α0) is small, and transportation repair probability β0 is large. 

4. Hybrid mitigation is favored in all the scenarios that β1 is small except for the scenarios 
that supplier diversification is favored. 

The optimal pre-allocation is small when extra price per unit ratio (k2-k1)/k1 is small and lead 
time difference L2-L1+θ is large. For the optimal s0 , penalty cost ratio (p/k1) and 
transportation failure probability (α0) are positive predictors  while β0 is a negative predicator. 
The optimal safety stock at WH 2 (s2) increases when lead time difference L2-L1+θ increases, 
or supplier failure probability (α1) increases. The supplier repair probability (β1) is a negative 
predicator for optimal s2. Finally, the optimal s2 has correlation with optimal pre-allocation. 
The optimal s2 increases when the optimal pre-allocation increases. 

Based on the conclusions drawn from the experimental design, the recommendation for the 
high-tech manufacturers like ASML is to increase the supplier information transparency by 
developing a sustainable relationship with suppliers. For parts that are single sourcing, their 
suppliers need to be carefully assessed and monitored. If long disruptions are likely to occur, 
dual sourcing is recommended. Even dual sourcing may require more operational cost 
besides the extra cost we consider in our project, for long term sustainable development, dual 
sourcing strategy should be conducted. Especially for parts that can be only supplied from 
one or a very limited number of suppliers due to the technical requirement constraints, 
relation development with the second supplier is difficult but essential. 

In certain circumstance, a company may have advance warning that a disruption is likely to 
occur in the near future, for instance, volcano eruption prediction. That advance information 
will help the company to build mitigation inventory in advance of a disruption instead of 
carrying inventory continuously. We can see that advance information of disruption is 
extremely important in the risk management area. 

Limitations of this research exist in one aspect that we consider capacity constraints in our 
mathematical modeling, but we do not apply them to simulation since we have no clue how 
to estimate the maximal capacity constraints.  Another aspect would be the optimization 
method. We use enumeration to get the optimal solution. The safety stock from 0 to 10 is 
enumerated which may not reach the real optimal solution.  
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10 Appendix  
Table 1 Experimental result  

 

p/K1 (K2-K1)/K1 L2-L1+θ α1 β1 α0 β0 s1 s0 cost s2 s0 Allocation cost Strategy
0.002 0.001 1 0.1 0.05 0.01 0.1 10 10 52,486 0 1 0.9 19,986 DS+IM
0.002 0.001 1 0.1 0.05 0.01 0.5 10 10 48,607 1 0 0.9 13,042 DS+IM
0.002 0.001 1 0.1 0.05 0.1 0.1 10 10 68,535 0 10 0.9 39,088 DS+IM
0.002 0.001 1 0.1 0.05 0.1 0.5 10 10 49,095 0 1 0.9 15,130 DS+IM
0.002 0.001 1 0.1 0.5 0.01 0.1 0 1 9,093 0 1 0.9 18,612 IM
0.002 0.001 1 0.1 0.5 0.01 0.5 1 0 2,357 1 0 0.9 11,846 IM
0.002 0.001 1 0.1 0.5 0.1 0.1 0 10 26,783 0 10 0.9 37,397 IM
0.002 0.001 1 0.1 0.5 0.1 0.5 0 2 3,934 0 1 0.9 13,476 IM
0.002 0.001 1 0.01 0.05 0.01 0.1 2 6 30,469 0 1 0.9 18,650 DS+IM
0.002 0.001 1 0.01 0.05 0.01 0.5 8 0 24,327 1 0 0.9 11,862 DS+IM
0.002 0.001 1 0.01 0.05 0.1 0.1 2 10 43,908 0 10 0.9 37,428 DS+IM
0.002 0.001 1 0.01 0.05 0.1 0.5 6 2 25,585 0 1 0.9 13,478 DS+IM
0.002 0.001 1 0.01 0.5 0.01 0.1 0 0 7,652 0 0 0.9 17,722 A
0.002 0.001 1 0.01 0.5 0.01 0.5 0 0 604 0 0 0.9 10,670 A
0.002 0.001 1 0.01 0.5 0.1 0.1 0 10 26,618 0 10 0.9 36,847 IM
0.002 0.001 1 0.01 0.5 0.1 0.5 0 1 2,892 0 1 0.9 12,972 IM
0.002 0.001 10 0.1 0.05 0.01 0.1 10 10 52,486 0 0 0 20,798 DS
0.002 0.001 10 0.1 0.05 0.01 0.5 10 10 48,607 0 0 0 13,748 DS
0.002 0.001 10 0.1 0.05 0.1 0.1 10 10 68,535 0 10 0 40,056 DS+IM
0.002 0.001 10 0.1 0.05 0.1 0.5 10 10 49,095 0 1 0.1 16,115 DS+IM
0.002 0.001 10 0.1 0.5 0.01 0.1 0 1 9,093 0 4 0.9 20,546 IM
0.002 0.001 10 0.1 0.5 0.01 0.5 1 0 2,357 0 0 0 13,748 IM
0.002 0.001 10 0.1 0.5 0.1 0.1 0 10 26,783 1 10 0.9 37,913 IM
0.002 0.001 10 0.1 0.5 0.1 0.5 0 2 3,934 1 2 0.7 15,513 IM
0.002 0.001 10 0.01 0.05 0.01 0.1 2 6 30,469 0 0 0 20,798 DS
0.002 0.001 10 0.01 0.05 0.01 0.5 8 0 24,327 0 0 0 13,748 DS
0.002 0.001 10 0.01 0.05 0.1 0.1 2 10 43,908 0 10 0.6 39,297 DS+IM
0.002 0.001 10 0.01 0.05 0.1 0.5 6 2 25,585 0 1 0.1 15,889 DS+IM
0.002 0.001 10 0.01 0.5 0.01 0.1 0 0 7,652 0 1 0.9 18,807 A
0.002 0.001 10 0.01 0.5 0.01 0.5 0 0 604 0 0 0.9 11,923 A
0.002 0.001 10 0.01 0.5 0.1 0.1 0 10 26,618 0 10 0.9 36,974 IM
0.002 0.001 10 0.01 0.5 0.1 0.5 0 1 2,892 0 1 0.9 13,591 IM
0.002 0.01 1 0.1 0.05 0.01 0.1 10 10 52,486 0 1 0.9 42,949 DS+IM
0.002 0.01 1 0.1 0.05 0.01 0.5 10 10 48,607 1 0 0.9 36,005 DS+IM
0.002 0.01 1 0.1 0.05 0.1 0.1 10 10 68,535 0 10 0.9 62,050 DS+IM
0.002 0.01 1 0.1 0.05 0.1 0.5 10 10 49,095 0 1 0.9 38,092 DS+IM
0.002 0.01 1 0.1 0.5 0.01 0.1 0 1 9,093 0 1 0.9 26,855 IM
0.002 0.01 1 0.1 0.5 0.01 0.5 1 0 2,357 1 0 0.9 20,089 IM
0.002 0.01 1 0.1 0.5 0.1 0.1 0 10 26,783 0 10 0.9 45,640 IM
0.002 0.01 1 0.1 0.5 0.1 0.5 0 2 3,934 0 1 0.9 21,720 IM
0.002 0.01 1 0.01 0.05 0.01 0.1 2 6 30,469 0 1 0.9 27,093 DS+IM
0.002 0.01 1 0.01 0.05 0.01 0.5 8 0 24,327 1 0 0.9 20,305 DS+IM
0.002 0.01 1 0.01 0.05 0.1 0.1 2 10 43,908 0 10 0.9 42,872 DS+IM
0.002 0.01 1 0.01 0.05 0.1 0.5 6 2 25,585 0 1 0.9 21,922 DS+IM
0.002 0.01 1 0.01 0.5 0.01 0.1 0 0 7,652 0 0 0.9 21,632 A
0.002 0.01 1 0.01 0.5 0.01 0.5 0 0 604 0 0 0.9 14,580 A
0.002 0.01 1 0.01 0.5 0.1 0.1 0 10 26,618 0 10 0.9 40,757 IM
0.002 0.01 1 0.01 0.5 0.1 0.5 0 1 2,892 0 1 0.9 16,882 IM
0.002 0.01 10 0.1 0.05 0.01 0.1 10 10 52,486 3 6 0.9 45,213 DS+IM
0.002 0.01 10 0.1 0.05 0.01 0.5 10 10 48,607 9 0 0.9 38,561 DS+IM
0.002 0.01 10 0.1 0.05 0.1 0.1 10 10 68,535 6 10 0.9 63,986 DS+IM
0.002 0.01 10 0.1 0.05 0.1 0.5 10 10 49,095 7 2 0.9 40,322 DS+IM
0.002 0.01 10 0.1 0.5 0.01 0.1 0 1 9,093 0 4 0.9 28,789 IM
0.002 0.01 10 0.1 0.5 0.01 0.5 1 0 2,357 4 0 0.9 22,446 IM
0.002 0.01 10 0.1 0.5 0.1 0.1 0 10 26,783 1 10 0.9 46,156 IM
0.002 0.01 10 0.1 0.5 0.1 0.5 0 2 3,934 2 2 0.9 23,788 IM
0.002 0.01 10 0.01 0.05 0.01 0.1 2 6 30,469 2 6 0.9 33,023 IM
0.002 0.01 10 0.01 0.05 0.01 0.5 8 0 24,327 8 0 0.9 26,694 IM
0.002 0.01 10 0.01 0.05 0.1 0.1 2 10 43,908 0 10 0.9 47,919 IM
0.002 0.01 10 0.01 0.05 0.1 0.5 6 2 25,585 6 2 0.9 28,002 IM
0.002 0.01 10 0.01 0.5 0.01 0.1 0 0 7,652 0 1 0.9 22,718 A
0.002 0.01 10 0.01 0.5 0.01 0.5 0 0 604 0 0 0.9 15,834 A
0.002 0.01 10 0.01 0.5 0.1 0.1 0 10 26,618 0 10 0.9 40,885 IM
0.002 0.01 10 0.01 0.5 0.1 0.5 0 1 2,892 0 1 0.9 17,502 IM

single sourcing Dual sourcing
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Table 2 Experimental result 

 

 

p/K1 (K2-K1)/K1 L2-L1+θ α1 β1 α0 β0 s1 s0 cost s2 s0 Allocation cost Strategy
0.02 0.001 1 0.1 0.05 0.01 0.1 10 10 394,892 1 10 0.9 49,927 DS+IM
0.02 0.001 1 0.1 0.05 0.01 0.5 10 10 359,000 0 1 0.9 15,087 DS+IM
0.02 0.001 1 0.1 0.05 0.1 0.1 10 10 544,453 1 10 0.9 150,164 DS+IM
0.02 0.001 1 0.1 0.05 0.1 0.5 10 10 364,080 0 4 0.9 19,554 DS+IM
0.02 0.001 1 0.1 0.5 0.01 0.1 0 10 37,559 0 10 0.9 48,104 IM
0.02 0.001 1 0.1 0.5 0.01 0.5 2 2 6,778 0 1 0.9 13,411 IM
0.02 0.001 1 0.1 0.5 0.1 0.1 2 10 140,167 1 10 0.9 148,968 IM
0.02 0.001 1 0.1 0.5 0.1 0.5 0 5 8,710 0 4 0.9 17,863 IM
0.02 0.001 1 0.01 0.05 0.01 0.1 10 10 142,252 0 10 0.9 48,251 DS+IM
0.02 0.001 1 0.01 0.05 0.01 0.5 10 10 116,683 0 1 0.9 13,453 DS+IM
0.02 0.001 1 0.01 0.05 0.1 0.1 10 10 256,158 1 10 0.9 148,984 DS+IM
0.02 0.001 1 0.01 0.05 0.1 0.5 10 10 117,762 0 4 0.9 17,828 DS+IM
0.02 0.001 1 0.01 0.5 0.01 0.1 0 10 37,233 0 10 0.9 47,448 IM
0.02 0.001 1 0.01 0.5 0.01 0.5 0 2 4,152 0 1 0.9 12,922 IM
0.02 0.001 1 0.01 0.5 0.1 0.1 0 10 137,958 0 10 0.9 147,912 IM
0.02 0.001 1 0.01 0.5 0.1 0.5 0 4 7,334 0 4 0.9 17,315 IM
0.02 0.001 10 0.1 0.05 0.01 0.1 10 10 394,892 0 10 0 50,633 DS+IM
0.02 0.001 10 0.1 0.05 0.01 0.5 10 10 359,000 0 1 0.1 16,044 DS+IM
0.02 0.001 10 0.1 0.05 0.1 0.1 10 10 544,453 0 10 0 150,870 DS+IM
0.02 0.001 10 0.1 0.05 0.1 0.5 10 10 364,080 0 5 0.2 20,523 DS+IM
0.02 0.001 10 0.1 0.5 0.01 0.1 0 10 37,559 1 10 0.9 49,188 IM
0.02 0.001 10 0.1 0.5 0.01 0.5 2 2 6,778 0 1 0.1 15,818 IM
0.02 0.001 10 0.1 0.5 0.1 0.1 2 10 140,167 0 10 0 150,870 IM
0.02 0.001 10 0.1 0.5 0.1 0.5 0 5 8,710 0 5 0.5 19,474 IM
0.02 0.001 10 0.01 0.05 0.01 0.1 10 10 142,252 0 10 0 50,633 DS+IM
0.02 0.001 10 0.01 0.05 0.01 0.5 10 10 116,683 0 1 0.1 15,881 DS+IM
0.02 0.001 10 0.01 0.05 0.1 0.1 10 10 256,158 0 10 0 150,870 DS+IM
0.02 0.001 10 0.01 0.05 0.1 0.5 10 10 117,762 0 4 0.2 20,155 DS+IM
0.02 0.001 10 0.01 0.5 0.01 0.1 0 10 37,233 0 10 0.9 47,871 IM
0.02 0.001 10 0.01 0.5 0.01 0.5 0 2 4,152 0 2 0.6 15,357 IM
0.02 0.001 10 0.01 0.5 0.1 0.1 0 10 137,958 1 10 0.9 149,803 IM
0.02 0.001 10 0.01 0.5 0.1 0.5 0 4 7,334 0 4 0.9 18,050 IM
0.02 0.01 1 0.1 0.05 0.01 0.1 10 10 394,892 1 10 0.9 72,889 DS+IM
0.02 0.01 1 0.1 0.05 0.01 0.5 10 10 359,000 0 1 0.9 38,049 DS+IM
0.02 0.01 1 0.1 0.05 0.1 0.1 10 10 544,453 1 10 0.9 173,127 DS+IM
0.02 0.01 1 0.1 0.05 0.1 0.5 10 10 364,080 0 4 0.9 42,516 DS+IM
0.02 0.01 1 0.1 0.5 0.01 0.1 0 10 37,559 0 10 0.9 56,348 IM
0.02 0.01 1 0.1 0.5 0.01 0.5 2 2 6,778 0 1 0.9 21,655 IM
0.02 0.01 1 0.1 0.5 0.1 0.1 2 10 140,167 1 10 0.9 157,211 IM
0.02 0.01 1 0.1 0.5 0.1 0.5 0 5 8,710 0 4 0.9 26,106 IM
0.02 0.01 1 0.01 0.05 0.01 0.1 10 10 142,252 0 10 0.9 56,694 DS+IM
0.02 0.01 1 0.01 0.05 0.01 0.5 10 10 116,683 0 1 0.9 21,896 DS+IM
0.02 0.01 1 0.01 0.05 0.1 0.1 10 10 256,158 1 10 0.9 157,427 DS+IM
0.02 0.01 1 0.01 0.05 0.1 0.5 10 10 117,762 0 4 0.9 26,271 DS+IM
0.02 0.01 1 0.01 0.5 0.01 0.1 0 10 37,233 0 10 0.9 51,358 IM
0.02 0.01 1 0.01 0.5 0.01 0.5 0 2 4,152 0 1 0.9 16,832 IM
0.02 0.01 1 0.01 0.5 0.1 0.1 0 10 137,958 0 10 0.9 151,822 IM
0.02 0.01 1 0.01 0.5 0.1 0.5 0 4 7,334 0 4 0.9 21,225 IM
0.02 0.01 10 0.1 0.05 0.01 0.1 10 10 394,892 9 10 0.9 75,446 DS+IM
0.02 0.01 10 0.1 0.05 0.01 0.5 10 10 359,000 7 2 0.9 40,339 DS+IM
0.02 0.01 10 0.1 0.05 0.1 0.1 10 10 544,453 9 10 0.9 175,683 DS+IM
0.02 0.01 10 0.1 0.05 0.1 0.5 10 10 364,080 7 5 0.9 44,684 DS+IM
0.02 0.01 10 0.1 0.5 0.01 0.1 0 10 37,559 1 10 0.9 57,431 IM
0.02 0.01 10 0.1 0.5 0.01 0.5 2 2 6,778 4 2 0.9 25,724 IM
0.02 0.01 10 0.1 0.5 0.1 0.1 2 10 140,167 4 10 0.9 159,716 IM
0.02 0.01 10 0.1 0.5 0.1 0.5 0 5 8,710 2 5 0.9 27,969 IM
0.02 0.01 10 0.01 0.05 0.01 0.1 10 10 142,252 2 10 0.9 61,390 DS+IM
0.02 0.01 10 0.01 0.05 0.01 0.5 10 10 116,683 7 2 0.9 28,094 DS+IM
0.02 0.01 10 0.01 0.05 0.1 0.1 10 10 256,158 9 10 0.9 163,875 DS+IM
0.02 0.01 10 0.01 0.05 0.1 0.5 10 10 117,762 5 5 0.9 31,348 DS+IM
0.02 0.01 10 0.01 0.5 0.01 0.1 0 10 37,233 0 10 0.9 51,781 IM
0.02 0.01 10 0.01 0.5 0.01 0.5 0 2 4,152 1 2 0.9 19,517 IM
0.02 0.01 10 0.01 0.5 0.1 0.1 0 10 137,958 1 10 0.9 153,714 IM
0.02 0.01 10 0.01 0.5 0.1 0.5 0 4 7,334 0 4 0.9 21,961 IM

single sourcing Dual sourcing
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