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ABSTRACT

With improvement in technology and transportation, supply chain becomes more
international and, unfortunately, more vulnerable. Hence, issues about supply chain
risk management are more and more important nowadays. When company’s supply
chain is very vulnerable to its environment, company’s decision maker should
consider applying mitigation strategies to survive in this environment. In our research,
this study applies two proactive mitigation strategies to prevent our supply chain
system from serious disruption risk. This study analyzes the characteristics of safety
stock and backup supplier and applies these two mitigation strategies together to
achieve the lowest cost of adopting mitigation approaches.

Our model considers stochastic demands with continuous-review system under
two-echelon supply chain in which a retailer replenishes its inventory basically from a
vulnerable primary supplier who may have a big chance to encounter disruptions.
Under this circumstance, this study find out the optimal solution of proactively
adopting two mitigation strategies together so as to achieve our objective function, the
lowest working inventory cost. This study understands the optimal adopting
proportions of backup supplier and additional safety stock that can let us achieve our
lowest cost. These studies also do sensitivity analyses and scenario analyses to
understand what decision maker should do when under different situations. The
results of numerical analysis prove that our model is valid and can really help decision
maker to make proper decisions while does not have to worry about drastic changes
on total cost.

Keyword: Supply chain disruption risk, Mitigation strategy, Safety stock, Backup

supplier, Stochastic inventory management



CONTENTS

- - TS O 1
T OB e 11
ABSTRACT ..., AV
Chapter 1 Introduction.........cccccoeeviiieee i, 1
1.1 General Background INformation...........cccceecvevienieiesiese e 1
1.2 RESEAICN PUIPOSE.....coiiietieceetee ettt ere e eas 4
1.3 Research Scope and LImitation ..........ccccoeeereeieiienieneneseneeeseeeeeceeee e 5
1.4 Research Framework and ProOCESS ........cccceeveeieiienieneneneneeeeceeeeesee e 6
Chapter 2 Literature ReVIEW ..........cccccvveviiveeiiiee i, 9
2.1 Supply Chain Risk and Management ...........cccocevveveeeeneeneseeseesee e seeens 9
2.2 Supply Chain Disruption RiSK.........cccccveviieierieieeieseeie e 13
2.3 SAFELY STOCK ... e 16
2.4 BaCKUP SUPPIIET ettt 19
Chapter 3 Combination of Mitigation Methods........ 23
3.1 Problem Definition, Research Method and PUrpose ..........ccccccvevevenienene 23
3.2 BaSiC ASSUMPTIONS.....ccuveiuieiieeeieeieseesieeteseeesieeeeseeesseesesseesseesesneesseeseeneas 26
3.3 Model DeVEIOPMENT ......c.icieeeeeeeee et 28
Chapter 4 Numerical Analysis...........ccccoveeeeviiineeeenee, 42
4.1 Numerical EXamMPIe ......ooovveieeieeeeceeee et 45
4.2 Verification of the Model ..........cccooiriiriii e 48
4.3 SENSITIVITY ANAIYSIS....coueiiiiiieiieieieeresee e 50
4.4 SCENATTO ANAIYSIS ..ottt et sne s 60
4.5 Chapter SUMMANIZAtION ........c.eoiiieiiecieeeece et 64
Chapter 5 Conclusions..........ccccccovvviee e, 66
5.1 CONCIUSION .ttt ettt sttt e it tenae st 66
5.2 PIOSPECT. ...ttt st e 68
REfEIreNCE .....oeee e 70



LIST OF FIGURES

Figure 1.1 Global NAND flash memory revenue market share by quarter............... 2
Figure 1.2 Framework of thisresearch...............coooiiiii i 8
Figure 3.1 Regular situation of two-echelon supply chain network...................... 30
Figure 3.2 Disruptive situation of two-echelon supply chain network.................. 30
Figure 3.3 Inventory policy at the retailer with cycle length % ........................... 32
Figure 4.1 Relationship of price difference of two suppliers and holding cost......... 44
Figure 4.2 The optimal solution under different expected disruption level............. 47
Figure 4.3 The analysis of verification by trial and error method........................ 49
Figure 4.4 Sensitivity analysis of price difference of two suppliers..................... 52
Figure 4.5 Sensitivity analysis of holding cost.................oooiiiiiiiiiiiiiiiin.. 55
Figure 4.6 Sensitivity analysis of shortage cost.............cooviiviiiiiiiiiiiiienns 57
Figure 4.7 Scenario analyses of two Situations.................ocooiiiiiiiii .. 63

\



LIST OF TABLES

Table 2.1 Category of risk and drivers of risk................ccooiiiiiii 10
Table 2.2 Examples for proactive and reactive measures................oceevveenenrnn.. 12
Table 2.3 Tailored strategies for mitigation approach...................oooiiiiiinnn, 15
Table 4.1 The parameter settings for retailer................coooiiiiiiiiiiiiiin. 42
Table 4.2 Other parameter settings for retailer....................cocooiiiiiiiinn. 43
Table 4.3 The expected disruption level for each risk preference level.................. 46
Table 4.4 The optimal solution under different expected disruption level............... 46
Table 4.5 The analysis of verification by trial and error method......................... 49
Table 4.6 Sensitivity analysis of price difference of two suppliers....................... 51
Table 4.7 Sensitivity analysis of holding cost.............ccooeviiiiiiiiiiinen 54
Table 4.8 Sensitivity analysis of shortage cost..............coooviiiiiiiiiiiiiiii s, 57
Table 4.9 Scenario analysis under 100% disruption level.......................oooeee. 60
Table 4.10 Scenario analysis under 3.5% disruption level................................. 62

Vi



Chapter 1 Introduction

1.1 General Background Information

Over the past decades, as technologies and conveyances have been improved,
companies are striving to meliorate their financial performance by implementing
various supply chain initiatives such as outsourcing and Just-in-Time inventory system.
These initiatives are intended to create extra profit through reducing cost, reducing
assets, and increasing revenue. However, while companies implement more supply
chain initiatives, the whole supply chain system becomes more complex and uncertain.
According to an industry study conducted by AMR Research in 2006, over 42% of the
companies manage more than 5 different supply chains. (AMR, 2006) The increasing
number of supply chains which companies have to manage creates difficulty for
companies to manipulate perfectly and also makes the impact of any event become hard
or even impossible to predict. These kinds of long and complex supply chains are
usually slow to respond to changes, and hence, they are more vulnerable to business
disruptions. According to a study conducted by Computer Sciences Corporation in 2004,
60% of the firms reported that their supply chains are vulnerable to disruptions.
Therefore, nowadays companies are taking supply chain disruption risk very seriously

and trying very hard to avoid it.



Many recent events have shown how disruption impacted the supply chain and global
industry. For instance, the huge earthquake in Japan, 2011, was a catastrophe which also
followed by a nuclear crisis and caused a significant shortage of electricity on
electronics industry. Global suppliers of NAND and DRAM were greatly affected by
factories shutdown. Toshiba Corp., a consumer electronics device manufacturer,
accounting for 35% of flash memory in the world was also suffered in this earthquake.
Figure 1.1 shows that in the second quarter of 2011, Toshiba’s revenue and market share
of NAND flash memory dropped dramatically and the company lost more than 6% of

market share during that period.
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Figure 1.1 Global NAND flash memory revenue market share by quarter.
(Source: Yu-Hsiang Hung, 2013)

Although disruption can be very devastating for companies, if companies can prepare



for it in advance, the result of disruption may become not so overwhelming. For

example, back in 2000, Telefon AB L.M. Ericsson, a mobile-phone manufacturer, lost

nearly 400 million Euros after their supplier’s semiconductor plant caught on fire. This

supplier was the only provider of Ericsson’s microchips, so when this plant shut down

after the fire, Ericsson had no other source of microchips, which disrupted production of

mobile-phone. On the other hand, a Scandinavian mobile-phone manufacturer Nokia

Corp. was also a major customer of that plant, but Nokia began switching its chip orders

to other Japanese and American suppliers almost immediately after fire started.

Therefore, thanks to its multiple-supplier strategy and responsiveness, Nokia’s

production suffered little than Ericsson during this crisis. The different outcomes

between these two companies show the importance of proactively managing supply

chain disruption risk.

Along with the complexity of supply chain evolvement, companies become rigid and

hard to response to changes immediately, and hence, become more vulnerable to any

possible disruption in the rapidly competitive environment. To protect companies from

these risky threats, many researches have been done on studying supply chain risk

drivers, sources, and mitigation strategies (Chopra & Sodhi, 2004; Kleindorfer & Saad,

2005; Tang, 2006). These studies focus on specifying risk, distinguishing its sources,

and giving some mitigation strategies to reduce the possible impact of disruptions.
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Based on these former researches, our research is focusing on finding the balance
between those mitigation strategies, hoping to pave a way for dealing with supply chain
disruption problems by mathematical models, which can give a lead to decision makers
about how to place the best decision about proactive mitigation methods when they
manage supply chain. Amanda J. Schmitt (2011) points out that mitigation strategies can
be combined together to deal with supply chain disruption problems and give customers’
service level protection. But this research stops at giving a proof of the benefits about
combining mitigation measures together, and does not mention about the proportion
between these strategies. Therefore, our research is going to add this part on combined
mitigation methods. While considering two kinds of mitigation strategies, which are
safety stock and backup suppliers, and also trying to combine these two methods
together to achieve the optimal expected cost under different disruption scenarios. In
our mathematical models, this study will show the optimal solutions of the proportions
of safety stock and backup suppliers among different scenarios, and hope to shed light

on how to distribute disruption mitigation strategies effectively.

1.2 Research Purpose

Based on the above background, our research will integrate topic-related literatures,
and try to give a clear outline of supply chain disruption risk and build mathematical

models to demonstrate how to adopt disruption mitigation strategies together so as to
4



proactively act on the possible supply chain disruption risk under the lowest cost.

The objectives of this research are:

1. To help decision makers understand how to adopt disruption mitigation strategies
effectively and efficiently.

2. To show that the combination of two mitigation strategies, safety stock and backup
suppliers, can protect downstream companies effectively when suppliers are all
vulnerable to its environment.

3. To demonstrate the benefits of changing proportions of safety stock and backup
suppliers under different scenarios.

4. To contribute a literature in building mathematical models for dealing with such

supply chain disruption problems.

1.3 Research Scope and Limitation

Although there are lots of mitigation approaches that companies can adopt to their
supply chain planning such as production postponement and supply contracts, our
research will choose only two mitigation strategies, which are safety stock and backup
suppliers, because this study just wants to show that the benefits of combing mitigation
strategies together will bigger than only using one mitigation approach alone. Thus,

depending on our result of proving the advantage of combination, companies can use as

5



many approaches as they want as long as these are affordable to them and gain benefits

from adopting these mitigation strategies together.

This research investigates companies’ expected working inventory cost resulting

from different disruption levels by adopting safety stock and backup suppliers

approaches together under two-echelon supply chain with stochastic demand, whose

inventory-control policy is continuous-review policy, and the probability of a disruption

occurring at more than one supplier of the same company simultaneously is negligible

and that after a disruption the system returns to steady-state prior to another disruption’s

occurrence.

1.4 Research Framework and Process

In this research, first, this study considers the characteristics of safety stock and

backup suppliers which are our mitigation strategies. Next, this study shows how these

two approaches can be combined together to create the optimal solution of the lowest

cost for companies. Furthermore, this study explores under certain scenarios what

distribution of these two strategies should be adopted to provide companies’ lowest cost.

This study utilizes numerical analysis to show how the proportions of these two

strategies can be affected by different situations. Finally, this study draws conclusions

and generates some managerial insights in this research, hoping to give decision makers

6



some clues about supply chain planning.

The structure of this research is organized as following: research background,

purpose, scope and framework are presented in Chapter 1. In Chapter 2, this study

organizes some related literatures to give clear outlines of supply chain disruption risk

and its management, safety stock and backup suppliers. This study introduces the model

which combines safety stock and backup supplier mitigation strategies together on

two-echelon with stochastic demand to achieve the optimal expected cost in Chapter 3.

Numerical analysis about the proportions of these two mitigation strategies under

different scenarios is illustrated in Chapter 4. The conclusion of our research is

presented in Chapter 5 followed with some managerial insights that can be useful in

practical world. Figure 1.2 shows the flowchart of this research.
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Chapter 2 Literature Review

This research’s purpose is to understand the deployment of supply chain disruption
mitigation strategies. In this chapter, this study focuses on four dimensions in literature
review: supply chain risk and management, supply chain disruption risk, safety stock,
and backup supplier. In each sector, this study gives definitions and related information
to depict a clear outline of our research content and hope to lead readers to understand

this research better.

2.1 Supply Chain Risk and Management

Risk can be broadly defined as a chance of danger, damage, loss, injury or any other
undesired consequences and also can be divided into different types according to how
its realization impacts on a business and its environment. (Harland, Brenchley & Walker,
2003) Supply chain risk is one of these risk types. According to Heckmann, Comes and
Nickel (2014), although the topic of supply chain risk is being considered as
increasingly important, there are only a few authors explicitly defining supply chain risk.
Among these authors, the first to establish a supply chain risk definition were March
and Shapire (1987): they define supply chain risk as the “variation in the distribution of
possible supply chain outcomes, their likelihood, and their subjective values™. Likewise,

Peck (2006) defines supply chain risk as “anything that [disrupts or impedes] the

9



information, material or product flows from original suppliers to the delivery of the

final product to the ultimate end-user”. Another research effort by Tang (2006) mentions

that supply chain risk should refer to (1) events with small probability but may occur

abruptly and (2) these events bring substantial negative consequences to the system. In

some researches, authors classify supply chain risk into several categories. According to

Tang and Tomlin (2008), they categorize supply chain risk to 6 major types which occur

regularly: supply risks, process risks, demand risks, intellectual property risks,

behavioral risks, and political/social risks. On the other hand, Chopra and Sodhi (2004)

classify supply chain risk into 9 categories, including disruptions, delays, systems,

forecast, intellectual property, procurement, receivables, inventory and capacity. This

study shows the details in Table 2.1.

Table 2.1 Category of risk and drivers of risk

Category of Risk Drivers of Risk

Natural disaster
Labor dispute
Supplier bankruptcy

Disruptions .
War and terrorism

Dependency on a single source of supply as well as the
capacity and responsiveness of alternative suppliers

High capacity utilization at supply source

Inflexibility of supply source

Poor quality or yield at supply source

Excessive handling due to border crossings or to change
in transportation modes

Delays

Information infrastructure breakdown

Systems . . . .
® System integration or extensive systems networking

10



E-commerce

Forecast

Inaccurate forecasts due to long lead times, seasonality,
product variety, short life cycles, small customer base
“Bullwhip effect” or information distortion due to sales
promotions, incentives, lack of supply-chain visibility
and exaggeration of demand in times of product
shortage

Intellectual Property

Vfertical integration of supply chain
Global outsourcing and markets

Procurement

Exchange rate risk

Percentage of a key component or raw material
procured from a single source

Industrywide capacity utilization

Long-term versus short-term contracts

Receivables

Number of customers
Financial strength of customers

Inventory

Rate of product obsolescence
Inventory holding cost

Product value

Demand and supply uncertainty

Capacity

Cost of capacity
Capacity flexibility

As for supply chain risk management (SCRM), Tang (2006) defines it as “the

management of supply chain risk through coordination or collaboration among the

supply chain partners so as to ensure profitability and continuity”. In addition, Wieland

and Wallenburg (2012) define SCRM as “the implementation of strategies to manage

both everyday and exceptional risks along the supply chain based on continuous risk

assessment with the objective of reducing vulnerability and ensuring continuity”. And

they also mention that SCRM can be seen as being “two-sided coin”, which can be

(Source: Chopra and Sodhi, 2004)
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demonstrated both in proactive and reactive ways to reduce the vulnerability of supply

chain. Examples in both ways are shown in Table 2.2.

Table 2.2 Examples for proactive and reactive measures

Strategy Implementation

Multiple sources of supply
Inventory

Make-and-buy

Product design

Logistical network design

Proactive (Robustness)

Supplier/buyer communication
Business continuity planning
Visibility

Assortment planning
Make-to-order/postponement

Reactive (Agility)

(Source: Wieland and Wallenburg, 2012)

Furthermore, Chopra and Sodhi (2004) also introduce some general mitigation
approaches as following: increasing capacity, acquiring redundant suppliers, increasing
responsiveness, increasing inventory, increasing flexibility, pooling or aggregating
demand, and increasing capability. These approaches can be selected by companies after
they clearly understand their supply chain risk.

In summary, while the definitions in each research of supply chain risk and SCRM
are different and few, it is undoubted that these two issues are becoming more and more
popular and there are lots of existing researches related to. By clearly understanding the

likely risk in companies’ supply chain, managers can implement the appropriate

12



strategies to eliminate the possible severe outcome in advance or reduce the level of

vulnerability afterward.

2.2 Supply Chain Disruption Risk

Disruption is one of supply chain risk types, according to Chopra and Sodhi (2004).
Disruptions can be frequent or infrequent; short- or long-term; and cause problems for
the affected organization(s), ranging from minor to serious. Instances of disruption are
shown above in Table 2.1. Hou, Zeng and Zhao (2010) define supply chain disruption as
the sudden of supply; that is, when unexpected events occur, the main source becomes
totally unavailable. And they also describe supply disruption is infrequent risk but has
large impact on the whole supply chain, because it could cut off the cash flow and stop
the operation of the entire supply chain. In addition, Kleindorfer and Saad (2005)
mention that disruption risk can be separated into two categories, which are operational
risks (equipment malfunctions, unforeseen discontinuities in supply, human-centered
issues from strikes to fraud), and risks arising from natural hazard, terrorism, and
political instability. Generally, disruptions often imply the halt of material flow;
therefore, although the occurrence of disruption is rare and unpredictable, it is often
quite damaging and destructive.

In this point of view, researches about implementing strategies for mitigating disruption

13



risks become more and more. According to Tang (2005), the property that should be

included in mitigation strategies is “Resiliency”, meaning the capability to enable a firm

to sustain its operation during a major disruption and recover quickly after a major

disruption. Besides, Kleindorfer and Saad (2005) give us a clear outline about how to

manage disruption risk. They bring out the three tasks as the foundation of disruption

risk management, which are: Specifying sources of risk and vulnerabilities, Assessment

and Mitigation (SAM). SAM can be briefly explained by steps like understanding the

nature of risks, quantifying them, and then, from the result of risk assessment,

integrating appropriate management policies to achieve mitigation. Practical strategies

to mitigate disruption risks are introduced in Chopra and Sodhi (2004). They consider

the best mitigation strategies against disruption risks are (1) adding inventory and (2)

having redundant suppliers. These two strategies are proactive approaches to prevent

companies from serious damage resulted from supply chain disruptions. There are two

reasons to support the strategy of building inventory according to Chopra and Sodhi

(2004). First, building inventory does make sense if the disruption can be predicted with

reasonable confidence. For example, if companies have learned the impending labor

strike beforehand, they can selectively build up inventories so when supply is disrupted

as predicted, damage can be minimized by the extra inventory. Second, stockpiling

inventory as a hedge against disruption also makes sense for commodity products with

14



low holding costs and no danger of obsolescence. The large petroleum reserve kept by
the United States is a perfect example of this strategy. As for products with high holding
costs and/or a high rate of obsolescence, according to Chopra and Sodhi (2004), using
redundant suppliers is a better strategy. Motorola Inc., for instance, buys many of its
handset components from multiple vendors. In addition, companies can lower the cost
of redundancy by using multiple suppliers for high-volume products and single sourcing
for low-volume products. This approach helps the company lower the risk of disruption
while preserving economies of scale at its suppliers. Chopra and Sodhi (2004) also
suggest that companies can tailor their response to disruption risk by considering the
cost of reserve and product volumes. Table 2.3 shows the tailoring reserves for

disruption risk mitigation.

Table 2.3 Tailored strategies for mitigation approach

Mitigation Approach Tailored Strategies

® Decentralize inventory of predictable,
lower-value products.

® Centralize inventory of less predictable,
higher-value products.

Increase Inventory

® Favor more redundant supply for
high-volume products, less redundancy for

Acquire Redundant Suppliers low-volume products.

® Centralize redundancy for low-volume
products in a few flexible suppliers.

(Source: Chopra and Sodhi, 2004)

As reported in Kunreuther (1976), many managers tend to ignore possible events that

15



are very unlikely. Thus, companies usually tend to underestimate disruption risk in the
absence of accurate supply chain risk recognition. However, through our introduction
about disruption risk, this study can believe that the key point for companies to thrive is
to find effective strategies to mitigate the risks of supply chain disruption. Since
inventory and redundant suppliers are suggested appropriate approaches to cope with
disruption risks, this study is continuing to introduce the literatures about these two

topics in next two sections.

2.3 Safety stock

The concept of safety stock is often mentioned in inventory management. The
definition in Operations Management (2007) of safety stock is that it is stock which is
held in excess of expected demand due to variable demand rate and/or lead time.
Another definition of safety stock on BusinessDictionary.com is the inventory held as
buffer against mismatch between forecasted and actual consumption or demand,
between expected and actual delivery time, and unforeseen emergencies. And it also
mentions that safety stock can be called as reserve inventory. According to Stadtler and
Kilger (2007), safety stock has to protect against uncertainty which may arise from
internal processes like production lead time, from unknown customer demand and from

uncertain supplier lead times. They mention that the main drivers for the safety stock
16



level are production and transport disruptions, forecasting errors, and lead time
variations. And the benefit of safety stock is that it allows quick customer service and
avoids lost sales, emergency shipments, and the loss of good will. Furthermore, safety
stock for raw materials enables smoother flow of goods in the production process and
avoids disruptions due to stock-outs at the raw material level. Besides the uncertainty
mentioned above the main driver of safety stock is the length of the lead time
(production or procurement), which is necessary to replenish the stock.

Lots of researches have been done to calculate the optimal safety stock level while
considering lead time and demand deviation. One of the most widely accepted methods
of calculating safety stock uses the statistical model of standard deviations of a normal
distribution of numbers to determine probability. This statistical tool has proven to be
very effective in determining optimal safety stock levels in a variety of environments.
Two policies are often introduced in operations management textbooks, which are
continuous-review policy and periodic-review policy. In Operations Management
(2013), the mathematical models for these two policies are as following:
® Safety Stock in Continuous-Review Policy = ZogvVL (Z means service factor

which used as a multiplier with the standard deviation to calculate a specific
quantity to meet the specified service level.; 64 means the standard deviation of

demand; L means the fixed lead time).

17



® Safety Stock in Periodic-Review Policy = ZogvP + L (P means predetermined
time which is also the reorder period; P + L represents the protection interval,
which is the period over which safety stock must protect the user from running out
when there are customer demands).

Graves and Willems (2000) also provide a method to optimize safety stock size. They
use periodic-review policy to decide how to place safety stocks across the supply chain
to provide 100% service for the assumed bounded demand with the least inventory
holding cost. In their single-stage model, they represent safety stock as the expected
inventory, which depends on the net replenishment time and the demand bound. They
also show multi-stage model and algorithm for spanning tree, and then, conclude this
research at giving an application in a real world company. In addition, Qi, Shen and
Snyder (2009) use continuous-review policy to decide the optimal safety stock level
when under supplier disruptions. They find that (1) when the supplier is always
available and the downstream retailer is sometimes disrupted, there is no need to hold
safety stock at the retailer. (2) If the retailer is never disrupted but the supplier is
sometimes unavailable, the retailer should hold safety stock, and the safety stock level
should increase as the availability of the supplier decreases. This point of view supports
the concept of using safety stock to avoid the disruptions from upstream suppliers and

also gives us a reason to adopt safety stock as a mitigation strategy.

18



In conclusion, there is a large variety of methodological approaches regarding the
inventory management processes with disruption risks. Safety stock is one of these
approaches. It provides the benefit of protection whether under normal demand
fluctuation or emergency disruption situation. Therefore, in our research, we are hoping
by adopting safety stock to our model, this study can create the most useful model for

decision makers to use when making their supply chain plans.

2.4 Backup supplier

The concept of backup supplier is derived from multiple sourcing strategies. Several
researches have proven that multiple sourcing strategies can create benefits when
disruption happens, for instance, Burke, Carrillo and Vakharia (2006) and Pochard
(2003). According to Gurnani, Mehrotra and Ray (2011), they describe backup supplier
like this: Rather than routinely source from multiple suppliers, a firm might instead
single source under normal circumstances but rely on an emergency backup supplier in
the event of a disruption to its primary supplier. If the emergency backup can respond
rapidly when called upon, then an adequate flow of material can be maintained. They
also mention that an effective backup sourcing requires proactive planning, and, if
necessary, the firm should work to outline better plans to provide backups for certain

critical facilities to prevent backups from disruption risk.
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Lots of researches about backup supplier investigate the usage of contract. Hou, Zeng

and Zhao (2010) use buy-back contract to decide the optimal order quantity to backup

supplier and the value of using backup supplier. Saghafian and Van Oyen (2011) use

option contract to determine the advance capacity investment/reservation level with a

flexible backup supplier and the inventory ordering policy of the underlying products

from both primary and backup suppliers. And in this research, they also give us a clue

about how important it is to have flexible backup suppliers to use. They investigate the

value of implementing flexibility in the backup system showing that contracting with a

single flexible backup supplier is better rather than contracting with two inflexible ones.

Their study show an average cost reduction of 36%, so flexibility can indeed be highly

beneficial; furthermore, it becomes more beneficial as the backup premium increases.

Kouvelis and Li (2008) also consider the same point of view. They show that companies

should consider the emergency order like this: the later the delivery of the original order,

the higher the possibility of using the flexible backup supply. The flexible backup

supply is used only when the delivery of the original order is “late” enough. Therefore,

from previous researches, this study finds out that not only the contract is important, but

also the flexibility, which can be response time and emergency capacity.

For response time, Gurnani, Mehrotra and Ray (2011) show that the backup strategy

profit exhibits increasing returns to response time reductions; that is, the incremental
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benefit to reducing response time is higher the faster the response time. Furthermore,

the nature of the disruption (short-frequent or long-rare) plays a crucial role. The profit

falls off rapidly in the case of short-frequent disruption; if the emergency supplier

cannot respond very quickly then the backup strategy is not effective at mitigating

short-frequent disruptions. The profit falls off much more slowly in the case of long-rare

disruptions; therefore, there may be a tradeoff between cost, response time and capacity.

In the case of long-rare disruptions it may make sense to sacrifice some response time to

gain on the other dimensions. Besides, Schmitt (2011) also use response time to be a

parameter of backup supplier and use it as a variable in model to decide the expected

service level.

As for emergency capacity, Gurnani, Mehrotra and Ray (2011) also show that the

profit of a company increases gradually as its emergency capacity of backup supplier

increases. The amount of available capacity from backup supplier is a crucial factor to

company’s profit. Hence, ensuring additional capacity at an external backup source is

very important; however, this might require the firm to pay an ongoing fee to reserve a

desired level emergency capacity or to contract with multiple suppliers to provide

enough backup capacity. In addition, the nature of the disruption also plays a significant

role in here. For short-frequent disruptions, the profit is somewhat insensitive to

capacity when the response time is long. On the other hand, in the case of rare-long
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disruptions, the profit increases significantly in capacity even at these longer response

times. Therefore, there is a tradeoff between these two flexible factors. If the firm needs

short response time, it may face lack of available capacity and vice versa. Thus, simply

speaking, when decision makers have to select backup supplier, they can depend on the

nature of their possible disruption to deicide the properest backup supplier. For example,

response time is a crucial concern for short-frequent disruptions whereas emergency

capacity is important for long-rare disruptions.

From these researches, this study notices that response time and emergency capacity

play crucial roles in backup supplier strategy; however, in our research, this study will

assume our backup supplier is completely flexible, which means it can response quickly

to our requirements and always has abundant capacity for us to use, and will not discuss

specific details about response time and emergency capacity further in order to simplify

the model, but this study suggests that the later research can base on our model and add

these two factors to make this model more sophisticated and realistic.

To summarize, supplier diversification and backup sourcing offer alternatives to

stockpiling inventory as a means of mitigating disruption risks. By adopting backup

supplier strategy, decision makers do not have to stock extra inventory and carry the

holding cost. Therefore, this study will use both backup supplier and safety stock in our

model and to see which should be adopted more when under different situations.

22



Chapter 3 Combination of Mitigation Methods

In order to deal with unpredictable supply chain disruption problems, lots of
researches have proposed some solutions such as adding inventory and having backup
suppliers (Chopra and Sodhi, 2004). In addition, many other literatures discuss this
topic with various settings. Our research is based on stochastic continuous-review
model (Hillier and Lieberman, 2001), focusing on the benefit providing from
proactively applying safety stock and backup supplier mitigation strategies before
disruptions happen and investigating the adopting proportion of these two mitigation
strategies under different scenarios. In first section, this study will define the problem of
this thesis and then introducing our research method and purposes. In second section,
this study will introduce some assumptions that help our model more easily to be
understood. The last segment will show some notations which will be used in
mathematical model and then presenting mathematical model for downstream

companies who want to prepare for possible supply chain disruption in advance.

3.1 Problem Definition, Research Method and Purpose

3.1.1 Problem Definition

Our model considers with a disruption risk existing in a two-echelon supply chain
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retailer (which means manufacturer-retailer). In this two-echelon supply chain, the
manufacturer, which is also a primary supplier, is vulnerable to its environment and thus,
the order quantities of retailer may be affected by any possible disruption risk of this
primary supplier. If a possible disruptive event really occurs, there may only a
proportion of order quantities can be delivered on time or none of order quantities can
be delivered at all. Hence, in our research, this study wants to find out when a retailer is
under this circumstance, what the best policy for a retailer will be to organize its

mitigation strategies so as to prepare for disruption risk at lowest cost in advance.
3.1.2 Research Method

Our research uses probability expected value method to form the model. In
probability theory, the expected value of a random variable is intuitively the long-run
average value of repetitions of the experiment it represents. The expected value can be
shown as discrete random variable type and continuous random variable type in
mathematical expressions. These two types of expected value computation methods are
shown below:
€ When x; is a discrete random variable with probability p;, computation of the

expected value is

E=in*l?i

1
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X means the resulting value of an event and p means the probability of resulting in
X, which usually ranges from 0 to 1 and can be shown as P ~(0,1).
€ When x; is a continuous random variable and its probability distribution admits a
probability density function f(x), computation of the expected value is
E= fxf(x) dx
In our research, this study applies discrete random variable type of expected value
computation method to find out what the best solution of proportions of safety stock and
backup supplier will be so as to achieve the goal of a retailer, which is to have the

lowest expected working inventory cost.
3.1.3 Research Purpose

Our purpose of doing this research is to provide an idea of combining different supply
chain disruption mitigation strategies together and show that by using this combination
strategy, companies can obtain their optimal results. Therefore, this study uses
mathematical modeling method to find out the optimal proportions of safety stock and
backup supplier when a retailer is under uncertain time of disruption and uncertain
available share of order quantities and, meanwhile, also achieves a goal of the lowest

working inventory cost.
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3.2 Basic Assumptions

In our model, this study considers a retailer who has two upstream manufacturers,
one of these is the primary supplier and the other one is the backup supplier. Two
suppliers and one retailer form a two-echelon supply chain system. In addition, our
timeline is one year; thus, this study computes yearly working inventory cost.

In this kind of two-echelon supply chain system, this study wants to understand when
uncertain time of disruption and uncertain available share of order quantities exist, what
is the optimal proportions of safety stock and backup supplier that a retailer will choose.
Is more proportion of safety stock better or more proportion of order quantity from
backup supplier is better.

In order to simplify the model, this study applies some assumptions as below:

(1) This retailer opens 365 days a year, which also means this retailer works every day
and receives demands every day.

(2) There is only one product in this model.

(3) The inventory level is under continuous review policy, also known as (Q, R) policy,
so its current value always is known.

(4) The retailer uses traditional EOQ model to decide its (Q, R) policy.

(5) Only the primary supplier has lead time, and the lead time is fixed.

(6) The backup supplier does not have lead time, and its capacity can afford retailer’s
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regular order quantity, which means retailer can receive its order quantities as long
as the order quantities do not exceed its regular order quantity.

(7) The demand for withdrawing units from inventory to sell them is uncertain.
However, the probability distribution of demand is known as normal distribution
and can be shown as N~(u, 62).

(8) If a stockout occurs before the order is received, the excess demand is backlogged,
so that the backorders are filled once the order arrives. When a stockout occurs, a
fixed shortage cost is incurred for each unit backordered.

(9) Afixed setup cost is incurred each time an order is placed.

(10) A certain holding cost is incurred for each unit in inventory per day.

(11) Each unit of product has fixed procurement cost, and the retailer only has to pay
the procurement cost of received quantities.

(12) The procurement cost of backup supplier is always more expensive than the
procurement cost of primary supplier.

(13) The probability distribution of occurring disruption in primary supplier is a
uniform distribution, and will only occur once in a year and will not occur
continuously to next inventory cycle.

(14) The inventory level starts from regular order quantity plus original safety stock in

the beginning of a year.
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3.3 Model Development

3.3.1 Notations

This study introduces some notations that will be used in our model as below:

Notation | Meaning

K Fixed setup cost per order for both suppliers

Cp Procurement cost per unit, including transportation cost, from primary
supplier

Cy Procurement cost per unit, including transportation cost, from backup
supplier, and C,<C,

h Holding cost per unit per day held in inventory

p Shortage cost per unit of unsatisfied demand

D Total yearly demand

d Random demand per day, assumed to be Normal with mean p, and
variance o2, which is shown as N~(u,c?)

L Lead time of primary supplier

u The sum of demand during lead time, as a random variable with mean
uL, variance oL and probability density function 2, (u)

Q Regular order quantity for primary supplier, Q =\/¥\/¥

0 Proportion of unavailable order quantities that is going to order from
backup supplier, ranging from 0~1. As a decision variable.

1-6 Proportion of unavailable order quantities that is going to use
additional safety stock, ranging from 0~1

w; Random disruption level of primary supplier, ranging from 0-~1.

Assumed to be Normal with 3 different mean =; (i= 1,2,3) standing
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for 3 risk preference levels, which are risk seeking, risk neutral and risk

avoidance respectively, and m,>m,>m,, variance s?

a Desired service level
Z, Normal distribution service factor based on desired service level
N Number of cycles during a year, N= g
J The cycle that a disruption occurs
R, Reorder point at regular situation, R,=uL+ Z,0vVL+(1 — 8)w;Q
Z, Standard score based on R,,
_ Ry—uL _ pL+ ZaoVL+(1-0)w;Q—uL _ 7 4 (1-8)w;Q

LN oVL I oVL

Ry Reorder point after a disruption occurs at primary supplier,

Ry=uL+ Z,0VL

3.3.2 Disruptive two-echelon supply chain system

market demand from customers. The retailer faces end market demand and has to place
orders to its primary supplier regularly. When a disruption occurs to primary supply
chain, primary supplier’s delivery will not 100% fulfill the regular order quantity of
retailer, which means only (1 —w;)Q can be delivered to retailer and the rest of

unavailable order quantity w;Q will be ordered from backup supplier or use reserved

In our model, there are three characters, which are two suppliers, a retailer and

additional safety stock to fulfill the total order quantity Q.

This study shows the system of our model as below:
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€ Regular situation

Q
Primary E— —» Market
Retailer
Supplier *--e- Q ““““ € Demand

— Physical flow

------- » Information flow

Figure 3.1 Regular situation of two-echelon supply chain network

€ When a disruption occurs

Primary
Supplier

Q > Market
Retailer
0w,Q . DU Demand
Backup 4 bw:Q (1-0)w;Q
Supplier t
Additional
Safety Stock — Physical flow

------ » Information flow

Figure 3.2 Disruptive situation of two-echelon supply chain network

From these two figures above, we can understand that when there is no disruption
happens, the flow of entire system is very simple; however, when a disruption occurs,
the entire system will become more complex. The retailer has to order the unavailable
order quantities from backup supplier to fulfill the rest of regular order quantity. In
addition, because our model’s intention is to provide a proactive strategy that can help
decision makers find out their best policy of additional safety stock and order quantity

from backup supplier in advance, this study has to decide the proportion of ordering
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from backup supplier 6 and the proportion of using reserved additional safety stock (1-6)
in advance before a disruption really happens. Therefore, when a disruption actually
occurs, decision makers can follow their predetermined policy of proportions of these
two mitigation strategies to place an order quantity to their backup supplier with the

lowest cost in working inventory of supply chain.
3.3.3 The expected cost of retailer

According to the explanation of former section, we can understand that there will be
two situations of cost structure in our model. One is ordering from primary supplier of
quantity Q as usual; the other one is ordering a partial unavailable quantity from backup
supplier and using reserved additional safety stock to fulfill the rest of regular order
quantity Q. Before presenting our model, this study wants to show the inventory policy
at the retailer first to see how inventory level changes under different situations. In order
to simplify the model, this study sets cycle length % as expected cycle length % and
will use the expected cycle length % in our mathematical model development.

In Figure 3.3, this study can notice that the inventory level with mitigation strategies
is higher than the inventory level in normal situation that is because this study uses
additional safety stock as a mitigation strategy. In consequence, our inventory level

under this situation will be much higher and with extra holding cost of those additional
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safety stocks, which implies this extra holding cost might be a consideration of our

model when deciding the optimal inventory policy.

Inventory Level

Order quantity

Additional
safety stock

Order quantity

=

SPS)

\

Disruption
at primary
supplier

=|Q

i Time

Inventory level with
mitigation strategies

Normal situation of
inventory level

Figure 3.3 Inventory policy at the retailer with cycle length %

Furthermore, from Figure 3.3, this study can also observe that there is a difference in

inventory level after a disruption occurs. Before a disruption, the retailer can order from

primary supplier at order quantity Q, and at the same time, will also reserve additional

safety stock(1 — 6)w;Q in order to prepare for a sudden disruption at primary supplier.

In our model, because this study uses traditional EOQ model to compute order quantity

Q and reorder point R, our original safety stock can be computed as Z, /L. Hence, the

inventory level before a disruption occurs can be shown as %+ Z,0VL + (1 — 0)w;Q.
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On the other hand, because when a disruption happens at primary supplier, it will not
affect the inventory level that is already held by retailer; it will only influence the
inventory level on next cycle, this study can ensure that even though a disruption occurs
at a particular cycle, the inventory level of that cycle will still be §+Za0\/f+
(1 —-6)w;Q. Only the cycles after a disruption will have different inventory level.
Because for those cycles after a disruption, according to our assumptions, they will not
encounter any disruption again during the same year, they do not have to reserve any
additional safety stock which means their inventory level can return to normal
situation % + Z,0VL.

Based on our previous illustration, this study can introduce our model which will
result in the best solution of inventory policy. Our model uses working inventory cost as
our objective function. Working inventory cost consists of three types of cost, which are
ordering cost, holding cost and shortage cost, respectively. (Qi, Shen & Snyder, 2009)
€ Ordering cost

Ordering cost includes setup cost and procurement cost. In our model, the ordering
cost will be different under various situations. The ordering cost per cycle before a
disruption happens, which means retailer can place an order Q to primary supplier, will
be K +C,Q. When a disruption occurs at one particular cycle, the ordering cost from

primary supplier will be (Q-w;Q) C,+K. In addition, because when under a disruption,
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the retailer will have to order proportion of unavailable order quantity w;Q from backup
supplier, the ordering cost from backup supplier will be 6w;QC,+K. The important
thing here is that because this study assumes the inventory level starts from
Q+ Z, oL, this study has to order additional safety stock at the beginning of year,
whose ordering cost will be (1 — 8)w;QC,+K.
€ Holding cost

Since this study has introduced the inventory level under different situations

previously, this study can now conclude that the holding cost per cycle before a

Za oVLQh + (1-8)w;hQ?
I u '

2
disruption occurs and at a disruptive cycle will be QZ—: +

On the other hand, the holding cost per cycle after a disruptive cycle will be

Q%*h | ZaovVLQh
2u b

€ Shortage cost

Shortage cost can also be different when under various situations. Before a disruption
happens, the retailer will place an order at reorder point R,., because the additional
safety stock can also be used to compensate demand and be fulfilled again once the
order quantity Q arrives. Therefore, the shortage cost per cycle before a disruption
occurs will be pf;:(u — R,) 02, (u)du. When a disruption occurs at a particular cycle,
the reorder point will change to R;, because retailer has to keep additional safety stock

on hand to fulfill proportion of unavailable order quantity that will not be satisfied by
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backup supplier. Under this circumstance, the reserved additional safety stock cannot be
used to compensate lead time demand. Thus, the shortage cost at a disruptive cycle will
be prOZ(u — Ry) 2, (u)du. After this disruptive cycle, the retailer can return to its
normal situation which means its reorder point will be at R;. Therefore, the shortage
cost per cycle after a disruption occurs will also be prOZ(u — Ry) 2, (uw)du.

In conclusion, the objective function of working inventory cost will be additional
safety stock ordering cost at the beginning of year+ working inventory cost before a
disruption occurs+ working inventory cost at a disruptive cycle+ working inventory cost

after a disruption occurs.

2
C(e)=(1—9)wchp+1<+1<(/—1)+ch(/—1)+02—;(1—1)
— . 2
+ZC{G—MU_1)+MU_1)
T u
+p(G -1 | wW-R)2(wdu+ (Q—-w;Q)C,+K+0w;QC, +K
Ry
2 _ N2 0
42 h+ ZO(m/ZQh+(1 blawhq +p | (u—Ry) 2, (w)du
2p u u Ry
2h Za oLQh
FRO =)+ GO =) + T2 =) + =2 (= )
+p(N—=)) | (u—Rg) 2, (wW)du (1)
Rg

In our model, 2,(u) obeys N~(uL,c?L), and according to normal distribution
characteristics, we can show that

[ @R 0,000 = V(2 - 2,0 - 0z )]

r
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and

- R) 0, = VI (2) = 21~ P(2)

d

Y(.) stands for standard normal probability density function, which can be presented as
Y(Z) = \/%_ne_zz_z’ and @(.) stands for standard normal cumulative distribution function,
which can be presented as @(2) = f_Zool/J(t)dt. Therefore, formula (1) can also be

written as below

2
c(0) = (1—9)wchp+K+K(/—1)+CpQ(j—1)+QZ—:(j—1)
N Za a;/th(]__ H+ (1- eiwihQZ (-1

+p( — DoVLlY(Z,) — Z,(1 — 2(Z)] + (Q — 0;Q)C, + K

Q2h N Za oVLQh N (1 - 0)w;hQ?

6w,QC, + K
+ 0w;QC, + Ly p p

+poVLIY(Ze) — Za(1 = @(Z)] + K(N = ) + G,Q(N = )
Q2h . ZaoVLOh ,
F o (N =)+ (N =)
I I
+p(N = NoVLY(Ze) — Zo(1 — D(Za))] (2)
According to our assumption, because the probability distribution of occurring
disruption in primary supplier is a uniform distribution, based on uniform distribution
characterization, our expected value of working inventory cost will be the working

inventory cost of a disruption at first cycle 1 plus the working inventory cost of a

disruption at last cycle N, and then dividing by 2. Thus, this can be shown as below:

C@)atj=1+CB)atj=N

C(0) =E[C(0,2)] = 5
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this study will use this characterization to compute the expected value of working
inventory cost and then using this expected value to find out the optimal policy of 6.

Furthermore, because our model is for proactive mitigation strategy, this study
assumes that each decision maker at retailer level will have their own expected
disruption level for their primary supplier. Hence, this study will use the expected
disruption level m; to replace random disruption level w; to simplify the computation
of the expected value of working inventory cost.

When j =1, C(8) will be

Q%h  ZaoVLOQh
_|_
2p U

CO)=01A-0)mQC, + K+ (Q —mQ)C, + K+ 0m;QCp + K +

J— . 2
+ % + pO'\/Z[l/J(Za) —Zy(1 - Q)(Za))] +KN -1)

vootv—1 + Loy ¢ LoVl oy
2p u
+p(N = DoVL[Y(Zy) — Zo(1 = (Z,))] 3)

and when j = N, C(6) will be

2
C(0) = 1 - 0)mQC, + K + K(N — 1) + C,Q(N — 1) +QZ_“h(N_ 1)
+Zaa—\/ZQh(N_1)+w(N_l)

+p(N —DoVL[Y(Z,) — Z,(1 — P(Z)] + (Q —mQ)C, + K

Q*h  ZaovVLQh (1—0)mhQ?
+ +
2p U [t

+0m;0C, + K +

+paVLY(Z,) — Zy(1 — @(Z,))] (4)
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Therefore, the expected value E[C(6,Z)] will be

2 _ 12
Q hN+ Za aﬁth\H_ (1 — 0)m;hQ

BICO, ] = . o N+ D+ KN +2K + C,0N
N-—-1 L
PO D7) 2,1 02,0 - 6maC, + 6mG,
N+1 L
PO DN ) - 2,0 - 0@ ) ©)

3.3.4 Differential of the expected working inventory cost

In the section, in order to obtain the optimal solution, this study will use our decision
variable 6 to do first differential and second differential to the expected value of
working inventory cost E[C(8,Z)] to find the lowest working inventory cost.

Among formula (5), there is Y(Z,) — Z,.[1 — ®(Z,)], and its first differential at 6

will be, according to the Chain Rule

a0 llj(Zr) - Zr[]- - (p(Zr)] _ d l/)(Zr) - Zr[]- - (p(Zr)] 0 Zr _ _T[iQ
26 - a7, a0~ [PE) 1 ovVL

Therefore, the first differential of E[C(6,Z)] at 6 will be

0E[C(6,Z2)]  mhQ*N mhQ®  pmQ(1—N) pm;Q(1 —N)
a0 2z 2 ) - ™G
+ m;:QCp (6)

Let the first differential % = 0 to obtain the optimal solution of ®(Z,)
Qh(N+1) p(N-1)

®(Z,) = (7)

p(N —1)
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thus,

2(cy - ¢, - QYLD L POV 1)

p(N —1)

Z, =@ 1 (8)

Qh(N+1) p(N-1)
R e e

p(N-1)

2
and in order to simplify, let @1 l )l = f3; furthermore, because

_ (1-8)w;Q
Z,=Z,+ o Wwecan understand that

- _Qh(N+1)  pN-— 1))
;7 +(1—9)niQ:¢_12(Cb b w7 )|,
e oVL p(N—1)
Hence, this study can obtain 8 as
Z L L
g = ZaVL_FoVL )

T;Q T;Q

And then doing the second differential of E[C(0,Z)] at 6

92 E[C(6,2)] 0 [JE[C(,2)]
a6z 96| a6 l

_ Tl.'l'h.QzN _ T[ihQZ

9 2u 2u

+ pniQ(Zl =) ?(Zy) — —pniQ(zl = _ QG + QG
00

According to the Chain Rule, we know that

d (D(Zr) _ 0 ¢(Zr) 0Z, _ —1;Q
a0 9z, 06 =) VL
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Therefore, the second differential of E[C(6,Z)] at 6 will be

02 E[C(6,2)] _ pmQ*(N = 1)
d 92 N 20'\/Z

Y(Z;) >0 (10)

Because N > 1 and probability density function y(Z,) is always positive, the second

differential of E[C(0,Z)] at 6 will always be positive, too. This shows that the

function of working inventory cost C(6) = E[C(6,Z)] is a convex function. Hence,

the solution from the first differential is the optimal solution that can let working

inventory cost be minimum.

There is something very important that this study should be noticed in here. Although

this study has already successfully obtain the optimal solution of decision variable 8,

there is a constraint for us to gain this result, which is @(Z,) should smaller than or

equal to 1. Thus, formula (7) should have a constraint as

P(Zy) = <1
@) (V1D
and then this study can obtain the result that
Qh(N +1)
2(¢c, - Cp) ST (11)

This result shows that there is a relationship between the price difference in two

suppliers C, — C,, and the holding cost per unit h. This kind of relationship means that
the retailer who will want to apply our model as its mitigation strategy is definitely has

quite an amount on its holding cost per unit. This relatively huge holding cost will cause
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retailer to consider of applying backup supplier to become its mitigation strategy as well.
Because if the holding cost is very small, retailer can have the lowest inventory cost by
just reserving more additional safety stock and do not need to use backup supplier as its
second mitigation strategy. This conclusion will affect our numerical analysis when this
study tries to provide some parameters for C,, C, and h. Therefore, this study should
pay attention to this relationship in Chapter 4.

In conclusion, this study can use formula (9) to understand when the retailer is under
different expected disruption levels, which may be influenced by decision maker’s risk
preference level, what will be the optimal policy of proportions of backup supplier and
additional safety stock. In next chapter, this study will do numerical analysis that will

apply actual data to make this model more comprehensible.
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Chapter 4 Numerical Analysis

The intention of our mathematical model is to provide guidance for downstream
decision maker, which in our case is the retailer, to find out the optimal policy of their
supply chain disruption mitigation strategies with the lowest cost.

In order to analyze our model, this study uses the most broadly used software —
EXCEL to compute all data analysis. Although EXCEL is the simplest software when
running a numerical analysis, this is exactly the reason why this study uses this software
to run our numerical analysis. Because EXCEL is one of the most commonly used
software and the simplest software in industry, this study can ensure that our model can
be used by decision makers smoothly and without any difficulty.

To solve our mathematical model, this study gives the model some real parameters.
Although these parameters are dummy, this study should not be rigid in these numbers
because these parameters are just intended to provide reference for decision makers
when they are going to find the optimal solution.

This study shows some parameters on the character of retailer and these parameters

are shown below in Table 4.1. Any parameter that involves with cost is in US dollar.

Table 4.1 The parameter settings for retailer

Parameter Value Parameter Value

K $20/order U 30 unit/day
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Cp $6/unit o’ 25 unit/day
Cp $8/unit L 5 day

h $0.03unit/day a 0.95

p $10/unit Z, 1.645

And then this study can use Table 4.1 to compute other parameters that this study

needs, we present these parameters with formulas in Table 4.2.

Table 4.2 Other parameter settings for retailer

Parameter Formula and Value

D = p* 365 = 30 * 365 =10950 unit/year

ulL = pux* L =30 x5 =150 unit

oVL =g *+vL =5 x+/5 =11.18 unit

Q _ [2uK [pth _ [2x30%20 [10+0.03 _ .
= | = 503 n =200.3 unit

N _ D _ 10950 _
=7 = 2003 =54.67 cycle/year

Although this study has introduced all these parameters above, this study should
notice that, as this study mentioned previously, there is a relationship between price
difference of two suppliers C, — C, and holding cost per unit h. Therefore, when this
study applies numbers on these three costs, this study should follow formula (11), which
is an inequality between C, — C, and h. This study shows the relationship between

these two parameters in Figure 4.1.
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Figure 4.1 Relationship of price difference of two suppliers and holding cost

From Figure 4.1, this study can understand that as the holding cost h increases, the
range of price difference will increase as well. This relationship can be roughly
presented as a linear function C, — C, = 183.02h + 0.0845. Hence, if retailer’s
holding cost is relatively more expensive, its acceptable range for price difference
between two suppliers will also be relatively wide, and after knowing this result, retailer
can depend on it to find its reasonable procurement cost of backup supplier.

In real world, the retailer is definitely aware of its holding cost per unit per unit time
and its procurement cost per unit from primary supplier, so retailer can use formula (11)
to find out its reasonable price range of the potential backup supplier. For instance, in
our case, because this study knows that the holding cost h is $0.03 unit/day, the

reasonable price difference range between two suppliers will be $5.57. Furthermore,
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because this study sets procurement cost of primary supplier to be $6/unit, we can know
that our reasonable procurement cost range of potential backup supplier must be smaller
than $11.57. Furthermore, logically speaking, the price of backup supplier should not be
cheaper than primary supplier; otherwise retailer will change backup supplier as its
primary supplier. Hence, the price range of the potential backup supplier should be from
$6 to $11.57 per unit. And this study chooses $8 to be the parameter of procurement
cost of backup supplier. This study will discuss this relationship further in sensitivity

analysis.

4.1 Numerical Example

In this section, this study will use parameters above to simply run our model and
show the results of our decision variable 6.

As this study mentioned in Chapter 3, because each retailer is probably aware of its
primary supplier’s possible disruption level, this study will apply three different
expected disruption levels respectively to represent what three different risk preference
level of decision makers are going to encounter. This study shows the expected

disruption level for each risk preference level respectively in Table 4.3.
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Table 4.3 The expected disruption level for each risk preference level

Although all parameters above are the same to these three different risk preference

Risk preference level

Expected disruption level

Risk seeking 80%
Risk neutral 50%
Risk avoidance 10%

levels, this study assumes that for risk seeking retailer, its primary supplier is much

more unreliable than risk avoidance retailer. Because this kind of retailer finds its

primary supplier without any extra effort and without any serious check, the risk

seeking retailer will be more vulnerable at primary supplier than risk avoidance retailer.

This study puts all parameters above in our mathematical model, and we can get our

optimal solution of decision variable and expected working inventory cost under

different expected disruption level. The result is in Table 4.4.

Table 4.4 The optimal solution under different expected disruption level

Expected Proportion of Proportion of Expected cost
disruption level backup supplier | additional safety stock (US$)
80% 0.960 0.04 $68,553.7
50% 0.936 0.064 $68,433.5
10% 0.681 0.319 $68,273.3
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Figure 4.2 The optimal solution under different expected disruption level

From Table 4.4 and Figure 4.2, we can know that as possible disruption level
decreases, the proportion of ordering from backup supplier is also decreasing as well as
expected working inventory cost. The decreasing of expected cost is predictable because
most of order quantity can be ordered from much cheaper primary supplier, but the
results of our decision variable are very interesting. As possible disruption level
decreases, the proportion of ordering from backup supplier & decreases, which means
the proportion of reserving additional safety stock 1-6 increases. In Table 4.1, as
expected disruption level decreases 87.5% (%{ZO% * 100%), from 80% to 10%, the

proportion that retailer should use backup supplier to fulfill unavailable order quantity

of primary supplier also decreases 29.1% (M

* 100%) and the proportion of

additional safety stock increases 7 times (—0'319"0'04

* 100%) from 0.04. Therefore, this
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study can conclude that when a downstream firm can ensure its possible disruption level

of primary supplier is small, it should distribute more proportion at additional safety

stock and do not have to count entirely on backup supplier. Besides, this result is

reasonable because if the decision maker is risk avoidance, he/she will definitely want

to have more parts of possible unavailable order quantity under his/her control, which

can be applied in the form of reserving additional safety stock, this model can ensure

retailers get their optimal solutions based on their characteristics.

4.2 \ferification of the Model

In this section, this study wants to verify our model to see whether the decision

variable & is truly the optimal solution with the lowest working inventory cost. This

study will also use parameters presented above and apply trial and error method to find

out the optimal solution of 4. As for disruption level, in here, this study will just use

80% as a parameter of expected disruption level to simplify the verification.

To verify our model, this study puts all parameters into the objective function and

then putting numbers on 6 from 0 to 1, which can also give us numbers that are related

to 6. After that, this study can have the expected working inventory cost of each 6, and

the outcomes are shown in Table 4.5.
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Table 4.5 The analysis of verification by trial and error method

Proportion of Expected cost Difference from the
backup supplier (US$) optimal solution (US$)
0 =0.960 $68,553.7 Optimal Solution
6=0 $69,089.7 $536.0
6 =0.55 $68,774.7 $221.0
0=0.6 $68,746.0 $192.3
6 =0.65 $68,717.4 $163.7
0=0.7 $68,688.7 $135.0
0 =0.75 $68,660.1 $106.4
6=0.8 $68,631.4 $77.7
0 =0.85 $68,602.9 $49.2
6=0.9 $68,575.0 $21.3
0 =0.95 $68,554.7 $0.97
6=1 $68,579.5 $25.8
$69,200 $600
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Figure 4.3 The analysis of verification by trial and error method

From Table 4.5 and Figure 4.3, this study can know that when the expected disruption

level is 80%, the expected cost is in the interval of $68,554 and $69,090. When 6 = 0,
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the expected cost is $69,089.7. Along with the gradually increasing 0, the expected cost
becomes less and less. And then from the point of 0.95, it stars to increase. Hence, this
study can realize that the optimal solution of & should be nearby 0.95. This conclusion
matches the optimal solution of @ that this study found out in last section, which is § =
0.960. Furthermore, because all numbers of 9 above have positive differences from the
expected cost of optimal 4, this study can ensure that when 8 = 0.960, there is the lowest
working inventory cost. Therefore, because the verification of our model, this study can
guarantee that the optimal solution resulting from our model is definitely current and
can obtain the lowest expected working inventory cost, as a consequence, decision
makers can use our model to decide the proportions of their mitigation strategies

without any consideration.

4.3 Sensitivity Analysis

In this section, this study will do sensitivity analyses on some parameters which are
related to the objective function and decision variable. And this study predicts that these
parameters will have influence on both outcomes of objective function and decision
variable. From formula (5) back in Chapter 3, we know that all kinds of cost would
affect the expected cost, the objective function, and from formula (7) and (11), this

study understands that the procurement cost of each supplier C, and Cj,, the holding cost
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h and the shortage cost p would also have influence on decision variable since 6 would
be affected by @(Z,.). Therefore, in this section, this study will use these three kinds of

cost to run sensitivity analysis to see its influence on # and E[C (6, Z)].
4.3.1 Price difference of two suppliers (Cy, — C)

From previous introduction, this study knows that the price difference of two
suppliers would affect both expected cost and decision variable. In addition, as this
study has discussed before when this study tried to put numbers on parameters, because
the price difference of two suppliers has certain relationship with the holding cost, this
study concludes that the price range of backup supplier should be from $6 to $11.57 per
unit. Hence, this study will use this range of price as the procurement cost of backup
supplier C, to run sensitivity analysis of C, — C,. This study will just use 80% as a
parameter of expected disruption level to simplify the analysis. This study shows the

results in Table 4.6 below.

Table 4.6 Sensitivity analysis of price difference of two suppliers

Procurement L Proportion of | Proportion of | Expected
cost of backup Price difference backup additional cost
) from €, (US$) _
supplier (US$) supplier safety stock (US$)
$6 $0 0.973 0.027 $68,243.9
$7 $1 0.967 0.033 $68,399.3
$8 $2 0.960 0.040 $68,553.7
$9 $3 0.951 0.049 $68,706.9
$10 $4 0.939 0.061 $68,858.4
$11 $5 0.915 0.085 $69,007.3
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Figure 4.4 Sensitivity analysis of price difference of two suppliers

From Table 4.6 and Figure 4.4, this study can observe that when the procurement cost

of backup supplier gradually increases, expected working inventory cost will also

increase, which makes sense because the retailer whose backup supplier is more

expensive has to pay more than the retailer who owns cheaper backup supplier. When

the price difference changes from $0 to $5, the expected cost increases

$69,007.3—$68,243.9
$68,243.9

1.12% ( * 100%). As for proportions of backup supplier and additional

safety stock, when the price difference increases from $0 to $5, proportion of backup

supplier decreases 5.96% (M* 100%); on the other hand, under the same
circumstance, proportion of additional safety stock will increase 214.81% (W

100%). This results tell us that when the procurement cost of backup supplier becomes

more and more expensive, the retailer should transfer some of its proportion of
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unavailable order quantity, which used to be ordering from backup supplier, to the

mitigation strategy of reserving additional safety stock, such as our example, the

percentage of using additional safety stock increases more than 2 times. In addition, the

reason why the expected cost only increases 1.12% is exactly because of the transferring

of our using percentage of mitigation strategies. When the procurement cost of backup

supplier becomes more expensive, this study will pre-reserve more parts of unavailable

order quantity on additional safety stock instead of ordering from expensive backup

supplier; thus, thanks to relatively cheaper holding cost of additional safety stock, our

expected cost will not increase drastically.

4.3.2 Holding cost (h)

This study has introduced that the objective function and decision variable will also

be affected by holding cost, so in this section, this study will change the parameter of

holding cost to run the sensitivity analysis and wish to find out some insights. Before

doing sensitivity analysis, this study has to clarify the relationship between the price

difference of two suppliers and the holding cost again. Because according to formula

(11), this study knows that under the circumstance that the price difference of two

suppliers is $2, the holding cost should be larger than $0.011. In addition, because the

decision variable @ could not exceed 1, the holding cost should be smaller than $0.19.
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Therefore, the range of holding cost should be from $0.011 to $0.19. And there is one

thing this study should declare in here is that in this sensitivity analysis, our order

quantity Q will be changed as long as the holding cost changes. The reason why this

study does not fix the quantity of Q is because in our model, Q is predetermined by

holding cost h, the way this study applies Q that follows with h seems to be a more

reasonable choice. Besides, in this analysis, this study will also use 80% as a parameter

of expected disruption level for simplification. Our results are as below in Table 4.7.

Table 4.7 Sensitivity analysis of holding cost

) i Proportion of
Holding cost Proportion of N Expected cost
(US$) backup supplier additional safety (US$)
stock

$0.011 0.928 0.072 $67,710.0
$0.03 0.960 0.040 $68,553.7
$0.05 0.965 0.035 $69,296.6
$0.07 0.969 0.031 $69,945.8
$0.09 0.974 0.026 $70,533.5
$0.10 0.976 0.024 $70,810.0
$0.19 0.998 0.002 $72,974.1
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Figure 4.5 Sensitivity analysis of holding cost

From Table 4.7 and Figure 4.5, this study can observe that as holding cost becomes
expensive gradually, the expected working inventory cost also becomes more and more,
which is reasonable because the retailer whose holding cost is more expensive will have

to spend more on its total cost than the retailer who has cheaper holding cost. When the

$0.19-$0.011

holding cost increases 1627.27%( 30011

« 100%), from $0.011 to $0.19. the

$72,974.1-%$67,710.0
$67,710.0

expected cost increases 7.77%( * 100%), which is not so drastic

compared to the changes of holding cost. As for proportions of backup supplier and
additional safety stock, when the holding cost increases 1627.27%, proportion of

backup supplier increases 7.54% (—0'998‘0'928

* 100%); on the other hand, under the
same circumstance, proportion of additional safety stock decreases

97.22% (0.002—0.072

* 100%). From this result, this study can conclude that when the
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retailer has more expensive holding cost, its proportion of reserving additional safety

stock should be less than the retailer who has cheaper holding cost. Besides, the reason

why the expected cost only increases 7.77% is because of the transferring of these two

mitigation strategies. When holding cost per unit per day becomes more and more

expensive, the relatively cheaper procurement cost of backup supplier will replace

expensive holding cost to become the most parts of mitigation strategy to achieve our

objective function, the lowest working inventory cost. Therefore, as we can see in Table

4.7, when holding cost is $0.19, the proportion of backup supplier is almost nearly

100%; on the other hand, the proportion of additional safety stock is close to 0%, and

under this distribution of mitigation strategies, the expected cost can be the lowest and

will not have a huge difference with the lowest holding cost’s expected cost.

4.3.3 Shortage cost (p)

Shortage cost is also one of parameters that would influence the objective function

and decision variable; thus, in this section, this study will use shortage cost to run

sensitivity analysis. This study will change the value of shortage cost in a certain range

and then to illustrate some insights resulting from this sensitivity analysis. As this study

mentioned before, like the situation of holding cost h, because order quantity Q is also

predetermined by shortage cost p, Q will change along with p when this study does

56



sensitivity analysis in order to present realistic and reasonable situations. Besides,

because the decision variable 0 should smaller than 1, through computation, this study

finds out that the shortage cost should larger than $2.68. Hence, in sensitivity analysis,

this study starts at $2.68 as the shortage cost. As for disruption level, in here, this study

will just use 80% as a parameter of expected disruption level for simplification. This

study shows the results as below in Table 4.8.

Table 4.8 Sensitivity analysis of shortage cost

. Proportion of
Shortage cost Proportion of N Expected cost
(US$) backup supplier additional safety (US$)
stock
$2.68 0.99996 0.00004 $68,487.3
$5 0.980 0.020 $68,511.5
$10 0.960 0.040 $68,553.7
$50 0.920 0.080 $68,834.4
$100 0.905 0.095 $69,167.9
$200 0.891 0.109 $69,826.4
$70,000 B 1
K .
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Figure 4.6 Sensitivity analysis of shortage cost
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From Table 4.8 and Figure 4.6, this study can observe that as shortage cost becomes
more and more expensive gradually, the expected working inventory cost also increases
progressively. This conclusion seems reasonable because the retailer has to pay more on

total cost along with its increasing shortage cost. When the shortage cost increases

$200-%2.68

7362.69% ( e

* 100%), from $2.68 to $200, the expected cost only increases

$69,826.4—$68,487.3
$68,487.3

1.96%( * 100%), which is relatively small amount compared to the
change of shortage cost. As for proportions of backup supplier and additional safety

stock, when the shortage cost increases 7362.69%, proportion of backup supplier

0.891-0.99996
0.99996

decreases 10.9%( * 100%); on the other hand, proportion of additional

0.109-0.00004

* 100%) under the same circumstance.
0.00004

safety stock increases 2724 times (
According to this result, this study can conclude that for the retailer whose shortage cost
is costlier, its proportion of additional safety stock should be more than the retailer who
has cheaper shortage cost. In other words, when shortage cost becomes costlier and
costlier, the retailer should distribute more parts of mitigation strategy on reserving
additional safety stock instead of ordering from backup supplier. This finding sounds
valid because the basic concept of safety stock is to prevent the possibility of stockout.
When we reserve more safety stock, the possibility of stockout can be avoided

automatically; therefore, we do not have to pay any shortage cost as long as we have

prepared enough safety stock to satisfy customer’s requirements. When there is no
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chance to pay any shortage cost, the expected cost will not be affected by shortage cost,

so the result of expected cost will not increase drastically as the change of shortage cost.

4.3.4 Brief summary of sensitivity analysis

In section 4.3, this study has done sensitivity analyses on price difference of two
suppliers C, — C,, holding cost h, and shortage cost p. This study summarizes some
findings below to give clearer ideas about these analyses.

(1) When procurement costs of primary supplier and backup supplier have huge price
difference, retailer should increase the proportion of additional safety stock and
decrease the proportion of backup supplier.

(2) When holding cost is relatively more expensive than other retailers’, the retailer
should decrease the proportion of additional safety stock and increase the
proportion of backup supplier.

(3) When shortage cost is relatively costlier than other costs of retailer, the retailer
should increase the proportion of additional safety stock and decrease the
proportion of backup supplier, so the increasing additional safety stock can

compensate the demands coming from customers.
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4.4 Scenario Analysis

In this section, this study will do scenario analyses about two extreme situations to
see what the distribution of our two mitigation strategies will be when under such
extreme situations. This study wants to see what the objective function and decision
variable will be when the retailer is under 100% disruption level of primary supplier and
extremely small disruption level of primary supplier. Therefore, this study will set w;
equals to 100% and extremely small percent, and then running scenario analyses to see

its influence on @ and E[C (6, Z)].

4.4.1 Completely disruption at primary supplier

In this section, our scenario is that the retailer’s primary supplier is under 100%
disruption level, which means primary supplier cannot deliver any order quantity Q to
retailer at all, so this study will set w; equals 1 and to see what the results of expected
cost, proportion of backup supplier and proportion of additional safety stock will be.

Other parameters are equal to Table 4.1 and Table 4.2. The results are in Table 4.9.

Table 4.9 Scenario analysis under 100% disruption level

Proportion of

Disruption level

Proportion of
backup supplier

additional safety
stock

Expected cost
(US$)

100%

0.968

0.032

$68,633.8

From Table 4.9, this study can understand that when retailer may face 100%

disruption level of its primary supplier, it should distribute most parts of mitigation
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strategy on ordering from backup supplier and just reserve few amount of additional

safety stock as its mitigation strategy. Almost 97% of unavailable order quantity should

order from backup supplier; on the other hand, only 3% of unavailable order quantity

will be compensated by reserved additional safety stock.

4.4.2 Tiny disruption at primary supplier

After understanding the outcomes of totally disruption, this study also wants to run a

scenario analysis on the situation of extremely small disruption. Therefore, our scenario

in this section is that the retailer may face only a tiny disruption level at primary

supplier, and this study wants to find out what the distribution of its mitigation strategies

and expected working inventory cost will be when under this tiny disruption level.

There is one thing important that this study should mention in here is that the purpose of

this model is to find out the optimal distribution of two mitigation strategies; thus, this

study has to make sure that no matter what, our decision variable 6 should always

bigger than 0, and by computation, this study finds out that the disruption level cannot

be smaller than 3.2%, so this study will use 3.5% as disruption level at primary supplier

in our scenario analysis. Other parameters are equal to Table 4.1 and Table 4.2. The

results are shown below in Table 4.10.
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Table 4.10 Scenario analysis under 3.5% disruption level

) Proportion of
i i Proportion of N Expected cost
Disruption level backun suplier additional safety (US9)
P SUpp stock
3.5% 0.088 0.912 $68,247.2

From Table 4.10, this study can understand that when the possible disruption level
which the retailer may face is very small, the retailer should distribute most parts of
mitigation strategy on reserving additional safety stock and just order few amount of
unavailable order quantity from backup supplier. Over 91% of unavailable order
quantity should be reserved by additional safety stock; on the other hand, only about 9%

of unavailable order quantity will be fulfilled by ordering from backup supplier.

4.4.3 Comparison between scenarios

This study puts the results of Table 4.9 and Table 4.10 together in Figure 4.7. Besides,

this study also puts semi-disruption level 50% in Figure 4.7 as reference.
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Figure 4.7 Scenario analyses of two situations
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From Table 4.9, Table 4.10 and Figure 4.7, when disruption level decreases

3.5%—-100%
100%

96.5%( * 100%), the proportions of backup supplier and additional safety

stock also have huge changes, which decreases 90.91% (—0'088"0'968

* 100%) and

0.912-0.032

increases 2750%( Py

*100%) respectively, and the expected cost also

$68,247.2—-$68,633.8
$68,633.8

decreases 0.56% ( * 100%) . Compared to huge differences of
disruption level and proportions of two mitigation strategies, the change of expected
cost is not so drastic. This result proves that by applying our model, on matter in what
kind of situation, the retailer can obtain the optimal solution and do not have to worry

about there will be a huge difference on its cost even under totally different disruption

level. Therefore, this shows that our model can give decision makers a proper advice
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about how to distribute their mitigation strategies and also ensure that their working

inventory cost resulting from following this model will be in a reasonable range.

4.4.4 Brief summary of scenario analysis

In section 4.4, this study has done scenario analyses under two extremely value of
disruption level. One is 100% totally disruption and the other one is 3.5% tiny
disruption level. This study summarizes some findings below to give clearer ideas about
these two analyses.

(1) When disruption level may be very huge, retailer should increase the proportion of
backup supplier and decrease the proportion of additional safety stock.

(2) When disruption level may be very small, retailer should increase the proportion of
additional safety stock and decrease the proportion of backup supplier.

(3) No matter what disruption level is, the expected cost will not change too much.

4.5 Chapter Summarization

In conclusion, this study has done several analyses in this chapter. First, this study
applies some parameters to give examples about how to use our model in real situation.
Secondly, this study adjusts our decision variable away from its optimal solution to
verify the validity of our model. And thirdly, this study uses three kinds of costs to run

sensitivity analyses and observe their relation with decision variable. Finally, the last but
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not the least, this study runs scenario analyses to see what the objective function and
decision variable will be when under the best or the worst disruption level. From these
analyses, this study finds out some insights and hopes these findings can provide

decision makers guidance about how to distribute their mitigation strategies.
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Chapter 5 Conclusions

5.1 Conclusion

In recent year, as international business becomes more and more active, supply chain
also becomes more and more complex. And the severity and frequency of supply chain
risk seem to be increasing as well. Therefore, mitigation approaches for these supply
chin risk are very urgent and important.

In our research, this study considers a stochastic continuous-review inventory model
for a problem with a single retailer and two suppliers, in which the primary supplier
may be randomly disrupted. This study studies properties of the expected working
inventory cost function and suggest a numerical solution algorithm to obtain the optimal
proportions of backup supplier and additional safety stock that retailer should apply
when distributing its mitigation strategies. In addition, this study also finds out a
constraint in our model that this study should pay attention to when applying this model
into use. Furthermore, in order to be more reality, this study also takes possible
disruption level into consideration to see what outcomes will be for the objective
function and decision variable, and indeed, this study really finds out the differences

under different possible disruption levels.
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The computational experiments in our research show many findings from our

mathematical model. First, certain types of cost would influence the distribution of our

two mitigation strategies. If price difference of procurement cost of two suppliers and

shortage cost are relatively expensive compared to other costs, decision maker should

distribute more parts on additional safety stock as its mitigation strategy than those

retailers who have cheaper procurement cost on backup supplier and shortage cost. On

the other hand, if holding cost is relatively costly compared to other costs, contrarily,

decision maker should distribute more parts on ordering from backup supplier than

those retailers whose holding cost is much cheaper. This finding also matches the

suggestions of Chopra and Sodhi (2004), which is using redundant suppliers more when

holding cost of product is high. In addition, different disruption levels also have impact

on the distribution of our two mitigation strategies. If the disruption level at primary

supplier that a downstream decision maker may face is huge, decision make should

distribute more parts of its mitigation strategy on ordering from backup supplier; on the

other hand, if the possible disruption level at primary supplier is tiny, the downstream

decision maker should distribute more parts of its mitigation strategy on reserving

additional safety stock. The optimal solutions are totally different under different

possible disruption levels. This finding can be very useful because, according to this

conclusion, downstream decision maker can understand what its optimal strategy will
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be and from this optimal strategy, decision maker can know what kind of related cost is
a potential opportunity to reduce company’s total working inventory cost and then
taking action to figure out solutions that can decrease related costs.

From the illustration this study just pointed out, we can know that our findings also
provide management implication. Decision maker can base on its optimal solution to
figure out what the key cost is and try to improve this cost so as to reduce its total cost.
Our research also provides a proof showing that applying two mitigation strategies
together with the optimal solution can really benefit downstream retailers. Furthermore,
decision maker does not have to worry about a massive difference on its total cost even
if there are some changes as long as following our model since our model will provide

the best distribution policy on these two mitigation strategies.

5.2 Prospect

Our research is just a preliminary research about supply chain disruption risk
management. There are still something that can be extended in at least three aspects.
First, the model proposed in this research is using additional safety stock and backup
supplier as mitigation strategies, but there are many other mitigation approaches can be
used such as pooling demand. Thus, these mitigation strategies can also be alternatives
to our model and there may be some insights as well. Secondly, in our model, this study

assumes that the backup supplier does not have time constraint and capacity constraint,
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but in reality, backup supplier cannot be that flexible, which means there may be

constraints on these two key capabilities. Hence, this study suggests that later research

can base on our model and add these two key capabilities of backup supplier into

consideration to make this model more reality. Lastly, there are some researches also

considering disruptions at the retailer such as Qi, Shen & Snyder, 2009, so this study

also suggests that later research can add this consideration into our model, considering

disruption at primary supplier and retailer together, to make this model become more

useful and diverse.
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