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ABSTRACT
SUPPLY CHAIN NETWORK DISTRUPTIONS AND EXPECTED RISKXPOSURE

Ozdgs Ozkan, Gl

Logistics Management Graduate Program, Graduatedbol Social Sciences
Supervisor: Asst. Prof. Dr. Burcu Adivar

May 2010, 117 pages

With globalization, supply chain network disruptoare becoming more and more
important. Companies are in continuous effortnigyto minimize its effects. In this
thesis, supply chain disruptions are evaluatethéncbntext of network models by using
mathematical programming approach. Supply chaksrimay occur in different times
due to different factors affecting different fursts. Considering the geographical
locations of supply chain members, important pagupply chain disruptions is caused
by natural disasters. Nevertheless, companieslé¢hmi aware of their expected risk
exposure for their supply chain networks and tryniaimize it. In this study, expected
risk exposure calculation and optimal facility lboa decisions are integrated and
analyzed with disruption risks considering the giwBsruption scenarios. Three mixed
integer programming models are developed and soNaderical examples are given
to justify the usefulness of the proposed modetscaiculate the expected risk exposure
values.

Keywords: Supply chain network, facility locatiatisruption, expected risk exposure



OZET
TEDARIK ZINCIRI AGINDAK I AKSAMALAR VE BEKLENEN RISK TUTARI
Ozdgs Ozkan, Gl

Lojistik Yonetimi Yiksek Lisans, Sosyal Bilimler Etitisu

Tez Yoneticisi: Yrd. Dog. Dr. Burcu Adivar

Mayis 2010, 117 sayfa

Kuresellgameyle birlikte tedarik zinciri garinda olgan aksamalarin dnemi giderek
artmaktadir. Firmalar her zaman bu riskin etkilegn aza indirgemeye catnislardir.
Bu tezde aksama, tedarik zincigianodellerinde matematik programlama yakiaari
kullanilarak incelenmgtir. Riskler kleyisi etkileyen farkli zamanlarda, farkl etkenler
sayesinde ortaya cikarlar. Tedarik zinciri elemanla c@rafik yerleimleri gbz 6ntine
alindginda, aksamalardaki onemli kisim g afetler tarafindan kaynaklagdi
anlggilmaktadir. Bununla beraber, firmalar tedarik zinaglarindaki beklenen risk tutari
degerlerinin farkinda olmali ve en aza indirgemeligiirl Bu calsmada, beklenen risk
tutari ve yer secimi kararlari entegre olne analiz edilmi, aksama riskleri verilen
aksama senaryolarina goresditimistir. Ug adet kagik tamsayi programlama modeli
olusturulmus ve ¢ozulmitir. One surilen modellerin kullghi olusunu d@rulamak

icin sayisal érnekler verilmgj beklenen risk tutarlari hesaplagtm

Anahtar Kelimeler: Tedarik zinciriga, yer sec¢imi, aksama, beklenen risk tutari
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CHAPTER 1
INTRODUCTION

For the analysis of supply chain disruptions, oneutd start with the definition of
supply chain. There exist several definitions opmy chain and supply chain
management. In Insme research report [1], supminds defined as combined set of
resources or processes starting from raw matendl ending at final customer.
According to this definition, indirect members sudhvendors, distribution centers,
and logistics service providers are considered a$ @f supply chain. Another
definition by Ellram, Lambert and Stock [2, pp.8] i

“A supply chain is the alignment of firms that brprgducts or services to

market.”
Ganeshan and Harrison [3, pp.1] also define sugipdyn as:

“A supply chain is a network of facilities and dibution options that

performs the functions of procurement of materiatapnsformation of

these materials into intermediate and finished picid and the

distribution of these finished products to custastier



Referring to Handbook of Supply Chain Managerhenis described as:
“Supply chain: Product life cycle processes compgs physical,
information, financial, and knowledge flows whosepose is to satisfy
enduser requirements with physical products andises from multiple,

linked suppliers.”

1.1 SUPPLY CHAIN MEMBERS

According to Chopra and Meindl [4], supply chainmieers are quite diversified.
Typical supply chain members are suppliers, manufas, vendors, retailers,
wholesalers, distributors, logistics firms, custoonsnsurance firms. They are called
supply chain members since supply chain flow padsisesigh these facilities. In
traditional supply chains, suppliers are the ihiti@mbers and end customers are the
final members. In case of reverse flow of goodfypsu chain members may be
connected in cyclic formation. Every member effeitts operation of the supply
chain. Each member has different responsibility pf@vide supply chain for

continuing its processes.

1.2 SUPPLY CHAIN STRUCTURES AND RESEARCH AREAS

Typically, each supply chain has information, casiaterial or service flow. Flow
has a property to connect supply chain memberac¢h ether and also to integrate
the whole supply chain. Flow directions can beeadéht. It can be constructed in one

direction, both directions, or as a cycle.

! Handbook of Supply Chain Management



It can be observed that there exist diversifieceaesh areas while dealing with
supply chains. These are analyzed under the uraboélsupply chain system. For
effective and integrated supply chain operatio® toncept of supply chain
management should be well-defined.

Kersten et al. [5, pp.8] defifsupply chain managements follows:

“Supply chain management, is a concept which cant@instrategies
and measures, all knowledge, all institutions, @bcesses and all
technologies, which can be used on the technicatsgmal and
organizational level to reduce supply chain risk.”

An alternative definition is provided in APIE8ictionary:

“Supply chain management: The design, planningceten, control,

and monitoring of supply chain activities with thigjective of creating
net value, building a competitive infrastructureyéraging worldwide
logistics, synchronizing supply with demand, and asneng

performance globally.”

According to the Council of Supply Chain Managenferifessionals (CSCMP)
“Supply chain management encompasses the plannimgl a
management of all activities involved in sourcingocurement,
conversion, and logistics managememmportantly, it also includes
the crucial components of coordination and collad@n with
channel partners, which can be supplieirtermediaries, third-party
service providers, and customers.”

Council of Supply Chain Management ProfessionalSGMPY proposes a

different definition for supply chain management.

2 APICS (Advancing Productivity, Innovations and Guetitive Success)- The Association for
Operations Management
#CSCMP Supply Chain Management Process Standatfg/dsicmp.org/resources/standards.asp



“Supply chain management: The design, planningceten, control,
and monitoring of supply chain activities with thigjective of creating
net value, building a competitive infrastructureyéraging worldwide
logistics, synchronizing supply with demand, and asnéng
performance globally.”
In essence, supply chain management integrates lysuppd demand
management within and across companies. Supplynhamanagement is the
integration of key business processes across th@ysahain for the purpose of

adding value for customers and stakeholders (Lam®@dsy.

1.3 SUPPLY CHAIN RISKS

As can be perceived, supply chain is very import@amt every company in all
industries and all business areas. Ideally, suppain dynamics and its mechanism
should not be destroyed or collapsed. However,rélaé world conditions such as
natural threats, terror commitments, natural desasteconomic crisis, governmental
laws, war hazards, strikes or epidemic illnesséaance supply chain mechanisms
negatively. In the study of Ji and Zhu [6], supmlyain risks are specified as
earthquakes, economic crises, epidemics, strikegaarorist attacks. Risks are quite
diversified, from natural disasters, to strikes] awen plan and control risks within a
company.

Many authors in the literature intend to define@ychain risks. According to Xu

[7, pp.3]:

4 CSCMP Supply Chain Management Process Standatds/dscmp.org/resources/standards.asp
® Lambert, Douglas MSupply Chain Management: Processes, Partnershiggpfmance 3rd
edition, 2008.



“Risk is not only a common word but also a complesrd with an
unclear definition. Until now there was no consated theoretic

definition of risk, but the popular explanationseamainly as follows:

risk is
. uncertainty of outcomes
. probability of lost or lost occurrence
. deviation of outcomes from expectation
. change leading to loss
. danger of harm loss.”

Considering the study provided in [7], there are &ims for managing supply chain
risks. The first is to perceive all potentially iddied risks and the second is to
enhance the capacity of the supply chain as mugossible by keeping the chain
flexible and integrated.

Another study related to supply chain risks is ttu&’a-feng and Qi-hua [8]. They
use two-tuple fuzzy linguistic representation modi® ranking and classifying
supply chain risk factors. They separate risks it@e groups, which are: risk
averse, risk neutral and risk love. Risk averseugroarries the lowest attitude
coefficient of the decision maker towards the riSkrtainly, risk love group has the
highest attitude coefficient. Their aim is to sugdoms towards supply chain risk
management.

Ritchie and Zsidisin [9] express the risks in sypghain in terms of eight main
concepts. These concepts are risk identificatiosk modeling, risk analysis,
assessment and impact measurement, risk managemst,monitoring and
evaluation. From their book, detailed informati@m e gained about the risks in the

supply chain.



Konigs [10] adapted the risk map according to oskurrence, risk impact and risk
acceptance. The result this study enables effi@aatysis and perception of risks. It
can be seen below in Figure 1.

Acceptance line

Likelihood of A (determinend by management)
occurence

extremly often (10 times a
year)

frequently (once a year)

seldom (once in ten years)

extremly seldom (once in 30
years)

unlikely (once in more than

30 years)
[/}

& é’ o E E%‘ Impact (e.g. in

E = 5 E % 5 percent of equity)
A: Trifle Risk @ E £ s °s
B: Small Risk G
C: Medium Risk 1: Damage to cargo
D: Huge Risk 2: IT systems breakdown
E: Survival Risk 3: Market risk (demand fluctuations, preference changes, amount fluctuations)
F: Catastrophic Risk 4: Weather (iciness, storm, heat)

Figure 1. Risk map (Source: [10])

According to Teuteberg [11], risks can be group®d five categories. The author
divides risks as man made and natural risks. Tlhieoawseparates man-made risks
within firm. First four categories related with marade risks and the last category is
related with natural risks.
These categories are:

1. Plan and control risks (applied metha@gsicepts and tools etc.)

2. Supply risk (quality of material, global soungj damage to cargo, monopoly

situations and supply market etc.)
3. Process risk (lead times, quality, magldamage, capacity bottleneck etc.)

4. Demand risk (demand fluctuations, plagrand communication flaws in sales



inflexibility etc.)

5. Environmental risk (natural disasters, poditinstability, import or export

controls, Social and cultural grievances)etc

SUPPLY
CHAIN RISKS

SUPPLY CHAIN
DEVIATIONS

* Variations in demand

* Variations in supply

* Variations in procurement,
production and logistics cost

 Variations in transportatior
and production lead-times

4

SUPPLY CHAIN
DISRUPTIONS

* Natural disasters
» Epidemics

» Terror attacks

* Wars

« Political crisis

* Economic crisis

Figure 2. Difference between supply chain risks suygply chain disruption risks.

The difference betweelsupply chain risks” and “supply chain disruptions”is

important to note. For this purpose, one can refeGaonkar and Viswanadham’s
study in [12]. They point out that supply chainkescover wide area as shown in
Figure 2. Supply chain risks are divided into twaim groups, supply chain

deviations and supply chain disruptions. In thigegik“supply chain disruptions”

are evaluated.




1.4 SUPPLY CHAIN DISRUPTIONS

If one member or a connection of the supply chainlestroyed, the whole chain
suffers. Therefore, analyzers should consider alintvers in order to protect supply
chain from disruption. Supply chain disruptionsuteg extremely high costs. In this
context, Rob Handfield, (Director, Supply Chain &&ge Consortium, NC State
University) points out and explains that:
“Supply chain disruptions can reduce shareholdelugaby as much as
eight to 10 percent, or even worse in “time-seusitienvironments where
early market introduction is critical to success.”
In this definition, the effect of disruption is dered from the shareholder’s point
of view. It is also emphasized that the time valsecritical in supply chain
disruptions and claims that companies should tlin#é prepare themselves before
the supply chain disruptions occur.
Ronald Swift (Vice president of cross-industry sminos marketing for Teradata)
notes the following about supply chain disruptions:
“Have you considered what you would do if thingsntvawry in your
supply chain? A little preparedness could go a lemy.”’
Disruption’s effects are diversified as cost, tianeemotional instability. Examples of
emotional disruption results are decrease in custdmst, and workers’ stress and
boredom.
Many real life examples for the disruptions of geply chain are studied in the
literature. As an example, for terror event as sk, riSheffi [13] discusses Twin

Towers attack on September 11, 2001. Two tradedipgs were the physical

® Handfield, Rob. 2007Reducing the impact of disruptions in supply ch&as.com Magazine. pp.
34-39.
"p. 1. Swift, Ron. 2008Vianaging supply chain risk.eradata Magazine. NCR Corporation. pp. 1-2.



location for one of the supply chain member forfaddnt companies. After this
attack, unfortunately, one member of the supplyrcdesappeared or was destroyed.
The author gives real world examples of the reqaflthese disruptions. For instance,
components of the product of Ford were delayed anaGa and Mexican borders,
and the assembly lines became idle intermittefithe recovery of the manufacturing
disruption brought along many different costs. Awmot disruption caused by
September 11 attacks were experienced by the Tayati@mr Company. Toyota
production was halted for many hours at its Seq®&ii®/ plant, in India because
Toyota’s supplier was waiting for its steering smss which were shipped from
United States. However, the air traffic throughthg United States was shut down
due to this terror attack. In another study, Gdpadhnan and Oke [14] consider
supply chain disruptions and risks by giving exasspbf the lightning strike at
Phillips plant in New Mexico in March 2000, the dnicarbide gas leak disaster in

Bhopal, India in 1984, and more recently the caotagjAvian flu in parts of Asia.

1.5 WHY SUPPLY CHAINS ARE DISRUPTED?

Supply chain disruptions may occur due to seveaatofs. It can be caused by
internal (within the firm and interaction of suppthain members) or external risk
(between the supply chains of the whole busineasjofs. Besides, causes of
disruptions can be categorized as predictable anuiedictable risks. Predictable
risks are intentional expected harm from othersprédictable risks are all kinds of
natural disasters, terror attacks, economic cristiskes and problems within the

borders of the firms.



Another way to group risk factors causing disrupgias to divide them into natural
and man-made disasters because some of them enfesratdiuman beings and

some of them emanate from nature.

Zhenling [15] classifies disasters as: tsunamighdpns, volcanic eruptions,

earthquakes, floods and so on. In [15], author ipecthat in the earthquake
disruption, the area factor is very important fesque and salvation according to
supply chain members. The author also emphasizsthie integrality of supply

chain before the natural disaster occurs is vepoitant.

1.6 AIM AND CONTENT OF THE THESIS

It is important to cope with disruption before itcors. Firms should prepare
themselves for this uncertain environment. Expelévelop many methods to
overcome or to minimize its effects. In the studibese methods are achieved by
using mathematical programming models, fuzzy logsimulated annealing
algorithm, different kinds of probability distribah functions, statistical models or
discrete event system simulation.

In this study, mathematical programming approagbectically mixed integer
programming, is selected to study supply chainugisons, to strengthen stability of
supply chain, to maximize flow and to reduce expeatlisruption cost. Besides,
unpredictable disruptions are evaluated and theauromeces of disruptions are
accepted independently of each other. There aee tmodels in this study. One is
single-product single-period, single-product mpkod and the other is multi-

product single-period model.

10



This Thesis differs from past studies and its gbation lies in the calculation of the
expected risk exposure. In addition, it is appliedo all business companies in the
world trying to observe, plan, esteem, control &ortify their supply chain system.
This Thesis combines flow optimization, facility cktion, disruption analysis,
backlogging, inventory holding and trust decreasest cby using probability
distribution function for assigning different prdiiity to disruption scenarios.
Besides, it has objective function of minimizingidt decrease cost, backlogging
cost, fixed cost and transportation cost. It usqeeeted risk exposure approach to
obtain expected supply chain disruption cost. [pBams are assumed with
scenarios, which are randomly occurring. Models &@irminimize the effect of each
disruption scenario. Different from the relateddsts in the literature, this Thesis

tries to provide answer to some important questsomsiltaneously.

1.7 ANSWERED QUESTIONS

This Thesis aims to propose solution methods farfahe following questions:
e What should be the optimal flow through the supgigin?
* How can we cope with disruption when it occurs?
» Do we new open emergency warehouses?
* How to minimize fixed cost for opening emergencyetouses?
* What should be the optimal total transportationt dmtween supply chain
members?

» If backlogging cost occurs at any retailer, how segnminimize it?

11



If retailer’s trust to supply chain is reduced hesm of the sudden disruption
in warehouse or the manufacturer location, howwaminimize the loss of

trust?

How can we minimize inventory holding cost for alembers of the supply
chain?

What will be the optimal flow of the supply chaim supply its retailers and

customers after the disruption?

How can we design and coordinate the supply chaienvihere is more than
one product type (multi-product), according to @liestions that are asked
above?

What is the optimum inventory level for each wanetes?

How can we construct a system within a recoveryodeof two months after

disruption occurs?
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CHAPTER 2

LITERATURE REVIEW ON SUPPLY CHAIN

DISRUPTIONS

Disruptions in the supply chain have significanerim destroying part of whole of
the chain. Supply chain disruptions are harmful tfe whole of the supply chain
system because the effect covers all supply chamlimers. Disruption of even a
single member in the supply chain can affect theolevhsystem. Especially,
researchers evaluate this effect from cost persgecHowever, it can also be
evaluated from emotional perspective considerirgytitme related disadvantages to
the end-customers of the supply chain. Supply chdisruptions bring along
themselves cost with time, excess time consumpdiath emotional disadvantage
according to all members of supply chain. Emotiodeladvantage according to
customer is a decrease in trust, and emotionatidisdage for other members are
stress and boredom (for instance, blue collar wsrke white collar workers).
Matsypura and Nagurney [16], claim that supply shaicertainties and disruptions

occur intensively, especially at the present bezadiglobalization. They point out
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the importance of the supply chain disruptions tlueepidemic diseases such as
SARS or other virus caused diseases.

According to Mark Hillman (AMR Research, Teradataaddzine, NCR
Corporation): “Environmental disaster, any disraptiof logistics, whether it be
supplier shortfall or transportation — all companreed to be thinking about these
things.” He expresses that supply chain disruptions areide wariety and different
from each other. Companies should think and trgstimate supply chain disruption

occurrence, strength, duration and consequences.

2.1 CLASSIFICATION OF SUPPLY CHAIN DISRUPTIONS

NATURE-MADE MAN-MADE DISRUPTION
DISRUPTION RISKS RISKS
m Natural disasters m Embargos

» Fire m  Strikes

» Earthquake m  Terror attacks

* Flood m Wars

« Landslide m Crimes _

« Avalanche m Political conflicts

* Hurricane, tornado " Inflatlon_ .

m  Economic crisis etc.

m Epidemics
m Drought etc.

Figure 3. Classification of disruption risks asuratmade and man-made

The classification of the supply chain risks isiaghd in many ways as pointed out

in the introduction. The most common and detailealysis is performed by dividing

8 p. 2. Hillman, Mark. 2006Managing supply chain risk.eradata Magazine. NCR Corporation. pp.
1-2.
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risks into nature-made and man-made disruptiorsraskillustrated in Figure 3. In
another study, Chapman [17] divides man-made disng into four groups. These
are political, economic, social and technologicanmmade disruption risks. He
analyzes these disruption risks in small sized @diom sized and large sized
companies.

This thesis considers naturally occurring disruptigks which affects the supply

chain network.

2.2 EVALUATION AND REDUCTION METHODS OF SUPPLY CHAI N

DISRUPTIONS

In the literature, there exist many different mekhdo analyze and reduce supply
chain disruption risks. For instance, Liu et al8][Hefine five main methods to

reduce supply chain disruption risks. These aretiaddl capacity, having an extra
supplier, safety management, increased flexibalitg robust planning.

Chapman [17] points out five guidance methods fmeowith disruptions for SME’s

(Small or Medium Sized Enterprises). These are:

Specify potential supply chain disruptions

¢ Classify supply chain disruption and evaluate vidbdity
* Improve supply chain disruption risk mitigationag&gies
* Improve supply chain disturbance response actions

e Conduct organizational forward planning
Teuteberg [11] mentions that risk disruptions sHolde evaluated with the

formulation and revision of risk strategy, risk miéication and monitoring, risk
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analysis, prioritization and assessment, risk nespoand action planning,
scheduling, risk controlling and comparison of rs#kiation and risk strategy.

Wen and Xi [19] propose following disruption riskaduation criteria in their study:
* Occurrence probability
* Damage degree
* Risk of budget allowance
* Minimal adjustment time for risk
* Involved units

* Crisis-settling mechanism.
Disruption risk values are calculated accordinghese criteria. The highest risk

value demonstrates the most dangerous and hammgbaict for supply chain.

2.3 GOALS AND CHALLENGES IN SUPPLY CHAIN DISRUPTION S

Supply chain disruptions occur suddenly and usuadtjependently. These two
characteristics present significant disadvantagescompanies. Supply chain
disruption management goals are important becdiesefdrevent system operations
from breaking down. Three main goals are seen wailalyzing supply chain

disruptions. These are coping with disruption befar occurs, perceiving all

potentially identified risks and enhancing the a@afyeof the supply chain as much as
possible by keeping the chain flexible and integptat

Coping with a potential disruption before its ogemce is important. Required
precautions and preventions should be taken forstigply chain. These aim to
prepare for the possible disconnection. The seagmal identifies to define all

potential disruption risks. The action is takenaadang to existing disruption risks at
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each company’s business area. The last goal impgliesstrength of flexible and
integrated supply chain. These two characterisiies needed when dealing with

disruptions. Enhancing capacity is required as nascpossible.

2.4 SUPPLY CHAIN DISRUPTION MANAGEMENT STRATEGIES

Research studies about supply chain disruption gemant studies can be
categorized according to:

1. supplier selection and analysis

2. internal or external risks in exporting firms

3. internal and external risks in process industries

4. fuzzy decision making

5. demand management

o

in facility location and network configuration.

Past and the present studies do not handle alheset subjects simultaneously.
Again, in Gaonkar and Viswanadham’s study [12]e¢hstrength levels are defined
to cope with supply chain risks. These are stratdgictical and operational. They
analyze two models as strategic level deviation agament and strategic level
disruption management. In strategic level deviatrardel, they tend to minimize the
expected cost of operating entire supply chain #mal expected cost of risk
variations. It is an adaptation of the Markowitz deb At the strategic level

disruption management model, they aim to decrehseekpected probability of

supplier disruption in their scenarios. They usiger quadratic programming in
both models and solve the problem by EXCEL. In #tigly, a stochastic approach

and integer programming are used together. Howetregy do not consider
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transportation cost and activities. In this Theswe, consider transportation costs
based on distance between the supply chain menibeations.

Synder and Shen [20], analyze disruptions in nadtielon supply chains. Using
simulation, they analyze the recovery process Wirgdholding and backlogging
costs. In another study, Qiang and Nagurney [2&]yae the supply chain network
model with multiple-decision makers, consideringraémbers of the supply chain
when disruption occurs. They pay special attentiondisruption on links and
consider different transportation modes as alteresat They minimize transaction
costs for evaluating the transportation flow. Thegnt to measure the robustness of
their network design to find out the network penfiance.

Santoso et al. [22] study supply chain network giesinder uncertainty assumption.
They construct stochastic programming models basegtalistic perspectives. They
design two real supply chain networks using a saraperage approximation (SAA)
and Benders decomposition algorithms. Goh et 8|, @alyze stochastic model for
multi-stage global supply chain network problemhnstipply, demand and exchange
risks and disruptions. They use Lagrangian algoriés part of their solution.

In the study of Teuteberg [11], supply chain risknming and optimization is studied
with neural network approach. He defines the membésupply chain management
and states that it is a cyclic process. He conssitaupply chain network with critical
paths and forms a risk assessment matrix. Thisbmdénotes the probability of

disruptions at a specific link between the supplgio nodes.
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Figure 4. Neural networkprwith N hidden layer (Source: [11])

Then, the author specifies input layer, hidden esied output layer as shown in
Figure 4. During the calculations with “Flexsim”ggram, supply network demo
data is generated and exported to “Excel”. AftedsatNeurosolutions” software is
used as neural network simulator. Four hidden kged 75 neurons are used in the
applied model. This is defined as multi layer pptiman (MLP). The forth hidden
layer is selected according to minimum disruptiacwrence. Obviously, author
analyzes different subject of supply chain netwdikruption comparing with our
study.

Another study of Dong et al. [24], deals with sypphain network disruptions by
using inoperability input-output modeling (IIM).Ml is used in macro economics
originally. 1IM’'s key component is ordered weightealseraging operator for
evaluating interdependency matrix. IIM evaluateseffects of supply chain network
disruptions in case of “inoperability” and “econanibsses” risks. They use risk
mitigation strategy and they use Monte Carlo Simmoa method. Inoperability

input-output modeling is based on an algorithm wiith steps. These steps are:
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1. Setting ordered weighted averaging (OWAigives

2. Determining evaluation matrix

3. Normalizing evaluation matrix

4. Aggregating the evaluations

5. Repeating steps 2-4 for each node of thgplguchain. Interdependency

coefficients for all nodes are obtained. Then,itiherdependency matrix of all nodes

is formed.
Supplier 6 Supplier 5 Retailer 1
Distribution
13 12 Center |
2
Retailer 2
Supplier 2 3 5
3 Retailer 3
Supplier 3
! o Manufacturer
Supplier |
4 Distribution
a -
Supplier 4 Center 2

Retailer 4

Figure 5. The risk mitigation supphain network (Source: [24])

As a case study, they apply [IM method in one o tbhinese white alcohol
production firm. They discover the risky nodes heit supply chain as node 3 and
node 5 according to two criteria, as inoperabitityd economic losses. They then
apply risk mitigation strategy to fortify the riskyodes 3 and 5. Node 3 is a supplier
node and node 5 is a manufacturer node in theilysiio fortify these, they add new
supplier node as node 12 and 13 to decrease thefrisode 3 as a supplier for
manufacturer node 5. The fortified (risk mitigataedpply chain network is shown in

Figure 5.
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As can be seen in Figure 5, node 12 and node 1&haraew nodes added to the
system for fortification. In the last stage of thiidy, authors use Monte Carlo
simulation by using “ExtendSim” simulation packagih the same case study data
to evaluate before and after taking risk mitigatsrategy. Results are approximately
similar with Inoperability Input-Output Modelinglll) method.

In another study, by Tomlin and Wang [35] deal wititertainty in the supply chain
when resource investments are unreliable and thganoy is “risk averse”. They
combine and interpret mix-flexibility and dual soung approaches. They consider
evaluating product portfolio of the firm’s resousc&’ hey compare single-sourcing
and dual-sourcing networks. They conclude that hees dupply chain reliability
decreases, the need for dual-sourcing network aserse

Vito and Massimo [36] deal with the critical compos of the infrastructure
networks for struggling against terrorist attacksdasruptions. For national policy,
they conclude that critical functioning nodes andsaof the networks of the
countries must be protected before the risk canest As a result, they determine
the critical links and symbolize them with a grdiee, and propose actions to protect
and fortify these critical links.

Shen and Synder [37] analyze both supply unceytaind demand uncertainty in the
supply chains. For both supply and demand uncéytaihey propose different
strategies such as centralization, inventory plasgmand supply-chain structure.
The authors denote that supply and demand unceetiaffect the company in
completely different ways. Therefore, the compahgutd make trade-off between
them while managing supply chains under uncertaiya result, they guide and

give advice to companies on whether to hold invgntor locate optimal area or
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increase the resilience of their supply chain tpecwith disruptions. These advices

change from one company to another.

Kleindorfer and Saad [38], consider risks arisimgnf natural disasters, strikes,
economic disruptions and terrorist actions. Theyppse conceptual framework and
analysis of risk mitigation, evaluation and managetnAs a result, they explain that
continuous coordination, cooperation and collabonatwith in supply chain
members reduce risk occurrence and maximize pagfibenefits. They point out
strategic actions for companies to assess the#tsaand also to categorize them for

managing risk.

2.5 SUPPLY CHAIN DISRUPTION STUDIES ACCORDING TO SUPPLIER

SELECTION AND ANALYSIS

In the research studies, there exist many wayspdyirisks or disruptions within the
supply chain processes. Some experts investigase atalysis on the side of
suppliers. Research studies focus on supplier tsmbeor assessment. For instance,
Chopra, Reinhardt and Mohan [25] examine this suilgecording to supplier side
by categorizing into two sides: disruptions andaglel Their aim is to compare two
suppliers, one cheap and unreliable (U) and theratime is more expensive but
reliable (R). The authors then make suggestiondhflermanagers on selecting the
appropriate supplier. For this study, they tendge and adopt cumulative disruption
function with mean and standard deviation. Acaogdio this study, they consider
six different cases. These cases are:

Case 1:In the absence of disruption, there exists onlypBupincertainty. They

obtain the order quantities from the first (cheapdl second (expensive and reliable)
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supplier. Then, the expected total cost coveringrstocking, under stocking and the
expected cost on decoupling two uncertainties quplgers are calculated. Here,
there is no supplier selection.

Case 2:The absence of disruption continues, in this cbhaadling and decoupling
of supply chain uncertainties are analyzed. Bumgdiihe two uncertainties, it is found
that reliable supplier is not proper choice to usstead, (first) cheap supplier should
be used. On the other hand, decoupling the twortainges result in selection of
reliable (second) supplier to use.

Case 3:In this case, disruption probability occurs for {fiest) cheap supplier. The
analyzers bundle the two uncertainties. The resudtvs that first supplier (cheap)
should be selected comparing to the second (religxpensive) supplier. On the
other side, if they decouple these uncertaintied disruption, they notice that
reliable supplier should be selected.

Case 4:In the bundling phase, quantity ordered from tinst fsupplier increase the
disruption probability.

Case 5:This case is the decoupling phase. If the prolglmf disruption increases
the quantity ordered from the first (cheap) supplecreases.

Case 6:This case is also the decoupling phase. Here, ribleapility of disruption
now decreases, while the quantity ordered fronfiteesupplier increases.

After the analysis of these six cases, the autassggn random numbers to the input
parameters (overage cost, shortage cost, demaerd;i®x price per unit and unit
cost) and produce graphical results. Some graphicsirate the probability of
disruption for each of the two suppliers and somaphics illustrate standard
deviation of the recurrent supply for each of the tsuppliers. Besides, they also

perform simulation. According to their findingsethesulting strategy is specified as
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follows: When the enhancement in the disruptiok wBscurs, it is appropriate to
select the second supplier (reliable). On the dblaed, when the enhancement in the
supply uncertainty occurs (bundling phase), itpgrapriate to select the first (cheap)
supplier.

Another study of Tomlin [26] depends on supply ohdisruptions according to
supplier selection. The author analyzes supplyincltBsruption between two
suppliers. These are unreliable and reliable. Uaiskd supplier is cheap (U) and
reliable supplier is expensive (R). There are memyditions and situations for the
suppliers and the purchaser firm. All of these ¢bmias and situations are evaluated
in the study. The aim is to make the optimal pusaig decision between the
suppliers and to select whether to carry invenawrgot. This is implied as disruption
management strategy.

Four policies are determined and the optimal deegsaccording to the given polices

are revealed according to their theorems. Theseplicies are

optimal ordering policy

optimal base stock level when u is up

optimal sourcing strategy

optimal disruption management strategy.
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Table 1. Optimal disruption management strategias three flexibility

(Source: [26])

cases

Disruption Management Strategy Zero - Partial
Flexibility Flexibility | Flexibility
Acceptance Yes Yes Yes
Mitigation only inventory Yes Yes Yes
Mitigation only by sourcing Yes Yes Yes
exclusively from R
Contingency only rerouting No Yes Yes
Inventory mitigation and No Yes Yes
contingency rerouting
Inventory mitigation and partially No No Yes
sourcing from R
Contingency rerouting and partially No No Yes
sourcing from |
Inventory mitigation, contingency, No No Yes
rerouting and partially sourcing
from R

Before explaining these policies, the author st#tese key assumptions for all of

these optimal theorems, which are
1) firm is risk-neutral
2) demand is deterministic

3) supplier U has infinite capacity.

Under these assumptions, optimal disruption managérstrategy is evaluated
according to three flexibility levels. For zeroxlbility single sourcing is optimal.
Optimal disruption management strategies for tlileability cases characteristics’

are compared in Table 1.
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As can be seen from Table 1, partial sourcing fempplier R is not optimal solution
for zero flexibility and ll-flexibility. There arealso strategy terms proposed by the
author. These are:

A, Acceptance: The firm passively admits the disamptrisk. Firm sources
exclusively from U, unreliable supplier. and casrieo inventory. This way contains
high risk coping with supply chain disruptions.

IM, Inventory Mitigation: The firm sources only frokd, however, it also carry
inventory to avoid and handle disruptions.

SM, Sourcing Mitigation: The firm sources exclusivéigm the R, reliable supplier.
CR, Contingent Rerouting: The firm sources exclugiiebm U when it is up. The
firm carries no inventory, but it reroutes to Ridgra disruption.

IMCR, Inventory Mitigation and Contingent Rerouting:€eTfirm sources only from
U when it is up. The firm also carries some inveytéo avoid and handle
disruptions. Besides, there is a choice for the,fiduring a disruption it may also
reroute production to R.

MPSI, Mitigation through Partial Sourcing: In this strgye firm sources from both
R and U, although there is no disruption. The faiso carries inventory to avoid and
handle disruptions. This strategy is preferablengan-variance approach and when
supplier U has finite capacity. Partial sourcingédinitely preferable in MPSI.

MPS: In this strategy, the firm sources from both digsp, even if there is no
disruption. However, in this strategy, the firmrgas no inventory to cope with the
degradation in the supply chain. MPS is seen wheplger U has finite capacity.

For zero flexibility, three strategy terms, sougcimitigation (SM), inventory

mitigation (IM) and acceptance (A), are included @an be perceived by its name,
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zero flexibility does not include contingent rerogt (CR) or partially sourcing

(IMCR) strategies. In the study, two dimensiona} graphics are drawn to show
SM, IM and A between supplier U’'s percentage uptiamel expected disruption
length. According to the Figure 6, an enhancememie expected disruption length
decreases the probability (frequency) of a disouptiDisruption distributions are
different. They are frequent but short at the butteft of the graphic, whereas they

are rare but long at the top right.
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Figure 6. Optimal disruption management stratefgiesnreliable supplier according

to flexibility cases (Source: [26])
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This means disruptions occur frequently with shdisruptions lengths; but if the
length of the disruption increases, then their aence becomes rare to the firm
when selecting U. For IM and SM locations in thagipic, it can be said that IM area
occurs when disruptions are short and frequenta® occurs when disruptions are
long and rare. As can be analyzed, when disruptamesiong and rare, holding
inventory is not an optimal solution because iturezs very high amount of
inventory and this means excess cost to firm.

As analyzing all three Figures, CR, contingent uérg strategy is not valid for zero
flexibility case. Supplier R provides no volume xilality in this case. Another
comment can be made on the length of expectedpdisru When the length of the
expected disruption decreases, CR area also desre@R, contingent rerouting
strategy is optimal when the expected disruptiomytle is long. CR is optimal
solution when supplier U’s uptime is high. On thbes hand, inventory mitigation
(IM) and contingent rerouting (CR), IMCR strategyriot optimal in Figure 6 (c).
Figure 6 (c) has less volume flexibility cost, thiere IMCR strategy (both carrying
inventory to mitigate disruptions and/or rerouteswpplier R; two cases can be
applied during disruption) is optimal. When suppliés uptime is less as percentage
from Figure 6 (b) and Figure 6 (c), it can be pemeg that sourcing mitigation
strategy (sourcing exclusively from R) is optimal.

Another study of Tomlin [34] concentrates on “syplgdarning” when suppliers are
unreliable. The author guides companies to forettast demands and supplier’s
yield distributions based on the past experiencébl the suppliers. This is a
different kind of approach called “Bayesian apptdaavhich is used to define
optimal finite horizon and optimal strategies foonganies to struggle with

unreliable suppliers. Optimal strategies are dehate demand control or inventory
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control. As a result, by the period of time, if teapplier's reliability increases,
companies tend to hold fewer inventories. Heregimaery is a protector for the risks

of unreliable supplier.

2.6 SUPPLY CHAIN DISRUPTION STUDIES ACCORDING TO IN TERNAL

OR EXTERNAL RISKS IN EXPORTING FIRMS

In the literature, numerous studies consider supplgin risks as internal and
external risks and perform different analysis.

Dan and Zan [30] aim to analyze the risks in globapply chains to help the
business world to mitigate supply chain risks arakenrisk reduction decisions. In
the study, they imply the risk difference betweeteinal logistics and international
logistics. The authors carry out a survey on 48Wdidealing with export. According

to the survey results, international supply chasks, distortions and problems
reported as: export documentation, 23%,; transporntatosts, 20%; high import

duties, 17%; unable to find foreign representativtgh appropriate know-how to

market products, 16%; delay in transfer of fund®/l currency fluctuations, 12%;

language barriers, 10%; and difficult to serviceduct, 10%. In addition, they

determine risk types for internal and external adicg to the survey results.

Obviously, external risks are more complex and nmar@erous compared to internal
risks. According to their perspective, internaksisre listed as logistics, capital and
information, whereas the external risks are palitieconomic, culture, technical,
natural and demand risks. After the determinatidnrisks, formulate the risk

probability and reliability. A case study is formetth 3 suppliers, 1 manufacturer, 2

distributors, and 4 customers. The reliability wswf each supply chain member are
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given and denoted &. The reliability values for each single membetha supply

chain are obtained from the survey analysis.

Supplier Manufacurer  Distributor Customer

o
?

Figure 7. Supply chain network diagram (Source])[30

Dan and Zan [30] consider the supply chain netwlhistrated in Figure 7. Their
supply chain consists of 5 parts, which are:

* supplier part with 3 suppliers

* manufacturer part with 1 manufacturer

» distributor part with 2 distributors

» first customer part with 2 customers

e second customer part with 2 customers.
The total reliability of the whole supply chain abtained by using the formula
developed to calculate the risk. Individual netwoekabilities are multiplied and

then used to calculate the risk leket 1 — R, where

R = Re1 Re2 Rr3 Res Res.

For the case study, they find the whole supply rchiek level as 0.276, which is

reported to be low. The reason for this resulhesdxistence of alternative suppliers,
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distributors and customers. The concentrated gairthis study especially is that
alternative suppliers and information sharing loter disruption and delay risk.
As a result, for risk mitigation, companies shotldnk of alternatives for the

components of supply chain.

2.7 SUPPLY CHAIN DISRUPTION STUDIES ACCORDING TO IN TERNAL

OR EXTERNAL RISKS IN PROCESS INDUSTRIES

Some studies concentrate on internal or externgplguchain risks especially in
process industries. For instance, Liu et al. [H8jalyze Chinese Chemical process
industries. They define supply chain risks in pescedustries as:
e Supply risk: improper selection of supplier or dafhncy of supplier
capability (external risk)
» Capacity risk: lack of flexibility (internal risk)
* Environmental risk: accident and pollution (extenmsk)
e Disruption risk: natural disaster, war and ternori@xternal risk)
* Equipment failure: improper of equipment maintergrimproper operation
(internal risk)
« Delay risk: Inflexibility of supply source, failuref production control, etc.
(both external and internal risk).
Moreover, they propose five risk reduction methodbjch are: adding capacity,
having redundant supplier, safe management, inededkexibility and robust
planning.
They also develop integer linear programming (Ibi)del for a chemical company

in Shanghai. The integer value as 0 or 1 denotesisk reduction strategy, whether
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it is adopted or not. They conduct a survey stadghtain critical parameters which
are then used. In the integer linear programminglehahey solve the problem by
using LINDO 6.1. According to the optimization pram results, only three of the
risk reduction methods are reported to be optinmlinese are: add capacity, increase
flexibility and robust planning. As a conclusiohgy claim that the risk reduction
strategy depends on the industry type. For riskuctdn methodologies for the
chemical industry, they report the executives’ @ncabout the cost of mitigation
strategy. Their aim is to guide the companiesshk mitigation strategies to minimize
cost. They have consideration and desire for futuwek, achieving the same study
implying the difference between process and discratustries applying the same
techniques.
In another study, Donk and Vaart [31] analyze sypgtain uncertainty in the
pigment process industry. However, they assesedhasources, uncertainty and
integration. They constitute a framework to invgste what level and scope of
integration can be accomplished in a supply chamidated by shared resources, if
the type and amount of uncertainty vary for différbuyers. Here, the analyzed
risks are both external. Before the uncertaintyhaig level of integration is divided
into four logistics areas. These are:

1. Flow of goods (e.g.; packaging customization, commontainers, vendor

managed inventories: VMI)
2. Planning and control (e.g.; joint forecasting andptanning, multi level
supply control)
3. Organization (e.g.; partnership, quasi-firm, vittfian, JIT 11)
4. Flow of information (e.g.; sharing production plarisDI, internet, bar-

coding).
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Donk and Vaart [31] divide uncertainty into fourrfgaaccording to the goods flow.
These are:

* Low volume / Low mix, specification

* High volume / Low mix, specification

* Low volume / High mix, specification

» High volume / High mix, specification.
For the low volume/low mix specifications, they pose simple ordering procedures
such as continuous replenishment or quick respdfmeoptimal inventory control,
they propose Kanban and vendor managed inventaitesshared resources. First
case has a low uncertainty; therefore integratforts are not needed.
For the second case, because of low mix speciicatine critical point is the
capacity. They imply that the arrangement of cayasidifficult. They also propose
make-to-stock as feasible option. The risks of kegptocks are limited in this case.
They point out that integrative practices may b&rieted to the physical flow of
goods, such as covering delivery sizes or packagirsgomization because of large
flow of goods.
For the third case, they note that there is a flaskmake-to-stock since goods can
become obsolete.
For the forth case, they denote that there exisgh uncertainty with high volume
and high mix. Therefore, they emphasize a highgnatison need in this case. Here,
the suggested methods include capacity reservadtemping stocks (make-to-stock),
vendor managed inventories, or Kanban which arensegy not viable and
sufficient anymore. Donk and Vaart [31] base thstirdy on these four uncertainty
types. They consider the chemical industry withefimain buyers. The level of

uncertainty and integration are analyzed with tHfesebuyers, which are named as
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domestic appliances, compounding, packaging I, ggidk 1l and garment. For all
situations they draw supply chain network.

The authors conclude that buyers and manufactorass share as much information
as possible. Buyer and supplier relationship focases is significant to reduce any
costs including manufacturing and inventory holdiogst. For future research,
authors suggest to study the relationship betweerbtisiness conditions, level and
scope of integration, and financial and supply ch@@rformance measures between
buyers and suppliers. Hence, the search criteribinglude business conditions,

financial and supply chain performance measures.

2.8 SUPPLY CHAIN DISRUPTION STUDIES AND FUZZY DECISION-

MAKING

There exist studies assessing supply chain dismujsy ranking internal and external
risks using fuzzy decision making. The aim is tadguexperts about the risk rank
between positive ideal risk (PIR) and negative lidégsk (NIR) with normalized
fuzzy risk evaluation matrix through triangular Zyaznembership function.

Wen and Xi [19] study uses these methods while a@pioig supply chain risks.
Authors determine risk set, then risks’ criterid aad weight set. Through these

values they form the evaluation matrix as:
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where,x;, triangular fuzzy number gf' risk undeij™ criteria.
Normalizing the fuzzy risk evaluation matrix thepngpare each risk with the
positive ideal risk and negative ideal risk maksupply chain enterprise main risks
rank more reasonable, thus enterprise can takespmnding measure to the high
rank risks. They weight the fuzzy evaluation matiikey find out fuzzy ideal risk
M* (maximum of fuzzy set according {8 criteria) and M(minimum of fuzzy set
according tg" criteria). Their aim is to aid experts and busim supply chain risk
management with calculating and comparing the risks
Authors apply these methods to a specific caseysiiliey first manifest the ways of
applying fuzzy model for decision making to theksisThey consider following four
risks:

» financial risk (considered internal)

» time risk (considered both internal and external)

» logistics risk (considered both internal and exaérn

* information risk (considered both internal and exad).
Then, they constitute risk evaluation matrix witle following criteria:

e occurrence probability; this should be less fotdyatesult

« damage degree; this should be lighter for betwulte

» risk of budget allowance; this should be higherfetter result

* minimal adjustment time for risk; this should bader for better result

* involved units; this should be less for better liesu

» crisis-settling mechanism; the more integrity théeeprise has, the stronger

the capability of dealing with all risks.

They explain risk set, corresponding risks criteseh and weight set. They then form

normalizing matrix. They determine the limits oethsks as positive ideal risk and
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negative ideal risk and compare the risks with éhemlues. Then, they find out the
fuzzy ideal risk. According to the fuzzy multi-aita lattice-order decision-making,
they report that the highest risk is the time rigle second is the information risk;
the third is logistics risk and the last one isfigial risk. Finally, they assert, that the
proposed methodology can help business manageleciaion making phases when

there is supply chain risks occurrence.

2.9 SUPPLY CHAIN DISRUPTION STUDIES AND DEMAND

MANAGEMENT

Supply chain disruptions occur on the demand sitk the inventory level in the
supply chain. The risk is evaluated according tberent and exogenous risks.
Simple one-echelon supply chain is evaluated aaogtd long term average cost.
With this point of view, Chen and Zhang [32], exéifypand deal with supply chain
risk on demand side. They use four main methodsbtain the optimal results. The
first method is Wiener process and its generalfpeth. Secondly, the zero-one jump
law is used to generate jumps in the simulationliegoon. Thirdly, the Laplace
distribution, which is used to depict the Jumpribsition, is applied. Lastly, problem
formulation and simulated annealing are implemenidwy develop the model as
two parts, the first part is the diffusion processd the second part is the jump
process. The occurrences of jumps are governedRnjisson process, and the jump
size can be constant and follows a certain didiobui.e. Laplace distribution. They
formulate a typical optimization problem with thisjective function as minimization

of costs and required constraints.
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They categorize costs into five groups. These aeklbg penalty cost (when
inventory level is below zero), holding cost, protion cost, switching cost per time
(when machine on and off) and the long term avecagé Hence, for analyzing the
value of long term average cost they realize thatmap with right time, right
direction, and right magnitude might reduce thalt@ost. They also detect that
negative jumps will deteriorate the production s more than the positive jumps.
When they run simulated annealing algorithm, th&t o backlog is observed to be
higher than the inventory holding cost. In theurdst, a specific parameter setting has
been used to illustrate the effects of jumps orpérormance of supply chain. Thus,
with both algorithms, it is noted that the positixenp has more disadvantages
compared to the negative jumps. Extension to neglielon supply chain with

feasible production rate is proposed as a futwseanreh study.

2.10 SUPPLY CHAIN DISRUPTIONS IN FACILITY LOCATION AND

NETWORK CONFIGURATION

Supply chain disruptions can also be analyzed ftoennetwork configuration and
facility location perspective. After any disruptiam network and facility location,
performance of the supply chain should be measuied. performance will mostly
be based on reducing costs and maximizing totav lmder the disruption case.
Here one network configuration study is assesséubwi disruption to reveal supply
chains configuration rules and requirements.

Snyder et al. [27] investigate this subject acauydo risk criteria as expected cost or
worst-case cost in their study. Their aim is tafout optimal network and facility

location, planning and control.
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In Snyder et al. [27], the authors divide theirdstunto two main parts. These are
design models and fortification models. Within #aé&o main parts they constitute
two subparts as expected cost models and worstecasenodels. Before explaining
these parts, it is required to define notationslusehe study. These are:

I: Set of customer locations (these model typesgrkaimed below)

J: Potential facility locations (in fortified modeils means existing facility locations)
i Each customer

j: Each facility

dj: Distance between facilifyand customeir

d* Expected transportation cost between customand the closest operational
facility given thatk-1 closest facilities tbare not protected and tk8 closest facility
toi is protected

fi: Annual fixed cost of each faciliy

g: A fixed disruption probability of each open fatyli

gs The probability that scenario s occurs

6;: Penalty cost per unit demand if customisrnot served

u: Dummy source node (dummy has no fixed ¢g=Q)

v. Dummy sink node (to meet supply, for absorbingesscsupply): Level of
facilities that are closer to customer

rij: Penalty denoting the percentage capacity decrebdbe arc deriving from
interdiction

X: 1, if facility j is opened; 0, otherwise (for network design motleteans 1, if
node is opened; 0, otherwise)

Yir: 1, if customer is assigned to facilityat levelr; O, otherwise

Yi: 1, if customer is assigned to facility; O, otherwise
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Yis: 1, if customer is assigned to facilityat scenaris; 0, otherwise

bj: Units of demand supplied by facility

hi: Annual unit of demand of customier

S: Set of failure scenarios

gs: 1, if facility j fails in scenaria; 0, if facility not fails in scenaris.

G = (V, A general networkV serves as source, sink or transshipment nodeé\set.
represents the arc set.

ki: Each nonsink nodecapacity

Z;: 1, if facility j is fortified; O, otherwise

Wi 1, if thek-1 closest facilities to customemare not protected but theh closest
facility is; O, otherwise.

W: Total flow through network

Q: Number of fortified facilities

P: Number of facilities in the system which have mmted capacity

R: Unprotected facilities

H: Worst case losses after the interdictiofdécilities obligated

Tj: The level of capacity that is protected at npde

F: Covering allZ facilities which are fortified

D: Covering allR facilities which are unprotected according to scers
U: Maximum cost amount

B: Total protection budget

0: Supply node

d: Demand node

p;j: Penalty cost of arg,() to ship flow if the arc is interdicted
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Figure 8. Model categorization

Authors categorize their model and follow an ondiile explaining their study. For
better understanding, this categorization is mappgdnd shown in Figure 8.

Design Models for Facility Location

In these models the aim is to choose a set ofitfadtications when no facilities
currently exist. The authors evaluate facility kaas after disruptions occur in
supply chain. They are divided to two types as etqubcost models and worst-case
cost models.

Expected Cost Models for Facility Location Design

Here, authors analyzeeliability fixed-charge location problem” abbretgd as
RFLP. The aim of RFLP is to choose facility locasoand customer assignment to
decrease the costs as fixed cost, expected traasporcost and lost-sales penalty.

The RFLP is as follows:
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Minimizez 1; >§ +ZZ Z} hg éI(l_ qier'i' [ an qurY 1)

i0 r=0| |00 \u

subject to
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DY, +> Y. =1  Oi0lr=0.}]- 2)
j[my) s=0
Y, <X 0i01 j0J r,= 0,9- (3)
|9]-1
DY, <1 0ion j,0J r,= 0,J3- (4)
r=0
X;{0,3 0j0J (5)
Y, {03 0idl jOJr= 0JJ|- (6)

The objective function aims to minimize the sumfigéd cost, transportation and
lost-sales costs. The second constraint meansetd@t customer is appointed to
some facility at levet unlessi has been appointed to a dummy, emergency facility.
Constraint 3 is established to prevent an assighwiea facility that has not been
opened. Constraint 4 interdicts customer from beipmgointed to the same facility at
more than one level. Constraints 5 and 6 are feggnality and nonnegativity,
respectively. Also, the worst case cost model &mility location design is observed

in this study.

Design Models for Networks

Here authors analyze network design models witreggmetworkG = (V,A) in
which V exhibits set of source, sink or transshipment saateA represents the set
of arcs. Source nodes can be considered as fe<ildnd sink nodes can be

considered as customers. The main difference betweavork design models and
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facility location models is the existence of trdnpment nodes. The nonsink nodes
can encounter to fail randomly. Decisions on ndnsiwdes form the first-stage

variables and the flow on each arc in each sceffamos the second-stage variables.

Expected Cost Model for Network Design

Here each node€ V has supply ob; which is designated above in the variables list.
Also each nonsink node has capacitykoBesides, her@s, symbolizes probability
of scenario s occurrence. Expected cost model &wark design is named as

Reliable Network Design Model (RNDP). It is as ¢olis:

Minimized_ f, X, +> d, > d;Y, @)
iV, IS (i,J)0A

subject to

> Y= 2 %=b  OOvV{uy .8 (®)
(oA (5.

> Yes(l-g)kx 00y € ©)
(i)A

x,0{0,3 0jov, (10)
Y, =0 O(i j)DA s S (11)

In RNDP, the objective function aims to minimizeaidixed cost and total expected
flow cost. Constraint 8 specifies flow-balance. yimeed net flow nodg which is
found by calculating flow out minus flow in. It equal to node deficly (same as
node supply) in each scenario. Constraint 9 formde capacities and avoid flow
from source nodes that have not been opened or faded. Inequalities given in

(10) and (11) denote integrality and nonnegativdabnstraints. For two dummy
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nodes, no restrictions exist. Also, the worst casst model for network design is
achieved in this study.

Fortification Models for Facility Location

Second part of the study is fortification. The mauarpose is to decide which
facilities to fortify against disruptions. Plannirigcility fortification gives firms a
great power and challenge to cope with disruptitmeats and hazards.

Expected Cost Models for Facility Location Fortifiation

The expected cost model facility location fortiticen is CRFLP. That is same as
PMFP in terms of its purpose. However, now, scesadccur in the model. Here
facilities have different failure (disruption) prathblities. The main purpose of
fortifications is to decrease this failure probabil However, fortification
unfortunately has no force to remove probabilityfalure. Here scenario-based

CRFLP is as follows:

Minimize ) q,> > hd; Y (12)
s0S ol joJ

subject to

ZY”_S:1 gigl sgds (13)

j0J

>hy<(l-a)b+abz opJs . (14)

2.Z,=Q (15)

j0J

X, {03 HEN (16)

Y, {03 0i01 jaJ sgS (17)
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CPMFP uses same scenario parametergisa$; and setS However, as can be
perceived logically, there are differences. Fornepie, fixed cost is charged for
locating facilities. Fortification assumes that faitilities have already been located.
No location difference or alteration occurs. Fas tteason, there is no fixed cost in
objective function. Constraint (14) specifies #cility is fortified Z = 1, it is

operable to supply customigreven it is considered its failueg = 1. Constraint (15)

designates fortified facilities must equal @ fixed number. Also, the worst case

cost model for facility location fortification &chieved in this study.

Fortification Models for Network Design

In this part of the study, authors analyze netwdm&ign models according to risk and
vulnerabilities. Interdictions or disconnectionse aimportant for the network

components as nodes and links. If nodes or arcdisabled, obviously, this causes
great harm through all network covering both swgrglias facilities and customers.
Authors develop models to fortify network desigrotiB expected cost and worst-
case cost model cases are indicated within thigsub

As a result, it is tended to illustrate the strateglanning by the mathematical

programming models in supply chain. Authors harudith facility and network side

under the threat of disruption whether it is ndtaliaruption or intentional. For the

future research and improvement of the study, otigpes of constraints can be
added. These can be destroyed or suffered inveotsty reconstruction cost of the
disturbed facility, customer lost cost, machinealirdown cost after responsibility of
supplying to customer for the reason of disruptibiso competitive environment is

also significant. Firms are in race not to be wdhss its competitor after disruption.

Here all models are discussed according to costdfithese disruptions.
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Figure 9. Product reexyvnetwork model (Source: [28])

Another study due to Beamon and Fernandes [28Lusls®es the supply chain
configuration from a different perspective. Theynsider flow within the supply
chain in two directions as shown in Figure 9. Helectronic products are flowing
through three-echelon supply chain network. Theemsy flow occurs when
customers return the used products. Then, custoserd these products back to
remanufacturing either through collection centedivectly to warehouse. From the
warehouse the products are directly send back t® mmanufacturer and
remanufacturing process begins. There is a difteydetween the warehouse and the
collection center. Collection centers have moreabdpies and flexibility than
storage warehouses. These capabilities are insped#sting and sorting. In this
study authors extend the model by;
* Opening new warehouses and collection centers layyang both their
location and minimizing cost.
e Minimizing operational costs, which are maintenamost in warehouse,
maintenance cost in collection center, sorting dostcollection center,
holding cost in all members of network (all facdg). Warehouses also have

sorting capabilities.
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» Considering transportation costs between all mesbérthe network and
also penalty cost from the reverse direction of itterrect (error product)
product. It is formed in the distance from custontewarehouse in reverse
direction.

* Assuming holding cost in warehouses and collectenters when used
products are transported from customers in revéireetion. Used products
and new products both get through sorting procHsthey are in good
condition for remanufacture, they are acceptedefthare rejected. Accepted
and new products are considered to have same gaidst.

They handle all these variables in multi-perio@gar programming model with both
continuous and binary decision variables. This tgbeanalysis is deterministic
because all variables are known and finite. No irfpas probability value so this
model is not stochastic problem. In the model,ifmestment cost and operational
cost present worth method (PWH) is used.
The aim of this study is to determine which potantacilities as warehouses and
collection centers to open, which warehouses tee leorting capacity, how many
products are to be transported between the sitth@n can the costs be minimized.
For the multi period integer programming objectiumction and constraints are
constituted. Objective function is the minimizatioh summation of the opening
cost, installation cost, maintenance cost, sortwgj, holding cost and transportation
cost. Constraints are flow balance, opening, itadtah, inspection, capacity and
nonnegativity. Authors define four different proivle. These are:

1. Main (in this problem maintenance cost is the haglvalued member

of the operational cost)
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2. ITS (inspection/testing/sorting cost is the highedtied member of
the operational cost)
3. Trans (transportation cost is the highest valuethbes of the
operational cost)
4. Hold (holding cost is the highest valued membehefoperational
cost

In the same study, along with multi-period integepgramming model, sensitivity
analysis is also accomplished by attaining highdioma and low sensitivity level
definition to these four types of problems.
For conclusion, according to all four types of dembs different results are found
out. For “main problem” the result shows that itgided to use warehouses. For
“ITS type problem” the result illustrates thatstavoided to use warehouses again.
For “trans type” the result denotes that it is enged to use warehouses. For “hold
type problems” it is avoided to use collection eest The authors aim to help and
give direction to business for their supply chaonfiguration. Examples can be
which members should allocate, which members t@fen and which members
have some kind of capabilities. Besides, disruptsonot handled however network
configuration is assessed. Therefore, it is addathtler this caption of this part.
Another study of Qi, Shen and Snyder [29], defiloeation of retailers in the supply
chain network in order to minimize the costs of atb@n, transportation and
inventory. Disruptions are assumed to occur on lgengpor retailers. Their aim is to
minimize costs corresponding to these disruptiord ta determine optimal facility

location and optimal demand allocation.
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In their model, costs are defined as:

» fixed cost for open retailers,

* working inventory cost including ordering, holdirand backorder at the

retailers,

» lost-sales penalty cost not to serve some customers
Time horizon is one year in this study. In the tfifgart, they create linear
programming model. For calculating working invegtaost, they define inventory
cycle length which is the duration between two eonsive shipments from supplier
to retailerj. This variable is new. One of the differencesto$ tstudy is using this
variable and adding the time constraint. Goods ifigwfrom retailer to supplier are
considered as cycle process. These cycles areedefis ON and OFF. ON means
cycle is working, flow is available. OFF means eye$ disrupted. They arrange
recovery and disruption rate for supplier and letaiby using exponential
distribution. All the parameters are defined on d@naual basis. For the second part,
authors use Lagrange multipliens and obtain Lagrangian dual problem. As a result
of this part, they report two foresights. When digops disrupted more often, or the
recovery process for both supplier and retailem turt to be slower; it is convenient
to serve fewer customers. Other foresight is tleilers tend to be opened at
locations with agile recoveries and consequenthgtamers tend to be served by
retailers with higher recovery rates.
Like the other studies in the literature, this stiglalso applicable to several business

areas.
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CHAPTER 3
SUPPLY CHAIN NETWORK DISRUPTION MODELS

AND EXPECTED RISK EXPOSURE

In this chapter, three comprehensive mathematicadats are presented. In these
models, goods flow is analyzed as a flow type. @8&si these network models
demonstrate how to act when supply chain disruptioncur. As an easy and
operable model, it can be adapted for all suppéircareas including manufacturers,
warehouses and retailers in real life. Also, macifers, warehouses or retailers
name can be changed by the user in real life;dikgplier, wholesaler and customer.
For these purposes, mixed integer programming risxéd. Goods originate from
manufacturer, then go to warehouses and then shippetailers. The flow direction
is from left to right every time after every memimérthe supply chain. This type of
network is hub-and-spoke network as pointed outLbwrence V. Snyder [33].
Lawrence V. Snyder [33] proposes this type of nekwan his study. Besides, all
parameter values for all models are generated ralyddCompanies can implement

their own parameter values to these three modealbttin optimal results.
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3.1 SINGLE-PRODUCT SINGLE-PERIOD NETWORK DESIGN MOD EL
The transshipment nodes are warehouses and tmatido is to collect, hold and
distribute. Every warehouse is supplied from onewufacturer only. The network

configuration can be seen in Figure 10.

Manufacturers Warehouses Retailers

Vi)

Z3

Zy

Z3

> [

Figure 10. Single-product network model schema

Disruption occurrences are provided by the randogdperated scenarios. Every
scenario is different from its preceding one. Thhey are formed by assigning node
failures to either manufacturers or warehouses. Mbeel assumptions are stated

below.
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Assumptions

1. There exist three members to constitute the supghain. These are
manufacturers, warehouses and retailers.

2. Single-product is flowing through out the network.

3. It is assumed that disruption only occurs on noagison the arcs (links). So
disruption can occur only on manufacturer nodesvarehouse nodes of the
network.

4. Warehouse is served by only one manufacturer. Ihas allowed to serve
warehouses from more than one node.

5. Lead time is considered to be zero.

6. Backlog cost does not depend on time but it depemdsinsatisfied demand
quantity. Backlogging cost exist only on retailedes.

7. Goods can flow only in one direction that is froaft lto right. Reverse direction
is not allowed.

8. Manufacturers and warehouses are accepted asé¢hmglio the same company.

9. Dummy (emergency) members are considered for wasssoonly. When any
warehouse is disrupted, emergency warehouse ismasisuo back up the
operations according to optimal warehouse locationDisruptions at
manufacturers cannot be backed up by dummy (emeyygrants. Note that
there is no disruptions occurrence on retailer sode

10.There is no obligation for serving all retailerfieTretailers are also connected to

end customers, which are not indicated in our n&kwiodel. Every three retailer
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is serving to one customer. Therefore serving faome or two retailer absence

forms no problem according to customer side.

3.2 ANALYSIS AND EVALUATION OF TRUST REDUCTION COST

There are many studies in the literature analyzingt reduction cost or customer
satisfaction value. Grigoroudis and Siskos [40]leat® customer satisfaction by
using “Musa method”. This method depends on thetoocosr judgements and

preferences obtained by conducting surveys. Thagelicustomer types into three:

* Natural customers
* Demanding customers

* Non-demanding customers
They form graphs for all three kinds of customérs,ideal way is to find out natural
customers because they are all satisfied with tbeyzt or service that they demand.
They need no more or no less. Demanding custonrersiat satisfied from the
products because they demand more products anddpdogervice is below their
limits. Non-demanding customers are not satisfiedalise the product amount or
service or more than they demand. For evaluatirgjooter satisfaction by Musa
method, they first conduct surveys. Then they datetaverage satisfaction, demand
and improvement indices. They find out importancel &ffects of the criteria
according to customer type. As a result, they cldimy take the same actions as
benchmarking and Musa method is one of the ap@mtprnethods for customer

satisfaction.
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In this Thesis, similar to customer satisfactiamstomer trust reduction cost can also
be gained by surveys and evaluation methods. éthigsis trust reduction costs are

assumed to be known and given.

3.3 CONTENTS AND MATHEMATICAL FORMULATION OF SINGLE -

PRODUCT SINGLE-PERIOD NETWORK DESIGN MODEL

Here, this model serves two purposes. One is tarenggulation of flow of goods
properly. The other aim is to minimize the occucef supply chain disruption by
scenarios. This model achieves this aim by substgudisrupted warehouses with
emergency warehouses. Objective function is setdace cost including which are
transportation cost, backlog cost and customet tagkiction cost.
In the model decision variables are:
wi: (1, if warehousgis assigned to be served by manufacturer

{ 0, otherwise
z: { 1, if the emergency warehoydse opened to serves m;

0, otherwise

z: Open warehouses (instead of emergency warehguses,)

The following input parameters are used in the rhode
I: Total number of manufacturers

I Each of the manufacture

J: Total number of warehouses

j: Each of the warehouse

K: Total number of retailers
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k: Each of the retailer

M: Total number of emergency (dummy) warehouses

m: Index for emergency (dummy) warehouse

S: Total number of scenarios

Xij: Number of products flow from manufacturéo warehousg
Yik: Number of products flow from warehoust® retailerk

bx: Backlog cost of retailer node

Qi: Units of supply from manufacturer at nade

P;: Units of storage capacity of warehouse at rjode

dq: Units of demand from retailer at nokle

Uj: Trust reduction value of retailer at nddfom not being served by warehoyse
(it is zero if the scenario s is not occurred, rsvuption case)
ais: Scenario s occurrence value on manufacturer node

aljs: Scenario s occurrence value on warehouse pode

gl;: Distance from manufacturer not® warehouse node
g2y Distance from warehouse nogd® retailer nodé

fm: Fixed cost of new (emergency) dummy facility eodpened

V: Very big number to ensure solution balance

Modd 1:

M
Minimize}_ g1, X; +>.92,Y, + > f,z, +> b, (dk —ij)+ DU, (aljs +a1.s)
i,] j.k j=m k,j j.k,si

subject to

ixist(l-as) Oidl  OsOS (1)
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Y, <P fi-a1,) Oj<m OsOS
k

K
2. Yy <Pz
k
J
>V, <d,
j

> X, <Pz

X; SV(Wij (1-a)) Oi0l

OkOK  Ojzm
OkOK

0joJd

0joJd

0joJd

0joJ oiol

0joJ oiol

0joJ oiol

0joJ OsOS

Y, <V(z,1-al.)) 0j0J UsOS OkOK

X, =20

Y, 20

w; 0{0,3

z, 0{o3

gidl

0joJ

0jOJ OkOK

oiol 0joJd

0joJ

(2)

®3)

(4)

(5)

(6)

(7)

(8)
9)
(10)
(11)
(12)
(13)
(14)
(15)

(16)

* Constraint (1) implies that flow amount from eachnmuafacturer depends on

the manufacturer capacity. That is, flow amount inigsless than or equal to

manufacturer capacity considering disruption acdogydcenario s.
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Constraint (2) denotes that flow amount from eaehelhousg depends on
the warehouse capacity. It must be less than caléquvarehouse capacity.
Moreover, it must conform to disruption scenaio

Constraint (3) designates the dummy (emergencyghaarse. It is explained
that dummy warehouses are not affected from digmptThey are
constructed after the disruption hits thereforey thiee protected. Each dummy
warehouse has a capacity and the flow amount caxoeied its capacity.
Constraint (4) is established for the satisfactbrhe retailer demand. Note
that we allow retailer's demand may not be satisfi®0%. In other words,
total flow amount sent from each warehouse each retailer cannot exceed
retailer's demand.

Constraint (5) explains that flow amount from eachnufacturer to each
warehousg cannot exceed warehouse capacity.

Constraint (6) is formed to ensure the flow balaateach warehouse node.
It also prevents backlogging at each node of warséjo

Constraint (7) means that each warehopsmman only be served by one
manufacturer.

Constraint (8) ensures that manufactureannot be allocated to warehoyse
if the related warehouse is not in service or rpened.

Constraint (9) denotes that there will be prodimivffrom manufacturer to
warehousg if and only if manufactureris not disrupted and it is allocated to
serve warehouge

Constraint (10) indicates that each warehouse dhmibpen or not disrupted

first to send products to retailers.
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» Constraint (11) and (12) ensures not to send ptedoc both manufacturers
and warehouses if they are disrupted.

» Constraints (13) and (14) imply nonnegativity farcthion variables<; and
Yik-

* Constraints (15) and (16) represent that decisianablesw; and z, are
binary variables.

Model 1 GAMS codes are denoted in Appendix A.

3.4 SINGLE-PRODUCT MULTI-PERIOD NETWORK DESIGN MODE L

This model serves for two purposes. One is to ensegulation of flow of goods
properly. The other aim is to minimize the occucef supply chain disruption by
scenarios depending on time periods (per monthis fodel achieves this aim by
immediately substituting disrupted warehouses eitlergency warehouses. Besides,
inventory holding cost and the controlling the lleokinventory appear in warehouse
nodes. Objective function is set to reduce totait ancluding manufacturing cost,
transportation cost, inventory holding cost, bagktost and customer trust reduction

cost for all time periods. The assumptions for Mdlare given below:

Assumptions

1. It is assumed that disruption only occurs on nodetson the arcs (links).
Therefore, disruptions can occur on manufactureles@nd warehouse nodes.
It is assumed that no disruption occur on retaitates.

2. Warehouse is served by one manufacturer only.

3. Lead time is considered to be zero.
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10.

11.

12.

13.

14.

Single-product is flowing through out the network.

Backlogging cost exists only on retailer nodes.

Inventory holding cost only exists on warehouseeasodOther two nodes as
manufacturers and retailers have no inventory hgldost.

There exist three members to constitute the supgigin. These are
manufacturers, warehouses and retailers.

Goods can flow only in one direction that is froeftlto right. Reverse
direction is not allowed.

Two members of the network as manufacturers anéheaises are accepted as
they are different plants of the same company.

Dummy (emergency) network member can only be froanelwouses and they
are certain and determined (as which ones and thantity). Other two
members (as manufacturers or retailers) cannotulbbend member. Dummy
warehouses are protected; they cannot be affeeddisruptions.

There is no obligation for serving all retaileran& the retailers are also
connected to end customers which is not indicatexlir network model. Every
three retailer is serving to one customer. Theefeerving from one or two
retailer absence forms no problem according toornet side.

Time period is considered as a month and total thmmdzon is one year
throughout the supply chain network.

After disruption occurrence, it is assumed one indot every manufacturer as
recover period and two months for every warehosseeover period.

For this single product, there is a production abfers on each manufacturer

and each period of time.
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3.5 MATHEMATICAL FORMULATION OF SINGLE-PRODUCT MULT |-

PERIOD NETWORK DESIGN MODEL

In the model decision variables are:
1, if warehougeis assigned to be served by manufactuegrtime period
wijt=< t
0, otherwise
Z: 1, if the warehouse j is opened to servéra period t (including
emergency (dummy) warehouse,j <m
0, otherwise
Xii: Number of products flow from manufacturdo warehousgat time period
Yi: Number of products flow from warehous retailerk at time period
Invie: Inventory level at warehouse nodat time period
Model parameters are:
I: Total number of manufacturers
i Each of the manufacture
J: Total number of warehouses
j: Each of the warehouse
K: Total number of retailers
k: Each of the retailer
M: Total number of emergency (dummy) warehouses
m: Each of the emergency (dummy) warehouse
S: Total number of scenarios
s: Each of the scenario
T: Total time period as 12 all months in a year

t: Each time period as a month of a year
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hi: Inventory holding cost of warehouse ngag time period t
bk Backlog cost of retailer nodeat time period

Q.

t. Units of supply from manufacturer at node at tipeeiodt

Pi: Units of storage capacity of warehouse at rjcatetime period t

dyi: Units of demand from retailer at noklat time period

Ui Trust reduction cost of retailer at nddrom not being served by warehoyse
(it is zero if the scenario s is not occurred, rsvuption case)

aist. Scenario s occurrence value on manufacturer natieme period

aljs: Scenario s occurrence value on warehouse patigme period

gl;: Distance from manufacturer nod® warehouse node

g2y Distance from warehouse nogd® retailer nodé

fm Fixed cost of new (emergency) dummy facility todpened

Ei: Unit manufacturing cost of the product at manufest node

V: Very big number to ensure solution balance

Moddl 2

Minimized E X;, +D g1 X, +>.92, Y, + Z fiz, +

it it jkit J=mit

zhjt Inv;, + zbkt (dkt _ijt)+ ZU ik (aljst + a'ist)

it k,jt j.ksit

subject ta

> Xy <Q-a,) Oi0l OsOs 0OtOT 1)
it

SV, <P fl-al,) Dj<m OsOs OtOT 2)
k.t
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dVY<sPiz, OkOK Oj=m 0taT
k.t

D Yy <dy OkOK 0OtOT

jit

mespﬁzjt 0joJ oOtoT

z Xy +Invy, = ijkt +Inv, OjoJ oOtaT
i k

> owy, =1 0joJ oOtoT

it

Vg, 2 X, 0joJ Oiol oOtoT
Vz, =Y, 0joJd Oiol OtoT
z, <(1-aly) 0j0J OsOS OtOT

z,.<l-a1,) 0jOJ OsOs OtOT

Xy SV(W, (L-a)) 0i0l 0j0J 0s0SOtOT

Y« SV(z,(-aly)) 0j0J OkOK OsOS OtOT

X, 20 0iol 0joJ O0toT
Y, 20 0j0J OkOK OtOT
Inv, >0 0jOJ OtOT

w, 0{oy Oiodl OjoJd otoT

z, 0{og} 0joJ 0OtOoT

®3)

(4)

(5)

(6)

(7)

(8)
9)
(10)
(11)
(12)
(13)
[14
(15)
(16)
17

(18)

e Constraint (1) implies that flow amount from eachnuafacturer depends on

the manufacturer capacity at each petida other words, flow amount must

61



be less than or equal to manufacturer capacity waido considering
disruption according scenarso

Constraint (2) denotes that flow amount from eaehmelhousg depends on
the warehouse capacity at each period of timEhe flow amount must be
less than or equal to warehouse capacity. Moreavemust conform to
disruption scenaris.

Constraint (3) designates the dummy (emergencyghaarse. It is explained
that dummy warehouses are not affected from digmpdt each period of
time t. They are protected. Each dummy warehouse flowuamoannot
exceed its capacity.

Constraint (4) is established for retailer not tdhexcess goods from the
demand at each period of timmeThe flow amount from warehouses to each
retailer cannot exceed retailer's demand.

Constraint (5) explains that flow amount from mamu@irers to each
warehous¢ cannot exceed warehouse capacity at each perittef.
Constraint (6) is the inventory balance constrdinis formed to ensure that
the inventory level front-1 period of time and the flow of product from
manufacturer to each warehouse at period of tiegals to flow of product
from each warehouse to retailer at period of tined excess products at
period of timet.

Constraint (7) means each warehoysecan only be served by one
manufacturer at each period of tine

Constraint (8) denotes that each manufacturer dhbelopen first to send

products at each period of tirhe
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» Constraint (9) indicates that each warehouse shbaldpen first to send
products at each period of tirhe

e Constraint (10) prevents to open warehouse if theuption scenario occurs
at each period of time

» Constraint (11) provides not to open warehouseagesvery period of two
months, if the disruption scenario occurs at easfod of timet.

e Constraints (12) and (13) ensure not to send ptsdoc both manufacturers
and warehouses if they are disrupted at time périod

» Constraints (14), (15) and (16) imply nonnegativdy the decision variables
Xiit, Yie andinv .

* Constraints (17) and (18) represent that decisiamallesw;; and z. are
binary variables.

Model 2 GAMS codes are denoted in Appendix B.

3.6 MULTI-PRODUCT SINGLE-PERIOD NETWORK DESIGN MODE L

The Model 3 is developed as a multi-product, simggod network model. The total
number of commodities is equal Eo Every product type is indexed asThe flow
direction and members are assumed to be sameMsdeals 1 and 2. Assumptions

for Model 3 are listed below.

Assumptions
1. It is assumed that disruption only occurs on nodet the arcs (links).
Therefore disruption occurs only on manufacturetesoor warehouse nodes.

2. Warehouse can be served by more than one manwdactur
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3. Lead time is considered to be zero.

4. Multiple products are flowing throughout the networ

5. Backlog cost does not depend on time. Backloggosj exist only on retailer
nodes.

6. There exist manufacturers, warehouses and retailéng supply chain.

7. Goods can flow only in one direction that is froeftito right. Reverse
direction is not allowed.

8. Two members of the network as manufacturers aneheaises are accepted
as they are different plants of the same company.

9. Dummy (emergency) network member can only be froarelwvouses and
they are certain and determined (as which onegshaidquantity). Other two
members (as manufacturers or retailers) cannotiberyy member.

10.There is no obligation for serving all retailersn& the retailers are also
connected to end customers which is not indicatedur network model.
Every three retailer is serving to one customeer&fore serving from one or

two retailer absence forms no problem accordingugiomer side.
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Manufacturers Warehouses Retailers

W 1 » Zl
e
Yii
23
ra
Z3
I3
Z
W, * s
| | |
| | |
|
| |
Z;

Figure 11. Multi-product network model schema

Model 3 does not depend on time. Therefore, trermiinventory level or inventory
holding cost at each warehouse. Also, there isenovery period at each warehouse
as two months like in Model 2. Figure 11 indicates supply chain network used in
this model. Each warehouse can only be served byranufacturer rule is not valid
in Model 3, since products are now in variety thisreo one type of product flowing
throughout the network. Other assumptions stayséme as in Model 1. Additional
decision variables and parameters are listed beltbe;other variables and input

parameters are same as the ones in Model 1.
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Notation

e: Each product type index

E: Total number of product types

X;%: Number of products flow from manufactuigo warehousgof typee.

Y;i® Number of products flow from warehous® retailerk of typee.

Q% Units of supply from manufacturer of typgroduct at node

P Units of storage capacity of warehouse at rjaafeypee products.

d’: Units of demand of retailer of tygeproducts.

M;% Unit manufacturing cost of every type product el ase at manufacturer

nodei

3.7 MATHEMATICAL FORMULATION OF MULTI-PRODUCT SINGL  E-

PERIOD NETWORK DESIGN MODEL

In this section we present the multi-product madetalculate the expected supply
chain risk exposure in the case of a multiple patsluBased on the assumptions and
notation given above, Model 3 is presented below.

Modd 3:

Minimize) MX? +> gl X7+ > 92, Y; +i fiz; +

ij.e i,j.e jk.e

Zbk(dl? _in)"' Zujk(aljs +ais)

ke j.K,sii

Subject to:
> Xr<Y Qt-ay,) Oiol  OsOS (1)
je e
Sve <Y Pefi-at,) j<m 0j0J 0OsOS )
k,e e
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4 o{o}

Ok OK
Ok OK

0joJ

0j0J

Oigr ojod
Oigr 0jod
0jo0J OsOS
Oigr ojod
Oigr ojod
0i0l 0joJ
0j0J OkOK

UeUE

UelE

UeUE

UeUE

3)

(4)

()

(6)

(8)
9)
(10)
(11)
(12)
(13)

(14)

In multi-product model, the objective function amdnstraints have the same

meaning. However, there is no inventory holdingt cogimization in the objective

function because it is assumed that Model 3 doésleypend on time. Besides, there

is no inventory level in each warehouse. All comprgduct types are all sent with

no delay or holding. The lead time is zero sametlsr two models. The difference

is the flow types of products. Other differencethe absence of constraint (7) in

single-product single-period model. This means ehisr no obligation for each

warehousq to be served by one manufactureihis model is in complex supply
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chain models. In real life, one can encounter m@a@mples of multi-product supply

chain networks.

3.8 EXPECTED RISK EXPOSURE COMPUTATION FOR ALL MODE LS

Hanna and Skipper [39] evaluate minimum risk exp®sim the supply chain
disruptions. Firstly, authors gather strategicagito struggle disruptions on supply
chain. Then, they count items that are affectedhiy strategy. They make factor
analysis and give weights (in their study they mkefiveights of “Cronbach”). Lastly,
they add the weighted values. Authors compare \thilge with their ten defined
hypothesis.

In our thesis, for scenaricss and as, their occurrence for all manufacturers and
warehouses are assigned to a number. Every numbdrotizes scenario integrity.
In other words, if warehouges assigned the value of 1 under scengjtbat means
warehouseg is disrupted. For each scenario, there is a prtibbabf occurrence and
this is determined by expert opinions and compledysis. In this study, all scenario
parameters are created randomly.

To denote the probability of occurrence for eaaktnacio, we use the same notation
used by Ross [41]. For the discrete random vagialbhe corresponding probability

mass function is denoted py{a), which is explained as below:

p(a)=P{Q=4
The probability mass function is positive at mostirctable values od. Q must be

assigned to these values as:
p(Q)=20 ii=123,..

p(Q)=0 all other values of
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Table 2. Probability mass function value accordiagscenarios occurrence with

probability realizationP(c, )

Probabillity of

value P(a,)
P{Q=¢ 1 0,05
P{Q=9¢ 2 0,11
P{Q=¢ 3 0,03
P{Q=¢ 4 0,21
P{Q=¢ 5 0,09
P{Q=¢ 6 0,18
P{Q=5 7 0,05
P{Q=¢ 8 0,06
P{Q=¢ 9 0,08
P{Q=4 10 0,14

For Models 1,2 and 3, we use the probability nfiasstion given in Table 2.

> p(Q) =1 for everyQ; values.
Q=1
The probabilities are added with the one after #mel cumulative distribution

function is obtained as in Table 3.

Table 3. The values of cumulative distribution flioie and range of scenarios

Cumulative distribution function, .

F(s) Range of the scenario
0 s<1

0,05 s<?

0,16 s<3

0,19 s<4

0,4 s<5

0,49 s<6

0,67 s<7

0,72 s<8

0,78 s<9

0,86 s<10
1

69



Considering every scenario, with its occurrencebabality, Expected Supply Chain
Disruption Cost (ESCDC) or the Expected Risk Expesualue is calculated.

Expected cost function formula is as follows:

S
ESCDC= ) TC,*P(w,)

For the above example, the summation will be lichite 10 scenarios because the
total number of scenarios is fixed to 10. Accordiad=SCDC different supply chain

strategies could be established.
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CHAPTER 4

NUMERICAL RESULTS AND DISCUSSION OF THE

MODELS

In this chapter, we present the numerical resoltdviodels 1 and 2 and discuss the
results. Note that GAMS 22.5 is selected as annmopdition computer program.
GAMS produces optimal solution and the processimg f the computer for every
run. For Model 1 and Model 2 every run quantitgasne as 10. Model 2 parameters
are more than Model 1 because period of time pasrmis added. For Model 1 and

Model 2 applied parameter values are determinedoraty.

4.1PARAMETERS FOR THE MODELS

Before running GAMS, determined parameters arergiuethe tables below. In our
study, there are 9 manufacturers, 7 warehousesaifers and 10 scenarios. For each
supply chain all cost parameters, capacities andadd values are listed in the

following tables.
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Table 4. List of manufacturers

List of
Manufacturers

i1

12

i3

14

15

i6

17

i8

19

Table 5. List of warehouses

List of
warehousep

i1

j2

i3

j4

j5

j6

j7

Table 4, 5, 6 and 7 are indices used for all models

Table 6. List of retailers

List of
retailers

k1

k2

k3

k4

k5

k6

K7
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Table 7. List of scenarios

List of
scenarios
sl

s2
s3

s4

sb
s6

s7
s8

s9
s10

4.2 PARAMETERS FOR MODEL 1

Attained values for parameters for Model 1 areaatid in the tables below:

Table 8. Quantity and value of backlog costs aheatailer

b(k) Backlog cost of
retailer at node k
k1l 50
k2 65
k3 55
k4 40
k5 30
k6 25
k7 15

Backlogging cost is considered in two digit numbditse difference between the

smallest and the biggest backlogging cost is 50.

73



Table 9. Manufacturer’s total number and supplyauni

Manufacturer supply units
Qi atnode i
il 470000
i2 425000
i3 300000
i4 410000
i5 600000
i6 650000
i7 436000
i8 400000
i9 370000

The largest parameter values are attained to metouéa supply units as six digits.

Table 10. Capacity of warehouse at npde

P(j) capacity of
warehouse at node |
j1 6900
j2 6700
j3 8400
j4 8500
j5 4000
j6 5000
j7 8000

While comparing with table 10 and table 11, capagitwarehouses are assumed to

be bigger than retailer demand units.
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Table 11. Retailer demand units

d(k) units of demand from
retailer at node k
k1l 3000
k2 4500
k3 3000
k4 2780
k5 3700
k6 5000
k7 4500

Table 12. Fixed cost of opening new emergency (dyacility

f(j) fixed cost of new
opened dummy(emergency)
facility

0

0

0
0

100000
150000

N[OOI WIN I

170000

Fixed costs only occur on emergency (dummy) warséslbecause they are the
protection nodes for system to prevent disruption ppoduct flows. Last three

warehouse nodes as 5, 6 and 7 are assumed to bgeecye(dummy) warehouse.
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Table 13. Trust reduction cost in retaikeasiccording to warehouge

U(j,k) trust
reductioncostat k1 | k2 | k3| k4| k5| k6| k7
node k
i1 35| 27| 30| 33| 26 23 32
j2 24 | 21| 37| 34| 39 25 22
i3 36 | 31| 28| 39| 41 20 43
j4 45 | 24| 35| 37| 22 38 2%
i5 21 | 40| 39| 37| 26 33 31
6 25| 15| 43| 39| 28 23 25
i7 26 | 27| 45| 17| 37 16 35

Trust reduction values appear on only retailersifuirto be sent by warehouses.

Trust reduction costs are considered to be twd dignbers.

Table 14. Occurrence of scenasibinary value on manufacturer

a(s,i) scenario s

occurence value

on manufacturer
node i

=

N

o

=

Gi

5

3
%

sl

s2

s3

s4

s5

s6

s/

s8

s9

s10

[eliglielielleolleolell Jlelle]

k=llellell llellellelle] )

[elleliel] Jdlellellellelial)

ellellJdlelleolle]] Jlelle]lle)

[elleliell Jdlellellellell Jle]

[eligdieliellell Jlellelle]lle]

ellellDdl=lld[=ll=ll (=]

elle]llo]leo]le]] Jdiellell_lle]

RIOIOIOIOIOIRIOIOIO

Disruption scenarios for both manufacturers ancetwamses occur randomly and

independently with each other. Whether accordintp¢éosame disruption one or

more manufacturer or warehouse can be affected.
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Table 15. Occurrence of scenasibinary value on warehouse

al(s,j) scenario §
occurence value i1 i i3 i i5 |6 i7
on warehouse | ! J J J (dummy)| (dummy)| (dummy)
node |
sl 0 1 0 0 0 0 0
s2 0 0 1 0 0 0 0
s3 0 0 0 1 0 0 0
s4 0 1 0 0 0 0 0
s5 0 0 1 0 0 0 0
s6 1 0 0 1 0 0 0
s7 0 1 1 0 0 0 0
s8 0 0 0 1 0 0 0
s9 0 0 1 0 0 0 0
s10 1 1 0 0 0 0 0

Table 16. Transportation cost from each manufacturde to each warehouse node

t(i,j) distance from
manufacturer nod
i to warehouse
node |

D

i1 | i2 | i3] 4| 5] i6 ]| i7 | i8] i9

j1

]2

j3

14

j5

4
=
i6 2

Blojw|Slanv g
I\JCDU'I':-hOOOO
G-I NN
\Jooowmmoo}:‘
[EY

O-hl\’cow(ﬂ\l
w|NjoBlo|o|lx

4 9
11] 3
7] 10
3 6
100 4
9| 11
5 8

11

17

Transportation costs for manufacturer disruptiangarehouse nodes are important

because they affect objective function value. Téteguld be minimized.
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Table 17. Transportation cost from each warehoosle to each retailer node

t(k,j) distance
from \{varehogse 1 2 3 4 5 6 K
node j to retailer
node k

k1l 8 2 5 6 4 2 11
k2 7 3 9 2 5 4 8
k3 5 7 2 3 6 8 4
k4 4 6 3 4 2 5 7
k5 11| 8 4 7 3 6 2
k6 2 4 6 5 7 3 9
k7 6 5 7 4 10 2 3

Transportation costs of warehouse nodes to retaiées are also important because
they affect objective function value like othemisportation cost. They should be

minimized.

4.3 PARAMETERS FOR MODEL 2

Attained values for parameters for model 2 areciaigid in the tables below:

Table 18. Values of backlog costs

b(k,t) t1 | t2| t3| t4| t5| t6) t7] t§ t9 t10tll|tl12
k1 50 | 40| 32| 25 17 27 18 51 37 19 47 A8
k2 65 | 37| 51| 54 21 18 46 34 44 27 17 57
k3 55| 24| 45 36 31 37 5b 17 50 33 b6 44
k4 40 | 19| 27| 43 52 43 31 22 16 49 B9 B2
k5 30 | 33 37 38 44 51 26 46 31 %2 P4 P26
k6 25| 29| 19| 49 35 2% 4y 201 48 37 B2 38
K7 15| 41| 370 20 43 3% 30 38 28 24 43 [17
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Backlog costs for Model 2 are all period of timgeedent. Time periods are divided
for all parameters are same as 12 months of one Tiea numbers are constituted by

two digits same as Model 1.

Table 19. Values of inventory holding costs

h(j,t) t1l t2 t3 t4 t5 t6 t7 t8 t9 t10 t1g t12
j1 0 0 0 7 0 0] 11] O 0 5 0 0
j2 0 6 0 0 0 0 0 0 0 0 8 0
j3 0 0 0 0 9 0 0 0 0 0 0 0
j4 0 0 0 4 0| 17/ O 0 0 0 0 20
j5 0 0 7 0| 11 15 O 0 9 0 g 1b
j6 0 0 0 0 0 0 0 0 0 0 0 0
j7 0 0 0 0 0 0 0 0 0 0 0 0
Inventory holding cost in Model 2 sometimes zeroduse the value of holding
decreased in the way of product currency valueesdesad.
Table 20. Manufacturing costs
E(ib) t t1 | 2] t3] t4] t5] t6] t7] t8 t9 t1p ti1 t12
il 20| 30| 35| 25| 271 40 33 28 25 35 40 P1
i2 33| 21| 15| 24| 28 36 21 38 18 39 25 P7
i3 15| 26| 22| 31| 29 17 40 31 35 17 19 P4
i4 30| 16| 14| 19| 2| 25 33 28 34 19 23 28
i5 17| 19| 20| 34| 19 22 27y 15 30 24 14 B85
i6 34| 12| 28| 16/ 29 30 22 2 11 36 24 31
i7 14| 20| 15| 22| 30 19 17y 26 22 30 33 18
i8 20| 26| 27| 23] 16 31 28 30 18 21 15 P8
i9 29| 19| 17| 20| 15 26 14 2P 18 23 27 [6

Manufacturing cost is a new type of cost occurreiflodel 2. In Model 1 there

assumed no manufacturing cost.
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Table 21. Manufacturer’s total supply units (in Q0D

QG t) t1 | t2 | t3 | t4| t5| t6| t7| 8] 9 t10 t11 1P
i1 47 | 45| 51| 64| 53 44 56 4 3pb 68 37 V5
i2 42,5 35 | 48| 54| 46/ 60] 64 62 63 64 45 61
i3 30 | 50| 43| 47| 34/ 58 4% 39 58 44 65 BY
14 41 | 47| 61| 61 59 5§ 41 58 48 75 56 V4
i5 60 | 35| 59| 39| 73 34 37 57 6L 51 3 b5
i6 65 | 41| 38| 49| 55 45 57 64 5 37 49 62
i7 43,6 48 | 63| 50| 70| 63] 48 44 62 48 61 11
i8 40 | 60| 45| 76| 38 /9 61 56 64 SH56 67 b8
19 37 | 64| 46| 51| 43 59 39 55 59 61 3 Y7

Manufacturers supply units is bigger than otheapueaters like in Model 1. There is

no inventory holding or backlogging cost at mantdegr nodes as denoted above.

Table 22. Capacity of warehouses

P(,t)

capacity

of ware.

atj'::de t1 | 2] 3| 4| 5| 6] t7| t8 t9 t10 t11 tp

period

of time
t
j1 6900 8400|5700| 4300| 5700| 4400| 5300| 8400| 8500| 7900 5900 8100
j2 6700 7500|8100| 5100| 8000| 6300 8200| 4200| 6100| 8200 8100| 5800
j3 8400/ 8100| 7200| 8600| 7200| 8400 7900| 5100| 8200| 5900| 7800| 8800
j4 8500 6100| 8500| 6700| 4900 8200| 5900| 6300| 4600| 8300 8500/ 8400
j5 |4000| 7400|8700] 8000| 6200| 8000| 5600| 8100| 5900| 8000| 7000/ 4900
j6 5000 8100| 6800| 8100| 8200| 8100 8500| 6500| 8100| 5500| 8100| 7100
j7 8000 6400| 7500| 8500 6100| 5700| 8400| 8300| 6800| 8200 8300| 7100
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Model 2 is concerning multi-period in all decisiorariables and most of the
parameters. Capacity of warehouses and retailerad@mnits are also depend on

period of time t.

Table 23. Retailer demand units

d(k,t)
units of
demand

from
retailer
at node

k at
period
of time
t
k1l |3000 4100|2500|3000(4000{2000|3000|4000f 2300| 2700|3300 2400

tl t2 t3 t4 t5 t6 t7 t8 9| t10 t11 t1p

k2 | 4500 3200| 3000] 2400| 2000/ 3000] 2600| 2000| 2900| 3500/ 2000|2700
k3 | 3000 2200|4500 2700| 3000/ 2100| 2200] 3200| 2800 4100/ 1900| 2100

k4 | 2780 3500|2100 2800 2100| 2900| 2500| 2100| 2500 2000/ 3600| 2000
k5 | 3700 4000| 3200| 2000| 2700/ 3100| 2000| 2200| 3700| 1800/ 2400| 3100
k6 | 5000 2100] 1700|4000 2500 1800] 3300| 2400| 3100 1700/ 2100| 3000

k7 4500 3400|1200 2900 2300 2400] 1200| 2300{ 4000 2300/ 2100 1400

Table 24. Fixed cost of opening new emergency (dynacility

f(j)
i1 0
2 0
i3 0
4 0
i5 100000
6 150000
i7 170000

Fixed cost values in Model 2 are considered todmeesas in Model 1.
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Table 25. Trust reduction cost in retaikesiccording to warehouge

U(,k)
trust
reduction k1 k2 | k3| k4| k5| k6| k7
cost at
node k
1 35| 27| 30| 33 26 23 3
2 24 | 21| 37| 34, 39 25 2
3 36 | 31| 28| 39 41 20 41
4 45 | 24| 35| 37| 22 38 2%
5 21| 40| 39| 37| 26 33 3]
6 25| 15| 43| 39 28 23 25
7 26 | 27| 45| 17| 37 16 3!

OT OO0 CoO 1o 19

Trust reduction cost values are considered to ¢i¢ miimbered values same as in

Model 1.

Occurrences of the scenarios on manufacturers

Table 26. Model 1's *Lscenario for manufacturer disruptions

a(s,i,t) scenario g
occurrence value
on manufacturer
node i at period of

timet
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=
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In model two manufacturer scenarios are all degentime. They occur randomly

and independently.

Table 27. Model 1's 2% scenario for manufacturer disruptions

a(s,i,t) scenario s
occurrence value
on manufacturer
node i at period 0
time t

f

tl

—
N

—
w

t4

—
ol

—
(o]

t7

—
(o]

—
O

tl

Dt11

t12

s2.il

s2.i2

s2.i3

s2.i4

s2.i5

s2.i6

S2.i7

s2.i8

s2.i9

O|0|0|0|0|0|0|0|0

[ellell Jdiell Jlellellely

[ellell el Jlellellel]

O|0OR,|OI0|0O|0|—|O

[elleliell Jiell Jlell e

[l l=ll=l[=ll=lldi=l=]l=)

O|IRPIOI0OI0|0|0|0|0

(@]l Jlellellelle]ll Jdielle)]

RPIQOQIOIQIQOIQOIRIOIO

=10 00000olIolO

OoSlololalooaloeole
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Table 28. Model 1's"8 scenario for manufacturer disruptions

a(s,i,t) scenario 3
occurrence value
on manufacturer
node i at period 0
time t

f

~—+
=

—
N

—t
w

—
S

—
(3]

—
(o))

~—+
\l

—t
(o¢]

—
©

tl

Dt11

t12

s3.il

s3.i2

s3.i3

s3.i4

s3.i5

s3.i6

s3.i7

s3.i8

s3.i9

O|0|0|0|0|0|0|0|F

R|O|O0O|0|000|0|F

llellellel] Jlellell Jle]

O|0|0O|0(R,|O|0O|—|O

[ellell Jdlellellell llelle]

[ell=ll=l=ll=l[=lldl=]l=)

OO0 IO|I0I0|0|0

(@]l Jdlell Jiellellelle]lle)]

elixllelleolleolileollIeollIeolle]

Ol 0 oO=10010

oOoOlolaoaoloolals

"l laale
OoOTOoOTOT OO T O OO

| W W W Wy L W A W e

There are ten scenarios in Model 2 same as in Mhdel
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Table 29. Model 1's% scenario for manufacturer disruptions

a(s,i,t) scenario s
occurrence value
on manufacturer| t1
node i at period of

time t

—
N
—
w

t4

—_
ol
—
o

t7

—
0]
—
(o]

t10t11 | t12

s4.il

s4.i2

s4.i3

s4.i4

s4.i5

s4.i6

s4.i7

s4.i8

O|0|0|O0|0|0O|0O|—|O
O|0|I0|0|0|0|0O|—|O
O|0O|0O|O0|0|O0|0|0|0o
allelleolle]] Jlelle]lle]le]
iellellell Jdlelleliel]
[ell=ll=ll=lldl=li=l=]ll=
[elli®lldlellelle]ll-dl=
(@]l Jdlell diell Jiellelle)]
ellelilolileollellTllIeolleolle)
olol=lololollolo
SO OO0 O0OOOO

s4.i9

For the &' scenario of manufacturers no disruption occuté2as last month of the

year.

Table 30. Model 1's 8 scenario for manufacturer disruptions

a(s,i,t) scenario s
occurrence value
on manufacturer| t1
node i at period of

time t

—
N
—
w

t4

—_
)]
—
(o))

t7

—
oo
—
(o]

t10t11 | t12

s5.il

s5.i2

s5.i3

s5.i4

s5.i5

s5.i6

s5.i7

s5.i8

OO, |OI0|0|0|0|0
O|0|I0|0|0|0O|+r|O|O
allellellelleollel] Jllelle]
allellellelle]ll Jlelle]le]
[ellellel] Jiellellelleolle]
[ellell=lldi=l ===l
[e]je]le]lle]lellellellell-
[ellelie]lle]l Jdiellellelle)]
OIRIOIOIQIQIOIRIO
ol=lololololollo
SO OO0 O0OOOO

s5.i9

For the ' scenario of manufacturers no disruption occuté2gs last month of the

year same as if4scenario.
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Table 31. Model 1's® scenario for manufacturer disruptions

a(s,i,t) scenario s
occurrence value
on manufacturer| t1
node i at period of

time t

—
N
—
w

t4

—_
ol
—
o

t7

—
0]
—
(o]

t10t11 | t12

s6.i1

$6.i2

S6.i3

oOoOlaoalooles

s6.i4

s6.i5

S6.i6

S6.i7

S6.i8

O|0|0|0|0|0|0|0|0
O|00|O0I0|0|0|0|0
O|0O|0O|O0|0|O0|0|0|0o
R OO0 |I00|0(—,|O
OR|IO|I0|0O|F, Ok
O O O|Fr|I0O0|0o
[ell-i®lldlelle]l[e][e]le]
[elle]ll ldlellelle]ll Jdielle)]
ellelimllelleollieoliilTllIelle)
olol=lolololololo
C OO O, OOO0O

oOlaoaalolalla

$6.i9

In period of times t1 and t2 no disruption occunsthe ' scenario for manufacturer

disruptions.

Table 32. Model 1's% scenario for manufacturer disruptions

a(s,i,t) scenario s
occurrence value
on manufacturer| t1
node i at period of

time t

—
N
—
w

t4

—_
ol
—
o

t7

—
0]
—
(o]

t10t11 | t12

s7.il

s7.i2

s7.i3

s7.i4

s7.i5

s7.i6

S7.i7

s7.i8

r|lo|o|o|o|o|o|o|o
R|lo|o|o|o|r|o|o|o
o|o|o|o|o|r|o|o|o
o|o|o|o|o|o|o|o|o
o|o|o|r|o|o|r|o|o
olo|o|r|o|o|o|o|o
olrlo|lo|o|o|o|r|o
olololo|r|olololo
QIOIOIQI=LIOIOIOIO
olomlololololoH-
S S S S R S R R S e

s7.i9

For the ' scenario disruption occurs at first manufactuctenin periods of time

t10, t11 and t12 consecutively.
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Table 33. Model 1's'8scenario for manufacturer disruptions

a(s,i,t) scenario s
occurrence value
on manufacturer| t1
node i at period of
time t
s8.i1

—
N
—
w

t4

—_
ol
—
o

t7

—
0]
—
(o]

t10t11 | t12

s8.i2
s8.i3

s8.i4

s8.i5
s8.i6

"l aloeoalaloelaes

s8.i7
s8.i8

(el Jliellell Jlellelle]le)
el diellell Jlell Jllelie]
[ellellellellelle]] Jlelle)
[ellelle}] Jdlelle]l] Jlelle)
[ellellel] Jiellellellelle]
O|O0|0|0|0|0|0|0|F
[e]je]lls]llelleollDlelle]ll—
dlellellellell_ llell_Jdle]
RPIQIOIOIOIOIOIRLRIO
=lolololololololo
SO OO0 O0OOOO

s8.i9

For the & scenario all disruptions at manufacturers occurseoutively in two
periods of time except thé"zand 9" manufacturer. Disruption occurs at one period
of time at #' manufacturer and disruption occurs at three pedbdime at

manufacturer.

Table 34. Model 1's'®scenario for manufacturer disruptions

a(s,i,t) scenario s
occurrence value
on manufacturer| t1
node i at period of

time t

—
N
—
w

t4

—_
)]
—
o

t7

—
oo
—
(o]

t10t11 | t12

s9.il1

s9.i2

s9.i3

s9.i4

Il ey

s9.i5

s9.i6

s9.i7

s9.i8

OO0 |0I0|0|0|0|0
elilellel] Jiellellelle]lle]
ellelle}l Jllellellelle] o)
OO0 |00|0|0|0|0
elilell Jdiellellelleliel)
PO OI00Or OO
RIO|IO|I0|I0|I0O[—|O
el Jdiellellell_lielie]lle)]
OIRLIOIOIQIRIOIQIO
olololol=lmlololo
S5 S S S S

oO-lolale

s9.i9

For the §' scenario no disruption occurs at period of time t1
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Table 35. Model 1's 10scenario for manufacturer disruptions

a(s,i,t) scenario g
occurrence value
on manufacturer
node i at period of

time t
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=
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w
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NS

—
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(o))

~—+
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(o¢]

—
©

t10t11

t12

s10.i1

s10.i2

s10.i3

s10.i4

S|~ |

s10.i5

s10.i6

s10.i7

s10.i8

s10.i9

OO0 |0|0|0|0|0|0

R O|OI0O|0O|O0Okr O|O

el Jllellellel] Jle]le]

ellell Jiellell Jlellelle]
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For the § scenario no disruption occurs at period of tim. tDisruptions for

manufacturer 5 occur at last two periods as t11thad

Occurrences of the scenarios on warehouses

Table 36 Model 2’s ' scenario for warehouse disruptions

al(s,j,t)
scenario s
occurrence
value on
warehouse
node j at
period of
time t

tl

t2

t3

t4

t5

t6

t7

t8

t9

t10

tl

tl]

sl.jl

sl.j2

s1.j3

4

sl.j4

O L Ol O
— T

O |o|lo|o|lo

s1.j5
(dummy)

O |o|lolo|+

© |o|o|r|k

O |o|lolr|o

© |o|r|r|o

O o|lr|o|lo

O |o|lo|o|o

O |rlojo|lo

O |rlololo

O olololo

O lolololo

o

sl1.j6
(dummy)

s1.j7
(dummy)
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As can be seen in table 36 in periods of timeXhrd t10 no disruption occurs at

warehouses.

Table 37Model 2's 2 scenario for warehouse disruptions

al(s,j,t) scenario
S occurrence
value on
warehouse nod
j at period of
time t

D

t1

t2

t3

t4

t5

t6

t7

t8

t9

t10t11

t12

s2.j1

S2.j2

s2.j3

s2.j4

[pllellelle)

Q=100
olololo

e~ e~ -

s2.j5 (dummy)

olo|o|lo|o

ololojr|o

OOOI—\I—\

olr|o|olr

o

olrk|o|o|o

~lolololo

aolOlo0|o|o

=

PNlell llelle)

p—

(@ Ihadbadbad bt

ouuuu

s2.j6
(dummy)

s2.j7 (dummy)

Table 38 Model 2's 3 scenario for warehouse disruptions

al(s,j,t) scenari
S occurrence
value on
warehouse nod
| at period of
time t

O

D

tl

t2

t3

t4

t5

t6

t7

t8

t9

t10t11

t12

s3.j1

—

s3.j2

=

s3.j3

s3.j4

R O|Fr| O

QlOIQlIO
|

—

s3.j5 (dummy)

ololo|o|o

olo|ololo

olr|ololo

olo|o|r|o

olololo|o

~lolololk

olo|lo|o|

PNlellellell)

-

s3.j6
(dummy)

s3.j7 (dummy)

oul—uu

As explained below, every period of time no disipioccurs in emergency

(dummy) warehouses.
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Table 39Model 2's 4" scenario for warehouse disruptions

al(s,j,t)
scenario s
occurrence
value on
warehouse
node j at
period of
time t
s4.j1
s4.j2
s4.j3
s4.j4
s4.j5
(dummy)
s4.j6
(dummy)
s4.j7
(dummy)

t1 | t2 | 3| 4| t5| t6| t7| 8 t9 t10 t1p 12

Ol OO
SO

© |o|lo|o|o
© |lo|lo|r|o
© |lo|lo|r|o
© |o|lo|r|o
© |o|lo|o|o
© |o|r|o|lo
© |o|r|o|o
© |r|lololo
© |rlololo
O |[0olololk
O |lolololke

o

Table 40Model 2's 8" scenario for warehouse disruptions

al(s,j,t)
scenario s
occurrence
value on
warehouse
node j at
period of
time t
s5.j1
s5.j2
s5.j3
s5.j4
s5.j5
(dummy)
s5.j6
(dummy)
s5.j7
(dummy)

t1 | t2 | 3| 4| t5| t6| t7| 8 t9 t10 t1p 12

OOl O o
OO

© |o|lo|o|o
© |o|lo|r|o
© |o|lo|r|o
O |ololr|k
© |olo|o|r
© |o|r|o|o
O |o|r|o|o
© |r|lololo
© |rlololo
O |olololo
O lolalolo

o

For the 2° warehouse disruption occur for three periods wietias t2, t3 and t4

consecutively.
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Table 41 Model 2's " scenario for warehouse disruptions

al(s,j,t)
scenario s
occurence
value on
warehouse
node j at

period of

time t

tl

t2

t3

t4

t5

t6

t7

t8

t9

t10

t1fl

t12

s6.j1

—

S6.j2

s6.j3

A=

s6.j4

bl e 0D
T N

s6.j5
(dummy)

O |o|lo|lo|o

O |o|lo|lo|o

O |o|lo|o|lo

O |olr|o|lo

O |o|lr|o|lo

© |olr|r|o

O |o|lo|lo|o

O |olo|olr

O |lolololkr

O |olololo

O nhlalolo

o

s6.j6
(dummy)

s6.j7

(dummy)

Table 42 Model 2's ¥ scenario for warehouse disruptions

al(s,j,t)
scenario s
occurrence
value on
warehouse
node j at

period of

time t

tl

t2

t3

t4

t5

t6

t7

t8

t9

t10

t1fl

t12

s7.j1

S7.j2

s7.j3

s7.j4

Ol O o
OO

S7.j5
(dummy)

O |o|lo|lo|o

O |o|lo|r|o

O |o|lr|o|o

O |o|lr|o|lo

© |o|r|o|r

O o|lo|olr

O |o|lo|lo|o

O |olololo

© [olololo

O |mlololo

O Inhlalolo

o

S7.j6
(dummy)

S7.j7

(dummy)

In 7" scenario no disruption occurs in periods t7, @ n

90



Table 43Model 2's 8" scenario for warehouse disruptions

al(s,j,t)
scenario s
occurrence
value on
warehouse
node j at

period of

time t

tl

t2

t3

t4

t5

t6

t7

t8

t9

t10

t1fl

t12

s8.j1

s8.2

s8.j3

s8.j4

Ol

s8.j5
dummy)

O |[p|lololo

O |r|lo|lo|lo

O |o|lo|o|o

O |olololr

O |olo|lolo

O |olo|lolo

O |olr|olo

© |olr|r|o

O lolrlolo

O |ololalo

O lolaloalo

o

s8.j6
(dummy)

s8.j7

(dummy)

In 8" scenario some periods of time do not have dissapfihese are t3, t5, t6, t10

and t11.

Table 44Model 2's 9" scenario for warehouse disruptions

al(s,j,t)
scenario s
occurrence
value on
warehouse
node j at

period of

time t

tl

t2

t3

t4

t5

t6

t7

t8

t9

t10

t1fl

tl]

s9.j1

s9.2

s9.j3

s9.j4

o

s9.j5
dummy)

O |o|lo|o|o

O |o|lo|lo|o

O |o|lo|o|o

O |—|lo|lo|lo

O |k|o|o|r

O |o|lo|o|o

O |o|lo|lo|o

O |olololo

O lolrlolo

O lolklalo

O lolaloalo

s9.j6
(dummy)

OO0

PN RN
S O T

s9.j7
(dummy)

In 9" scenario, at warehouse 2, disruption occurs aasteeriod of time, t12.
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Table 45Model 2's 18" scenario for warehouse disruptions

al(s,j,t)
scenario s
occurence
value on
warehouse
node j at
period of
time t
s10.j1
s10.j2
s10.j3
s10.j4
s10.j5
(dummy)
s10.j6
(dummy)
s10.j7
(dummy)

t1 | t2 | 3| 4| t5| t6| t7| 8] t9 t10 t1p 12

o | 7~
|5 > S S

A—

[llellelle)
oo |O
o|o[r O
Ol

o|lo|lo|o
© |olo|lo|o
© |lolo|lolo
© |r|lo|lolo
© lololol-
© lolrlolo
O lolklolo

o
o

In 10" scenario all disruption occurs two periods of ticoasecutively except in

period of time t8.

Table 46. Transportation cost from each manufacturde to each warehouse node

g1(j,i) distance
from manufacturer 4 | 4> | i3 | s | 5 | i6 | i7 | i8 | i9
node i to

warehouse node |j
j1 11 81| 20| 4 7 23 4 22 1b
j2 2 3| 4| 8 5 9| 11| 3| 12
i3 5 4 | 11| 2 3 6 71 10 9
j4 12 11| 7| 5] 9] 15 3| 6] 4
i5 3 51| 8| 24| 2 9| 10 4 7
j6 8 | 20| 5| 3 4 7 9| 11 2
i7 4 2 | 25| 7| 10/ 16/ 14 8| 11

Both in Tables 46 and 47 the transportation caggssumed as two digit numbers.
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Table 47. Transportation cost from each warehoosle to each retailer node

g2(k,j) distance

from warehouse .

node j to retailer N R e R I I

node k

k1l 8 2| 12| 6 4 2 11
k2 7 3 9 2 12 4 8
k3 5 7 2 3 6 22| 4
k4 4 6 3 4| 21 1 7
k5 6 | 20| 4| 11 3 6 2
k6 2 15| 6 5 7 11 9
k7 3 5 7 4 1 2 3

Running the single-product supply chain network elad GAMS has table solution
for every scenario s. There are ten scenariosfimaglel which is denoted before.
For the first scenario ags andals, decision variables values, Yik, Z: and wi
after running GAMS are indicating the results. GAMS8icates which manufacturer
and warehouse should be opened, what is the flovouat between each
manufacturer to each warehouse, what is the flowusnbetween each warehouse
to each retailer and the inventory level at eactrehause.

For first scenario sl the results for both Modaehtl Model 2 are shown in the tables

below:

4.4 RESULTS OF MODEL 1

Results for the first scenario of single-produogse-period model in GAMS are

designated below:
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Table 48. Model 1 flow values from manufacturem@rehouse

X a1 5 [ 6 | 17
i2 8000
i5 4000
i7 8500
i9 5000

Table 49. Model 1 flow values from warehouse taitet

Yo k1 k2 k3 k4 k5 k6 k7
j4 4500 | 2220 1780

i5 1220 2780

6 1780 3220

i7 780 3700 3520

Table 50. Model 1 decision variable showing eacteause is opened or not

Open or]
not

1

~N (O |01~ IN

1
1
1

Table 51. Model 1 decision variable showing eachurfecturer is opened or not

j1

j2

j3

j4

i5

j6

i7

For interpreting the results, first of all it shdwe referred to the values of scenarios

both from in manufacturer and warehouse nodes.t [Bicenario occurrence at
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manufacturers denotes that third manufacturer modesrupted. Therefore, it cannot
be opened. First scenario occurrence at warehaleseses that second warehouse is
disrupted. Therefore, it cannot be opened. Theltseeawe consistent with this rule.
No product is flowing from second warehouse angromuct is flowing from third
manufacturer.

All emergency warehouses are opened as 5, 6 andént products. Occurrence of
this necessity can be emanating due to the distanse factor or capacity of
emergency warehouses. Undisrupted manufacturerdingerproducts are first,
second, fifth, seventh and nineth manufacturersen®d warehouses to send
products are forth, fifth, sixth and seventh waredes. Note that fifth, sixth and
seventh warehouses are emergency warehouses.

There is no inventory held at none of the node®rdfore the total inflow to each
warehouse is equal to total outflow from the samselwouse. For instance, the
second manufacturer sends 8000 units to the sewardghouse. Seventh warehouse
sends 780, 3700 and 3520 units (totally equal t00BQo retailers. Besides, all
demand units of retailers are satisfied by undigdiand recently opened emergency

warehouses.

4.5 RESULTS OF MODEL 2

Results for the first scenario of single-producttiueriod model in GAMS are

denoted below:
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Table 52. Model 2 flow values from manufacturemarehouse at each period

tl t2 t3 t4 t5 t6

i3.2]670

i4.3 8100 | 7200 8600

i4.4 8500 4000

i5.1 5700

i5.3 | 8400

i7.1] 6900 3100

i7.4 | 8500 7400

19.4 4900

t7 t8 t9 t10 t11 t12

3.2 4600

i4.3 5900

i5.1 8400 5100

i5.2 4200

i5.3 5100 7800

i6.2 6100

i6.3 8200

i7.1| 5300

i7.4 | 5900

i8.2

9.4 4900
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Table 53. Model 2 flow values from warehouse taitet at each period

tl

t2

t3

t4

t5

t6

1K1

400

i1.k2

420

i1.ka

1080

i1.k5

2700

3100

i1.k6

5000

2500

i1.k7

500

i2.k1

2600

4100

i3.k3

3000

4000

2700

i3.k4

1700

2800

i3.k5

3700

4000

3200

2000

i3.k6

1920

1100

i3.k7

2180

i4.k1

2500

i4.k2

4080

3200

3000

2400

i4.k3

500

1000

2100

4 k4

2100

2900

i4.k6

2900

i4.K7

1220

1200

1800

2400

t7

t8

t9

t10

t11

t12

i1.ka

1400

i1.k6

3300

1400

1700

2100

300(

i1.k7

600

1300

4000

i2.k1

4000

2300

3300

i2.k2

200

2900

3500

i2.ka

2000

2700

i2.k7

2100

i3.k2

1800

i3.k3

2800

4100

1900

i3.k4

100

900

1900

i3.K5

2200

3700

1800

3100

i3.k6

1700

i3.k7

1000

i4.k2

2600

2700

i4.k3

2200

2100

4 k4

1100

100
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Table 54. Model 2 inventory level at each periodimmi

1l {3 8 {9 111
i1 7100 | 1700 3000
i2 4100 900

i3 5000
i 4420 | 1300

Table 55. Model 2 decision variable showing eacteause is opened or not

t1 | t2 | t3 | t4 ] t5 t6 | t7| t8| t9| t10] t11 | t12
j1 1 1 1] 1 1] 1 1 1
2111 1] 1 1] 1 1
3111 1 1 1 1] 1 1 1
41111 1 1 1 1 1 1 1

Table 56. Model 2 decision variable showing eachurfecturer is opened or not

tl t2 t3 t4 t5 t6
i1.1 1 1 1
1.2 1 1 1 1 1
i1.3 1 1
i1.4 1
i1.5 1 1 1 1 1 1
i1.6 1 1 1 1 1
i1.7 1 1 1 1 1 1
i3.2 1
i3.6 1
i4.3 1 1 1
i4.4 1 1
i5.1 1
i5.3 1
i7.1 1 1
i7.4 1 1
19.4 1
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Table 56. Model 2 decision variable showing eachurfecturer is opened or not
(cont'd)

t7 t8 t9 t10 t11 t12
i1.1 1 1
i1.2 1 1
i1.3 1
i1.4
i1.5 1
i1.6 1
i1.7 1
i2.1 1
i2.3 1

e
S
N L

i2.4
i2.5
i2.6

N

i2.7

3.2 1
i4.3 1

i5.1 1 1

5.2 1
i5.3 1 1
6.2 1

6.3 1

i7.1 1
i7.4 1

8.2 1

9.4 1

Model 2 decision variables depend on period of @®enonths of the year. In Model
2, additional manufacturing costs at manufactuesrd inventory holding costs at
warehouses are considered. They all effect ontsesul

Referring to the first scenario at manufacturdrsannot be open first manufacturer
in periods of time t11 and t12. This is satisfigdtbe result table 52 and table 56.
Table 52 demonstrates the flow amount of manufacsurFirst manufacturer does

not send any products at any period of time acogrdo first scenario. Table 56
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denotes the state of manufacturers which are openedt. First manufacturer is not
opened at periods of time t11 and t12 accordirfggbscenario.

Considering first warehouse at the first scenati@annot be opened at periods of
time as t2, t3 and t4. Disruption occurs at twaquks of time as t2 and t3. However,
there is a recovery period for every warehouser dfte disruption (including the
disruption month). Therefore, the first warehouaerot be opened at period of time
t4. Table 53 and Table 55 satisfy this assumptioi.able 53, there is no flow from
first warehouse at periods of time t2, t3 and M Table 55, first warehouse is not
opened (values 0) at the same periods of time.

Demand units of retailers are satisfied also. Retance, the first retailer in the first
scenario demands 3000 units in period of time L4400 units in period of time t2.
From the Table 53 considering the flow values ofelauses, first warehouse sends
400 units at period t1 and second warehouse se3@f¥ hits at the same period of
time. The total amount of demand is satisfied. therother example, the first retailer
in the first scenario at period of time t2 requiK00 units. Second warehouse
satisfies this amount 4100 as can be seen in E&ble

In Model 2, warehouses can hold inventories comsigehe inventory holding cost
at period of times. Table 54 shows the inventorpants at warehouses. According
to the first scenario warehouse one hold inventdry100 at period of time t8, 1700
at t9 and 3000 units at t11. The second warehookis nventory of 4100 units at
period of time t1 and 900 units at t9. Third wanet® hold inventory at period of
time t11 with 5000 units. Forth warehouse hold mweey at period of time t1 4420

units and at t3 1300 units.
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4.6 RISK EXPOSURE VALUE AS EXPECTED SUPPLY CHAIN

DISRUPTION COST FOR MODEL 1

Considering all the scenarios in Stthe Model 1 is optimized several times. The
optimal flow amounts from manufacturers to warelesuand optimal flow amounts
from warehouses to retailers are obtained with dbeesponding total minimum
cost. Thus, for ten different scenarios, we obtain different objective function
values, each of which corresponds to the optin@k fand optimal serving if the
disruption occurs.

After running 10 scenarios, we can calculate thpeeted risk exposure or the

expected supply chain disruption cost by the foitmaxformula.

S
ESCDC= > TC, *P(w,)

ESCDC=(6428684*0,05)+(6417562*0,11)+(6437846*0,03)+( 68232*0,21)+
(6431254*0,09)+(6435309*0,18)+(6455948*0,05)+(6484"D,06) +

(6437954*0,08)+ (6490322*0,14)6.440.427,06

This value means a company with these amounts ofufaeturers, warehouses,
retailer, same constraint, same objective and ivengprobability of disruptions has
this amount of expected risk exposure. This vahkiecalculated according to
optimality conditions. Companies can calculate rtleipected risk exposure value

considering the past disruption occurrence data.
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4.7 RISK EXPOSURE VALUE AS EXPECTED SUPPLY CHAIN

DISRUPTION COST FOR MODEL 2

Same formula is used for risk exposure as expestp@ly chain disruption cost in

Model 2.

S
ESCDC= > TC, *P(w,)

ESCDC=(54566132*0,05)+(54760230*0,11)+(54621950*0,034624134*0,21)+
(54682334*0,09)+(54577980%0,18)+(54686980*0,05)-666186*0,06)+
(54561924*0,08)+ (54643542*0,14)44.310.774,36

Model 2 risk exposure cost value is bigger than 8ddbecause manufacturing cost
and inventory holding costs are added to supplynchetwork. These costs increase

the total optimal minimal cost level.
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According to Figure 12, the highest total costhsarved in scenario ten for Model 1
and the highest total cost is observed in scemandor Model 2. Generally, for both
models the total cost values’ differences are gt Within Model 1 and Model 2.
Total costs are approximately in same values wigaich model.

It can be perceived that there is approximatel)@®.000 cost difference between
Model 2 and Model 1. The reason for the high défere is the existence of the
holding and manufacturing costs in Model 2. Evea different cost type is added to
the supply chain network, the optimal result isngdio increase.

Two digit valued manufacturing cost and two dig#lued inventory holding cost
result make approximately two times increase oir timltiplication digit quantity.
These two cost multiplication has 4 digit valuesd ahe increase difference is
40.000.000 as 8 digit number. It is convenientrterpret that, every added cost
increase the optimal total cost digit with multiaition with itself (3% exponential)

digit amount.
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Figure 12. Comparison of optimal costs for Modantl Model 2

Total cost

6500000

6480000

6460000

6440000

6420000
6400000

6380000

Minimum total cost for Model 1

2 3 4 5 6 7 8 9 10
Scenarios

Total cost

5480000
5475000
5470000
5465000
5460000

5455000
5450000
5445000
5440000

Minimum total cost for Model 2

2 3 4 5 6 7 8 9 10

Scenarios
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CHAPTER 5

CONCLUSION

Managing supply chain risk is very important. It®piortance increases while
disruption occurs. Disruption occurrences do nopetiel on time, location or
company. Unfortunately, it is impossible to knowe thxact time of occurrence,
location or magnitude of the disruptions. Therefoegjuired precautions should be
taken from companies before disruptions arise. @ones always want to cope with
disruptions in the supply chain. They tend to trgny ways. Some of them try to
strengthen their relation with customers and seapplihrough customer relationship
and supplier relationship management. Relationhis key factor between the
company, government and other members of the sugmiyn. Some companies
strengthen their control on the information flowthvhew IT methods. Some of them
establish business unit for risk management. Sointeemn hold excess inventories
for emergency situations.

This study is hoped to be a useful source foraihganies in different business areas
struggling against any kind of disruptions. The pames should always be ready
and prepared. Thesis subject covers three moddlprawides a method to calculate

the expected risk exposure based on optimal resiNts® only disruptions
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occurrences, but also various cost types withirstipply chain network are analyzed
and the total cost throughout the supply chain isimmzed. The input data,
constraints and objective function can be differlemtevery company. This is an
adoptable model for single-product, multi-produsingle-period or multi-period
supply chain networks.

Considering optimal cost results, Model 2 is marstly than Model 1 because there
occurs extra costs as inventory holding costs aadufacturing costs. Therefore, it
can be concluded that every added cost type hagdicant impact on the optimal

cost results.
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APPENDIX A

MODEL 1 GAMS CODE

Set
i manufacturers /i1, i2, i3, i4, i5, i6, i7,,i® /
j warehouses / 1*7 /
k retailers / k1, k2, k3, k4, k5, k6, k7 /
s scenarios / s1, s2 /

Parameters
b(k) backlog cost of retailer at node k

/ k150
k2 65
k3 55
k4 40
k5 30
k6 25
k7 15/

Q(i) units of supply from manufacturer at node i

/i1 470000
i2 425000
i3 300000
i4 410000
i5 600000
i6 650000
i7 436000
i8 400000
i9 370000 /

P(j) capacity of warehouse at node j

/16900
26700
3 8400
4 8500
54000
6 5000
7 8000 /

d(K) units of demand from retailer at node k

/ k1 3000
k2 4500
k3 3000
k4 2780
k5 3700
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k6 5000
k7 4500/

f(j) fixed cost of new opened dummy(emergency)lfgci

/10

20

30

40
5100000

6 150000

7 170000 /;

table U(j,k) trust reduction value at node k
k1 k2 k3 k4 k5 k6 k7
13527 3033262332
224 213734392522
336312839412043
44524 35372238 25
521403937 263331
6 25 15 43 39 28 23 25
726274517 3716 35;

table a(s,i) scenario s occurence value on manutchode i
i1i2i314i5i6i7 1819
s1001000000;
table al(s,j) scenario s occurence value on wasehoade |

1234567
s10 1000 0 O;

table g1(j,i) distance from manufacturer nodewtrehouse node j
i1 i2 i3 i4 i5 i6 i7 i8 i9

110 8 2 11 7 5 4 9 3
22 3 4 8 5 911 3 12
35 411 2 3 6 7 10 9
41211 7 5 9 15 3 6 4
53 5 8 6 2 910 4 7
6 8 6 53 4 7 911 2
74 2 6 7 10 3 5 8 11;

table g2(k,j) distance from warehouse node j tail@t node k

k1
k2
k3
k4
k5
ké
k7

oNErMIIN©®R
RO ~NWNN
~NOo L WN© U W
rOPWNO DN
Ev~gNvoor~m
VMW GHUOANO®
WO NR®E N

variables

X(i.j)

Y(j,k)

w(i,j) euals 1 if warehouse j is assigned to hees by manufacturer i
z(j) equals to 1 if warehouse node is open O oatiser
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Variable TC  total expected costs

POSITIVE VARIABLE X, Y;
BINARY VARIABLE w, z;

equations

FMCS(i,s) flow from manufacturer to warehouse stiadnform scenario constraint
FMWS(s,j) flow from warehouse to retailer shoulchfim scenario constraint
DFC(s,j) Dummy flow constraint

PWN(K) Preventing from inventory holding of warelewnode

PMN(j) Preventing from inventory holding of manufiaer node

PBW(j) Preventing from backlogging on warehouseenod

WSM(j) Each warehouse is served by only one manurfac

*RSO each retailer is served by only one warehouse

MCO(s,j) Each warehouse condition to be openedbdapends on the scenario value
MSO(i,j) Manufacturer should be open first to s@ndducts.

WSO(j,k) Warehouse should be open first to sendymts.

KRP(i,s,j) Flow arrangement from manufacturers

ZRP(j,s,k) Flow arrangement from warehouses

*GGG(i,s,j) Not opened manufacturer cannot sentipets.

obj objective function ;

obj.. TC=e= sum((i,j),91i))* X(i.j))+sum((,k),g&.j)*Y (j.k))+ sum((j,k),b(k)*(d(k)-Y(j.k)))
+sum((i.j,k,s), U(.K)*(@l(s,j)+ a(s.i)) + sumP()**1.2)*z(j));
FMCS(i,s).. sum(j, X(i,))) =I= Q(i)*(1-a(s,i));
FMWS(s,j)$(ord(j) It 5).. sum(k, Y(j,K)) =I= P(1-al(s,)));
DFC(s,j)$(ord(j) gt 4).. sum(k, Y(j,k)) =I= P()*p

PWN(K).. sum (j, Y(j,k)) =I= d(Kk);

PMN(j).. sum (i, X(i,j)) == P(@)*z(j);

PBW(j).. sum (i, X(i,j)) =e= sum (k, Y(j,k));

WSM()).. sum (i, w(i,j)) =e= 1,

MCO(s,)).. z(j) =I= 1-al(s,));

MSO(i,j).. X(i,j) =l= 9999999*w(i,j);

WSO(,k).. Y(j,k) =I=9999999*z(j);

KRP(i,s,})..X(i,j) =l= 9999999*(w(i,j)*(1-a(s.,i)));
ZRP(j,3,k)..Y(j,K) =I= 9999999*(z(j)*(1-al(s.})));

*RSO()).. sum ((j), z(j)) =e=1,

*GGG(i,s,j)..w(i,j) =I= 1-a(s,i);

model network /all/ ;

solve network using mip minimizing TC ;
display X.1, Y.I, z.I, w.I;
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APPENDIX B

MODEL 2 GAMS CODE

Set
i manufacturers /i1, i2, i3, i4, i5, i6, i7,,i® /
j warehouses / 1*7 /
k retailers / k1, k2, k3, k4, k5, k6, k7 /
s scenarios / s1, s2, s3, s4, sb, s6, s79s818 /
ttime / t1, t2, t3, t4, t5, t6, t7, t8, t90t111, t12 /

Parameters

table b(k,t) backlog cost of retailer at node kath period of time t
t1t2t3t4t516 t7 t8 19 t10 t11 t12
k150403225172718513719 47 18
k2 6537 51 54 21 18 46 34 44 27 17 57
k35524 4536 31375517 50 33 56 44
k4 40 19 27 4352 433122 1649 39 32
k5 3033 37 38445126 46 3152 24 26
k6 2529 19 49 352547 21 48 37 32 38
k7 1541 37 20 4535303828 24 43 17;

table h(j,t) inventory holding cost at each waredenode | at each period of time t
t1t2t3t4t516 t7 t8 t9 t10 t11 t12

100 1000 0 00400 O0
205036 00000 0O
300200 0006000
4070401700000 20
500701115009 00 15
600000 00000 O0O
700000 00000 OO

table E(i,t) manufacturing cost at each manufactuogle i at each period of time t
t1 t2 t3 t4 t5 t6 t7 t8 t9 110 t11 t12
i120303525274033232535 40 21
i233211524 283621381839 25 27
i315262231291740313517 19 24
i4 3016 1419202533283419 23 28
i517192034192227153024 14 35
i634122816293022271136 24 31
i714201522301917 252230 33 18
i820262723163128301821 15 28
19291917 201526 14 2218 23 27 16;
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table Q(i,t) units of supply from manufacturer atle i at each period of time t
t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12
i1 470000 450000 510000 640000 530000 470600@0 470000 350000 680000 370000 750000
i2 425000 350000 480000 540000 460000 600400®0 620000 630000 640000 450000 610000
i3 300000 500000 430000 470000 340000 580600@0 390000 580000 440000 650000 370000
i4 410000 470000 610000 610000 590000 550000@0 530000 480000 750000 560000 740000
i5 600000 350000 590000 390000 730000 340G00 570000 610000 510000 380000 550000
i6 650000 410000 380000 490000 550000 450F00@0 640000 550000 370000 490000 620000
i7 436000 480000 630000 500000 700000 630800@0 440000 620000 480000 610000 710000
i8 400000 600000 450000 760000 380000 750000@0 560000 640000 560000 670000 580000
i9 370000 640000 460000 510000 430000 590000@0 550000 590000 610000 340000 770000

table P(j,t) capacity of warehouse at node j ahgrariod of time t
t1 t2 t3 t4 t5 t6 t7 t8 t&O t11 t12
1 6900 8400 5700 4300 5700 4400 5300 8400 900 5900 8100
2 6700 7500 8100 5100 8000 6300 8200 4200 8200 8100 5800
38400 8100 7200 8600 7200 8400 7900 5100 §200 7800 8800
4 8500 6100 8500 6700 4900 8200 5900 6300 84300 8500 8400
54000 7400 8700 8000 6200 8000 5600 8100 B9800 7000 4900
6 5000 8100 6800 8100 8200 8100 8500 6500 8500 8100 7100
7 8000 6400 7500 8500 6100 5700 8400 8300 8200 8300 7100 ;

table d(k,t) units of demand from retailer at néds® each period of time t
t1 t2 t3 t4 t5 t6 t7 t® ttl0 tlltl12

k1 3000 4100 2500 3000 4000 2000 3000 4300 2700 3300 2400
k2 4500 3200 3000 2400 2000 3000 2600 2@0D 3500 2000 2700
k3 3000 2200 4500 2700 3000 2100 2200 3300 2100 1900 2100
k4 2780 3500 2100 2800 2100 2900 2500 2500 2000 3600 2000
k5 3700 4000 3200 2000 2700 3100 2000 2700 3.800 2400 3100
k6 5000 2100 1700 4000 2500 1800 3300 2400 3700 2100 3000
k7 4500 3400 1200 2900 2300 2400 1200 2300 2300 2100 1400 ;

parameter f(j) fixed cost of new opened dummy(emecy) facility

/10

20

30

40

5 100000

6 150000

7 170000 /;

table U(j,k) trust reduction value at node k
k1 k2 k3 k4 k5 k6 k7
13527 3033262332
224 213734392522
336312839412043
44524 35372238 25
521403937 263331
6 25 15 43 39 28 23 25
726274517 3716 35;
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table a(s,i,t) scenario s occurence value on matwtf node i at each period of time t
t1t2t3t4 t56 t7 t8 t9 t10 t11 t12
s1i10 0 1
sli21
s1.i30
sl.i4 0
s1.i50
s1.i6 0
sl.i7 0
s1.i80
s1.i90

[cNoloNoNoNoN i)

ool NoNeoNol eoNe]
cNeoNoNoNoNol loNe]
ol NeoloNeol NeolleNe]
cNoNoh Nl NelleNe]
POORFRPROOOOO
POOOOOOO0OOoO
cNoNoNol NeolNeoloNe]
cNoNoNol NeolNeoloNe]
cNoNoNoNeoNoNeNe)

cNoNoloNeolNoNoNoN o

table al(s,j,t) scenario s occurence value on waighnode j at each period of time t
t1t2t3t4 t516 t7 t8 t9 t10 t11 t12

s1.1011000000 0
s1.20
s1.30
s1.40
s1.50
s1.60
s1.70

coocoocoor
coocoor
coocoor
OO0 ORR
coocoro
cooocoo
coorooo
cooroOO
cooocooo
cooocooo
coocookr

table g1(j,i) distance from manufacturer nodewtrehouse node j
i1 i2 i3 i4 i5 i6 i7 i8 19
11 8 20 4 7 23 4 22 15
2 3 4 8 5 9 11 3 12
5 411 2 3 6 7 10 9
12 11 7 5 9 15 3 6 4
3 58 242 910 4 7
8 20 5 3 4 7 9 11 2
4 2 25 7 10 16 14 8 11,

~No o~ wWNE

table g2(k,j) distance from warehouse node j tail@tnode k
1 2 3 456 7

ki 8 2 12 6 4 2 11
k2 7 3 9 2 12 4 8
k3 5 7 2 3 6 22 4
kd 4 6 3 4 21 1 7
kb 6 20 4 11 3 6 2
k6 2 15 6 5 7 11 9
k7 3 5 7 4 1 2 3;
variables

X(i,j,t)

Y(j,k,1)

Inv(j,t) inventory level at warehouse j at time ipelrt
w(i,j,t) equals 1 if warehouse j is assigned tsbrred by manufacturer i at time period t
z(j,t) equals to 1 if warehouse node is openna¢ tperiod t O otherwise

Variable TC  total expected costs
POSITIVE VARIABLE X, Y, Inv;
BINARY VARIABLE w, z;

equations

FMCS(i,s,t) flow from manufacturer to warehousetldtla@onform scenario constraint
FMWS(s,j,t) flow from warehouse to retailer shoatthform scenario constraint
DFC(s,j,t) Dummy flow constraint

PWN(k,t) Preventing from inventory holding of waceise node

PMN(j,t) Preventing from inventory holding of maaafurer node
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PBW(j,t) Providing the equality for each warehoubat incomes equals to outcomes including
inventory

WSM(j,t) Each warehouse is served by only one mastufer

MCO(s,j,t) Each warehouse condition to be openedairdepends on the scenario value at each
period of time t

MCO1(s,j,t) Recovery period is arranged here as meanmths of last recovery period not to open
disrupted warehouses

MSO(i,j,t) Manufacturer should be open first to dgmoducts.

WSO(j,k,t) Warehouse should be open first to sendyrcts.

KRP(i,s,j,t) Not opened manufac. cannot be serdywcts

ZRP(j,s,k,t) Not opened war. cannot be sent praduct

obj objective function ;

obj.. TC=e= sum((i,j,t),E(i,t)*X(i,j,0)+ sum((i§),91G,0)* X(@i,j,0)+  sum((j,t),fG)*z(,10)+
sum((j,k,t),g2(k,j)*Y(j,k, 1)+

sum((j,t),h(j,H)*Inv(j, 1))+ sum((,k,t),b(k,t)*(d(K)-Y(,k,t)))

+ sum((i,j,k,s,t), U(j,kK)*(@l(s,j,t)+ a(s,i,t)) ;

* sum(j, (P(j,t)**1.2)*z(j,t)); Ekstra objectivéunction equation
FMCS(i,s,t).. sum(j, X(i,j,t)) =l= Q(i,t)*(1-a(sh);
FMWS(s,j,t)$(ord(j) It 5).. sum(k, Y(j,k,t)) =I= ®@t)*(1-al(s,j.1));
DFC(s,j,t)$(ord(j) gt 4).. sum(k, Y(j,k.1)) =I= B*z(j,t);
PWN(k1).. sum (j, Y(j,k,t)) =I= d(k,t);

PMN(,t).. sum (i, X(i,j,t)) == P(,t)*z(j,1);

PBW(j,t).. sum (i,X(i,j,t))+Inv(j,t-1) =e= sum (k,{,K,t))+Inv(j,t);
WSM(j,t).. sum (i, w(i,j,t)) =e= 1;

MCO(s,j,1).. z(j,t) =I= 1-al(s,j,t);

MCO1(s,j,b).. z(j,t+1) =I= 1-al(s,j,t);

MSO(i,j,t).. X(i,j,t) =I= 9999999*w(i,j,t);

WSO(,k,t).. Y(j,k,t) == 9999999*z(j,t);

KRP(i,s,j,t)..X(i,j,t) == 9999999*(w(i,j,t)*(1-a(s,1)));
ZRP(j,s,k,1)..Y(j,k,t) == 9999999*(z(j,t)*(1-al(st)));

*RSO()).. sum ((j), z(j)) =e=1;

model network /all/ ;
solve network using mip minimizing TC ;
display X.1, Y.I, Inv.l, z.I, w.l;
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