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ABSTRACT
Resilient Digital Supply Chain Twins: Simulation-basedAnalysis onCOVID -19 Pandemic
Outbreak
Faridoddin Moazzeni

Over the past few years, Supply Chains (8&je expandethpidly in terms ofdimensions and
complexity(e.g.,globalization, outsourcing, etc.). Besidegmerous practitioners and researchers
proposed models mainly focused on minimizilBgC 6 s t o €oasequently, et potential
financialadvantages of reduced stock leaatsl inventory buffers have mag8€smore vulnerable
to local and globdlow-Frequency Higimpactdisruptionriskswhich have longterm destructive
effects For instance, th€EOVID-19 pandemioutbreakhasseverelydisturbedSCs, especially for
essential productdyy a sharp increase in demaad raw material supply failur®uring this
challenging situation, the focus shHd be shifted from cost minimizatioto S C Gssrvival
maximizing demand satisfactipand minimizing delivery time Consequently,hiese emerging
issues have put forth the need for greater emphasis to develop resilient supply chains.
This studypresenta methodological SC simulation mdtleg frameworkthat enablesisualizing
the SC andnaking quick decisions by SC managers in neartiea to ensure resiliency during
the disruption. The solution approach is appleeda case study LuxxeenCo., a Canadian
manufacturer of greetisposable products, i.e. Toilet Tissues, which is considered an essential
product

First, we devel ohephaso@izancemudl rmodeltby custdmiziagntile SCOR
reference model. Afterwasgwe translatetito Discrete Event Simulation formalist and implement
It using the @AArena sNertwe designadhree GQV/HO paademi®o pl a't
outbreak disruption scenarios in suppliers, transportation networks, and refailaltyg, threerisk

mitigation strategies (i.eMultiple Sourcing,ChanginglnventoryControl Policy andBuffering)



are suggested tensureSC resiliencyin terms ofreliability and responsivenesperformance
metrics Mor eover, by conducting aadgmpani asod &OpII

between these scenarios, the best set of actions are proposed for each disruption scenario.
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CHAPTER 1

INTRODUCTION

1.1 Supply Chain Management

Supply Chain ManagemeiitS C Mancept firstly emerged into literature in earlylg80iver &

Webber, 1982)The initial studiesmainly wereaboutwell-managing resources and assétse

focus was mainly on operationswithin each echelon of SC®Over the years, the primary
concentration on the efficiency, structure and assessment of the supply chain as a whole has been
increasingFor instanceSCM& focus hasnainly beerto minimize SC total cost anadrease the

total cycle timeincluding suppy and delivey (Beamon, 1998; Christopher & Peck, 2004; Jbara,
2018)

Additionally, due to technological advancement and the expansion of the supplyglchitty,

new types ofSCs have appeared, leading changes in configuration, size and different
management methodsor exampletoday, it is easy to downlodle software through the internet

from variousdevelopers online, whilthe softwarepackagesareonly delivered via CEROMSs.

Such devel opments cr eat e@h ailwWasdatberg, 20a§Qverthd H Cy b
years, academics found out tmabre effortsneed tobe taken into account to addressmplex
relationship networkand process flosamong the SC componenthese efforts wouldreate a

better service or product &ffently (Ellram & Cooper, 2014)

1.2 SCORReference Model

The creation of the SCOR model by the Supply Chain Councihigxa@ellentexample of

developing standardization and providing common benchmarks for comparing performance



indicators across industries and organizattorsldresa portion of modern S€hallengegEllram

& Cooper, 2014)Supply Chain Operations Reference (SC@iyelis apowerful management

tool focused on a business process view of 3kto analyze, monitor, assess and optimize
established supply chain process systems, demonstrating the practical criteria of defined best

practicegMillet et al., 2009)

As the SCsgrowing in scale andonceptit is getting more at riskThe potential advantages of

reduced stock levels, shorter lead timesshau SCsin danger of collapséruncel, 2010)

1.3 Vulnerability of SC

In recent years, many destructive evdmse taken place in the wdr According to(Ho et al.,
2015; Pettit et al., 20130 2011, Toyotacorporationlost 72 million dollars profit per day due to
earthquaks, tsunami,and the following nuclear disast@y increasing th&sCsin size,they ae

becoming more vulnerable to catastropgwvents

The probability ofdisruption risks increases &Csgrow larger geographically and efforts are
taken to minimize the length & C @perationsNowadays, to increase productivity, firms are
reducing both the volume of inventory and human capital. As a result, the risk of disruption
increasesand the erromargin reduces. Supply Chain Risk Management (SLC&Mtrols and
managegshe SC's risksto achieve resilient SGHo et al., 2015; Kleindorfer & Saad, 2005;

Knemeyer et al., 2009)

1.4 Supply Chain risk Management

Several researchers providddfinitions for SCRM According to(Ho et al., 2015)SCRM is

consists offour main processed ncl udi ng A Ri, HkR i Is ¢ e nAtsi siieRscsankei not n
2



Mitigation, and A Ri s k. Additomallyofari nal | kinds of AMacroo

risks in each part of SC, either quantitative or qualitative methods are used for eachrabess.
There is various categorization available in literature in terms of SC risks. According to
(Christopher & Peck, 2004three maircategories has beereidtified. The first type is>@ernal to

the networki.e. environmental riskThe second types in the scale of SC and not to the internal
processi.e.demand and supply risk$he third type isnsidethe firm. i.e., process and control

risks In the next chapter, we explain each process of SCRM in detail.

1.5 Supply Chain Disruption Risk

The secondategory ofSC risks is classified ito two differenttypes namely Operational and
Disruption risks.On the one handthe operationabr High-Frequeng Low-Impact(HFLI) risks
are associated with typicahterruptions in § operations such as variations in ldade and
demandandrisk of damage to the product during shipment, which is shoviAigure 11 at the
top left corner. This category of risk mutside the scope of our studyn the other handhe
disruption risks belong thow-FrequencyHigh-Impact (LFHI) events(bottom right corner of
Figure1.1). This specific typeof risk can lead to shortages in the supply of raw matetisdsto
which production is delayedand this degradation spreads transportationnetworks and
downstream othe supply chain. Téndisruption of this kind of risk is strong and spread fast through
the SCMoreover, t can even temporarily make one or mechelonof theSCinaccessible. This
risk can damagesupply chaigsd performance indicators such agrvice levelservice and

productivity (lvanov, 2020a; Kleindorfer & Saad, 2005; Knemeyer et al., 2009)
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Figurel.1l Risk Categorization Schen(Broposed byKnemeyer et al., 2009)

1.6 What is an iEpidemic Outbreako ?

Onespecific type of disruption risthat has recently beanoreconsideredn the literaturas the
epidemic outbreakd his type of risk can have loaggrm destructive effects on the supply chain.
It can also spread at the same time in the population and the supplyBdsioes it disrupts
supply.transportation pathand demandlhe COVID-19 pandemic outbrealk anexample of this
type of disruptiorrisk that is the main focus of the recent st(@joi et al., 2019; Fahimnia et al.,

2018; Govindan et al., 2017; Ivanov, 2020a; Ivanov et al., 2017; Kinra et al., 2019)

1.7 Pandemic andEssential Product Supply Chain

The impact of thislisruption risk duringhepandemimutbre& can be more significant and critical
depending on the type ttie productandor serviceof the SC Accordingto (Hobbs, 2020¥ood
supply chais such as ricepasta,canned goodsand essential sanitargoods like hand sanitizers
and toiletpaperswere severelylisturbedby a sharp increase in demand and a decrease in supply.

Thisincrease in demandas aresultothed Pani ¢ Buy i ofgustomers.havi our



Following the COVID19 pandenic, more effortmustbetaken into account tanake theSCmore
resiliert in termsof KPIs of eachechelonof the SC itself and other partners through global

networks(Golan et al., 2020)

1.8 Supply Chain Resilience

According to a study conducted fgolan et al., 2020th e concept of ASC Resi
SC's managers' capability to efficiently prepare, allowing a way for the SCs to endure, recover
from, and respond to disruptions of differeinrationimpacts.

According to(lvanov & Das, 2020 he e mphasi s rislsmitigedian integtorgoas t h e
well as providing afbackups u p p lini the rtraditional context of supply chain resilience
Neverthelesst may helpat the beginning of thdisruption The attention should be on rdahe
decisionmaking systems to have a resilient supply chain during epidemic outbreaks due to long
term disruption For example,based onthe progress and spread of the epideotbreak
througlout the whole SC, the opening and closing timing and duration for supply chain partners
should be modifiedo maintain key performance indicators above the acceptance ciitegia.

methods andrameworks whichare mentioned in literature for obtaining the resili8ft arein

more depth irchapter 2. As supply chains become more diverse and complicategrauggess

into Industry 4.0new challenges and opportunities bring(Golan et al., 2020)

1.9 Industry 4.0

Industry 4.0 concept emerged into the literature aftefaimeh industrial revolutionAs shown in
Figurel.2, thefirst three revolutias took inthe past twocenturies The first industrial revolution
brought abouindustry 1.0in the early 1800s byhe fiMechanization of manufacturing facilities

thanks taheinvention of water and steapowered machine8y thebeginning othe19" century



AEIl ect r usingfcealt e cotmmiwe a leldy mass production techno
industrialrevolution. The era of industry 2.0 endedheearly 1900sThe Industry 3.0 era started
with the 3" industrial revolutionin the early 1%0s by application of electrical and information
technol ogy (1 T) and (Drath& Rdech, 2014; LidioRtialg ROl #dustrg at i on

4.0 defines as the technological structure for th€lgghov, 2020b)
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Figurel.2 An Overview ofFour IndustrialRevolutions(Drath & Horch, 2014)
According to(Vaidya et al., 2018)nine pillars of industry 4.0 consist ofitanomous robots
simulation,horizontal and vertical systemthe industrialloT (Internet of things)cybersecurity
and cybeiphysical systems (CPSJje cloud additive manufacturingaugmented reality, and big
data and analyticéndusty 4.0involvesphysical objects, their virtual representation and services,
andtheir applicationsAs a matter of fact, Industry 4.0 comes with opportuniied challenges

by itself to supply chainfDrath & Horch, 2014)



Each industrialrevolution hashad pros andans to SCsAccording to(Ghadge et al., 2020)
especialy by the fourth industrial revolution and creation die concept of industry 4.hew

challenges and opportunitibavebeenbrought tasupply chains

1.10 Application of Industry 4.0in SC

In particular, Industryt.0 is a technical structure fonplementingconcepts oficyberphysical 0
integration in the manufacturing, logistics and supply chai€$ (6ragapane et al., 2020; Ghadge
et al., 2020; Ivanov & Dolgui, 2020a; Liao et al., 2017p&tr et al., 2017; Tang & Veelenturf,

2019) this concept haasignificart effecton addressingCM visibility.

Industry 4.0in digital technologycreates a framewoitly combining the concepts of simulation,
optimizationand data analyticgnablesreating a decisiemaking tool that effectively manages

SC disruption risksespecially forthe recent COVID19 global pandemicThis technologythat
addressesupply chain@needsi s A Di gi t al S u (vagnbvy& Dolgua i2020a;T wi n 0O

Marmolejo & Hurtado, 2020)

1.11 Digital Supply Chain Twin

fA digital SC twin is a computeaed, digital SC model that illustrates the network's state in real
ti me at a n y digitpi $Ce twin tepesards. thephysical SC structure, including
transportation network®attarra et al., 2018; lvanov & Dolgui, 2020a; Salman & Ycel, 2015)
For example(lvanov, 2020alsingthedigital SCtwin conceptpresent the simulatiebased study

to show howepidemic outbreaks affeSiC performance indicators in the near+tgak. This study

suggests thesuccessfuklements of recovery policies duripgncemicoutbreaks



A cycle of continuous improvement can be designed 8yi mu | at i ofor allMangpanénis n g 0

oftheSC as t he A dMamolkjad HuBaGo, 2020) n o

1.12 Supply Chain Simulation Modelling

fiSimulationModdlingo is considered as one of the quantitative methods to study the SCs. As a
result of simulation study by doing computational experimemispericalresults areattained
(Jbara, 2018)According to(Heath et al., 2011; Jahangirian et al., 20ttD¢e approads to
conduct simulation studies asgentBased Simulation (ABS)System Dynamics (SD)and
Discrete Event Simulation (DESWhich areexplained in thenext chapter By performing the
simulating studythe SC behaviour can laealyzedy applying different scenariofo investigate

the effect ofdisruption riskon the supply chaimfWhatIfo scenarie enablemanagerdo make

quick decisions byusng contingencyplans and testing their impact on operational Key
Performance Indicatofgbara, 2018)

According to(lvanov, 2017)to optimize tle simulation studis output datathe methodology can

be developed asa fiSimulation-based Optimization Technique 0Additionally, simulation
methodology enables SC managers to aealupplychains in reatime. Different inventory
control policies can be applied in the model. the supply chain structure and behaviour can be
visualized.Also, recovery plans can be tested on the SC.

Given the highly unpredictable conditions ahead, supply amainagers are in serious need of
tools to simultaneously monitor supply chain components, predict potgitiadl pandemic
scenariosand minimize the Grisk by applying contingency plans.

This studys primary goals to ensure resiliency during the global COVIB pandemiaisingthe

digital SC twin concept by SimulatiefBased studyThe study applies in the essential product

manufacturingsupply chain as the case study.



1.13 Research Objective

We conduct this study taldresghefollowing research questioms Supply chains

1) How to measure resiliency BICs?s DESmodellinga suitablenethodological frameworin
this regar@

2) ldentify performance metric® measue resiliency in essential goods S@sdstudydifferent
COVID-19 pandemic disruptioscenarios.

3) ldentify risk mitigation strategieso protect SCs against COVHDO pandemic outbreak
di sruption risk and ensure resiliency 1in

4) How can theSCyvisualizationhelp SC managersake quickdecisions imearreaktime?

1.14 Thesis Outline

This thesigs organized as follow

To properly explore this topic and explain the ¢disstly, we introduce the critical articles that
cover this problem. We discusssentiaterms related t&C Managemen§COR Model SC Risk
ManagementSC Disruption Risks, Resilient Siddustry 4.0, digital 8 twins, andSCSimulation
Modellingin Chapten.

Secondly, we reviewed related works that have been done by other researcBeanatySis, €
resiliency, £ simulation, and 6 risk management aredsy conducting a literature review.
Chapter 3 illustratethe problem statement of the researthe solution approacis covered in
chapter 4to address the research questifollowed by the detailecconceptual model and
translation taliscreteevent simulatiofiormalist using process map and Arena simulation software
Chapter 5 implements the modeltime essential good.€., Toilet Tissuesand Paper Towels
manufacturingSC (Luxxeen Co.)as the case study and appléBerent disruption scenarios to

observdts effectKPls. Besides weemploymultiple sourcingchanging inventory control poli¢cy

9



and bufferingto relieve the 8 risk and create the resilient digital supply chain twihe results
and discussion include in chapéerFinally, chaptei presents the conclusion and areas for further

research.

NRV)



CHAPTER 2

LITERATURE REVIEW

In this section, we focus on reseasthat hare been done in various fields of SupgfainRisk
Management, SC AnalysiSC resilienceandCOVID-19 pandemic outbreak as the specific type

of disruption risk In this chapterwe conduct a comprehensive literature review about recent

studies. The structure of our literature review is showkigare2.1.

Literature Review Structure

i COVID-19
RlSk ____________________________________ » I’aﬂ&m.ic :
Identification e S m(mmmsk
=77 \
—===7 \
. " \
Risk Tj{pes - - ] 1
and Risk SUQR _ 1
Factors Model
.
Risk
Assessment
' Risk [ il Simulation N :
Mitigation i Paradigms and P! !
8 "ot Platforms e % :
- S - o ¢
re e i j
-~ - E <
\ -7 T e \ Irlr
i = S \
-~ s o " 1
. e~ Performance
Risk Control |-~ == ————————~————— o DiEalse i
o Resiliency

Figure2.1 Literature Review Structure

2.1 Supply Chain Risk Management
Numerous studies have been conducted oRNS@ thelast few yearsAccording to(Ho et al.,

2015; Juttner et al., 20Q3)
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According to(Fan & Stevenson, 2018upply Chain Risk Managemeséeks to improve the
opportunity to reduce riskSCRM has come up with risk management based ofraheework
outlined below to prepare and take actimiore, during, and after Macro and Micro risks to the

SC as a whole

2.1.1 Supply Chain Risk ManagementFramework

(Ho et al., 2015¢onducted a literatur@view study. One of the goals they pursued was to propose
a conceptual framework to address 8@RMissue from differenaingles.To this end, they have
reviewedand categorized studies conducted in this field between 2003 and 2013. According to
their propsedframework risk identification,risk assessmentsk mitigation,and sk monitoring

are the four main SCRM processes.

Identification

77 N~ %
Monitoring ‘-’ Cipaar @ Demand | Assessment

— —

. MICRO RISKS .

MACRO RISKS

Mitigation

Figure2.2 Conceptual Framework of SCR{@eveloped byHo et al., 2015)



They alsoproposed that riskare divided intdi Macr o 0 and AfiMa ccrroonmudesi ksskos .
naturaldisasterandhumanmade riss. Ev en t h o u grélatedl tdiarspodation fisksk s 0
financial risks,and informational risks areonsidered infrastructural risk factofglost authors

focused ortheother three factors.e., supply,manufacturingand demand risk factors.

2.1.1.1 Supply Chain Risk Management Rocesses

2.1.1.1.1 Risk identification

This initial phasehelps SC practitioners identifyotential risk types and risk factors by utilizing
qualitative(Sachdeva et al., 201ahd quantitativGaudenzi & Borghesi, 200@pproacheg-or
instance(Rogers et al., 200@roposedHazar andperabilityStudy (HAZOP) to identify risks in

design and operational issudfiey also proposed Reliability Block Diagram (RBD) to identify

therisks and reliability of the systen{Haimes et al., 200)roposedHierarchical Holographic

Modeling (HHM) to identify risks whenrisks are highly dependent on subsystems and their
connections evaluatioMoreover(Tsai et al., 2008)tilized the analytic hierarchy process (AHP)

method andTrkman & McCormack, 2009roposed a conceptual model to identify risks in SC.
Furthermore(Hunt, 1996)proposedhefi Pr oM@ g 3i ngo met hod f or reen;

processes.

2.1.1.1.2 Risk Assessment

In this stagethe probability of a risk and the amount of damage it cassessesseguantitatively
or qualitatively calculated by data analysiexpert opinion,and scenario analysi¢Cohen &
Kunreuther, 2009; Harland et al., 2003; Zsidisin et al., 2004)

According to(Ho et al.,, 2015)26.92% of authors developeduantitative methods forrisk

assessmertetween 20032013 which is the secontighest rate of utilizing this method for 159

13



reviewed studiesl here are severatudieghathave developeduantitativemethod. Forinstance,
(Marhavilas et al., 2011grojectedFault Tree Analysis (FTARsa quantitative method to assess
combined equipment, human, and potential external accideltitionally, (Y. Wu, 2006)
PresentecAnalytic Hierarchy Process (AHRpnstricts a hierarchy of hazatd assess the SC

hazard.

(Bekker & GuittetRemaud, 2012; Dehkhoda, 2016; Ivanov, 20déyeloped simulation studies

to detect potential risk threatening the SC partnérs method addresses micro and macro risks

to the SC by providinghe current state model simulation model andseatiousscenarioso

Check the risk disturbance effects on performance measures and monitor SCupglbaeictime.

The @timizationmethodis used in studies such@enHa i m, 201 2; Gemek et al
et al., 2018; Popovic et al., 201®) name dew. According to(Fan & Stevenson, 201,8&Imost

19% of researchersetween 2000 to 2016 hadilized mathematical programing (e.dLnear
programing, Multiobjective mixed integer linegrograming, Quadratic programing, @td=or
instance(Kenné et al., 2012)onducted stochastic dynamic programming to minirtizsumof

holding and backlog costs in single production planning for manufacturing and reverse logistics
networks.

The RiISCk Structuredo and t he A SC -oRantedkappibgches mi c s
proposed byOehmen et al., 2009Yhey aimedto makethe risk assessment of complex global

SCs easier. The first method used root cause analysis to clarify S@ctists and relationships,

while the second method used modelling to represent the risk development parameters.

2.1.1.1.3 Risk Mitigation

Mitigation is the process of systematically decreasing risk to a manageable level. It can be used to

reduce thdikelihood of risk evens and the consequencgfan & Stevenson, 2018; Norrman &

14



Jansson, 2004fHo et al., 2015klassified risk mitigation method into eight categariglacro,

Demand, Manufacturing, Supply, Transportation, Finandiadlprmation, and General risk

mitigation. (Chopra & Sodhi, 2014; Spekman & Davis, 20@4pposed thafi isk-sharing a n d

fi arporate social responsibilily pd vaalrolein mitigatingrisks.Mor eov er , APostpo
by deferring custometemand isanotherrisk mitigation approacikiManuj & Mentzer, 2008)

(Chopra & Sodhi, 20143ought to determinthe impacto f , idl RTi Podding, andi Mu |l t i pl e
Suppl i éencreasing cesiliency and responsiveriesamallandmediumenterprises

To ensureesiliency (Gao et al., 2019roposeca method to evaluate potential issues as a result

of disruption risk using thBREI methoa for fitotal lost saledrisk. Besides(Kinra et al., 2019)
investigated the effects of disruptiare. ripple effect. They suggested an approach to help SC

practitioners priorize risk mitigation strategies when assessing risk likelihood is challenging.

2.1.1.1.4 Risk Monitoring

According to(Fan & Stevenson, 2018; Ho et al., 20188k monitoring, on the othdrand, has

received less attention in the literatudimost 3% of paperpublished between 2000 to 2016 were

related to risk monitoringeither proposing an @poach or implementing it.T h e ARi sk
Management Framewor k, oCowhtircohl 0i nacsl utdhessnedthynea | A Rsit
(Bandaly et al., 2012; Dehkhoda, 201Based on the authotfie current SC risk is monitored in

this phaseand new ris&to the SC are managed.

As a new routine, SC practitionemve a tendency tmonitor supply chain information and

material flowsby merging them with risk assessment practices. As a result, by monitoring changes

in risk sources and KPIs, acceptabl@approach can be implemented quickBihler et al., 2016;

Lavastre et al., 2012)
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Furthermore, lhe new concept gDigital SC Twin® has emerged in literature in recent yebrs.
example,(lvanov & Dolgui, 2020a; Marmolejo & Hurtado, 2020; Srai et al., 2019; Uhlemann et
al., 2017)suggestedhat digital technologes utilized in fdigital SC twin® enablefor reattime

visualization of SC.

2.1.1.2 SC RiskFactors and SC Risk Types

According to a study byCavinato, 2004) physical, financial informational, relation and
innovationalareconstructedive major types of risk(Chopra, S., 20043ategorized risk types in
different ways into disruptionrisks delays risks, forecast risks, procurementseie tonamea

few. Risksaredivided into three categories fiManuj & Mentzer, 2008).e., supply risks, demand
risks,operational risksBesides(Ho et al., 2015proposed &rious events and scenarios that drive
a particular risk type are referred tofa$dk Factors 0

(Manuj & Mentzer, 2008hamed demand variability, forecastras and competitor moves as
Demand fact@® Fire acciderd, external legal issuegyolitical and economic stability are
considered macro factorfl. Wu et al., 2007proposed fire accidents, external legal issues, and
political stability tobe categorized as macfactors. Additionally wrong partnesands upp |l i er s 6
supplier management argatedto supplyfactois (Schoenherr et al., 2008urthermore(Wagner

& Neshat, 2010hamed len inventoryandcentralized storage of finished product eoasidered

as two production factors.

(Kleindorfer & Saad, 2005)roposed theonceptual framework terms of risk assessment and
risk mitigation stages. They particulafocused onthe disruption risk categoryTheir studied
disruption risk threatening the $€.g., natural disasters, strike, and terrorism activities. The
experimentatesults from 1995 to 2000 ahsastersn the US chemical industry. They suggested

amanagement system to address disruptionisgskes.
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Other kinds of disruption risk were identified {olgui et al., 202Q)The ripple effect is a term

that refers to structural dynamics and describes a case ih a/kisruption in the upstream supply
chain spreads downstream, posing a signifidesruption On the other handhe hullwhip effect

is mentioned in operational dynamics, and its destructive effeees upward to upstreaifhey
subsequently conductedanulation study to investigate the structural &mgtional dynamics of

the relationship between the ripple effect and the bullwhip effect. The findings revealed that
bullwhip would arisedue tothe ripple effect, posing a significant disruption rigla mitigate both

risks, they proposed a reserved production inventory control policy.

(Ivanov, 2020a) defined COVID-19 pandemic outbreaks a newrisk factor that causes the
disruption risk that spreads across the supply cldimhigh uncertainty antbng-term destructive

effects.

2.1.1.2.1 COVID-19 Pandemicas the New Type of Disruption Risks

(Rizou et al., 2020gxaminedthe possibility (or impossibility) of COVIEL9 spreading through

the food supply chain and concluded that the okgropagang is low. additionally,given the

large number of people involved in the fo8@&, he found that more safety measures should be
considered(Mollenkopf et al., 2020has published a condegal paper on the service industry that
looks at theSC ecosysteis rolein employee health and safety during @@VID-19 pandemic
outbreak This research is the basis for other research osfoamative lenses.

(Guan et al., 2020usal the figlobal trade modelling framewadkio investigate supply chain
behaviours based on lockdown scenarios. Tloegladedhat enforcing lockdowns sooner, more
strictly, and for a shorter period would reduce overall losses. They discovered that steadily lifting
the restrictions (assuming there was no need-tpuagantine) reduced overall damage to global

supply chains. Thenore complex the supply chain, the more severe the damage to €I3VID

17



Moreover,(Hobbs, 2020)nvestigated the impacts of the COVI® pandemic on the food supply
chain. Customegsconsumption patterns changed abruptly due to fears of food shortades, an
potential supply failure was investigatetlVorkforce shortages, communications network
disruptions, and the closing of the {C&nada border are distinguished among the concerns that
have been studied. The researchers also looked at thdelomgmpact of the COVID19
pandemic outbreak oonline distribution network&rowth

(Larue, 2020has examined the issues caused by the C@\Pandemic outbreak, such as people
losing their jobsdue tothe closing of many businesses, particularly the agullindustry and
restaurants. Naturally, supply chains face a sharp drop in demand and production on lzand and

increase in demand for essential foods on the other hand.

2.2 Supply Chain Risk Analysis

(Jbara, 2018has divided the types of supply chain analysis methods into two types: Descriptive
methods and Quantitative methodlge alreadyexplaineddifferent quantitative and qualitative
methodsincluding four mairprocesses of SC. Here we mainly foaunshe SCORmodel as the
fiDescriptivéd ethodsand simulation mode i n g Quantitatlk@ge met hod.

(2018, Jbara) outlinethe SCORmodel as anexample of descriptive methods. i3hechnique
providescomprehensive information on supply chain componentsparformance metrics for
measuring and analyzing them. eBetools also include practices for supply chain modelling.
Because the SC domain knowledge is extracted from it in this research, the SCOR model is

discussed below.
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2.2.1.1 SCOR Model Studies

(Mrabet, 2012presents a new standpoint of the Supply Chain Operdéterence (SCOR) model
including Plan, Source, Make, Deliver, Return and Enable subsystRitis are shown ifrigure

2.3.

Plan
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|P2 Plan Source | P3 Plan Mak> | P4 Plan Deliver ‘ PS5 Flan >

)] 7
S Bt
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=5 =
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- Product Stock Stocked Product g
U) 52 Source Make-to- M2 Maketo- D2 Deliver Make-to- U
Order Product Order Order Produrct
53 Source M3 Engineer- D3 Deliver Engineer-
Engineerto- to-Order to-Order Product
Order Product
L 7
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Enable Plan Somse Mk Delsver R1 Retum
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3) Whnage Data

4) IWhnage Inventory
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T) Whnage Supply Chain Configuration

) Wanage FegulatoryCompliance

9% Process Specific Elements Align SCfFinancials Supplier Azreerments Mlanage Retums

Figure2.3 SCOR Model Subsystems VidiRroposed byBolstorff & Rosenbaum, 2008)
(Thilakarathna et al., 201%pnducted a systematiddrature reviewocusedon the process and
performance attributes ahe SCOR model. Theypresented recommendat®im terms of
performance improvemergarticularly in apparel SC3.har goal was to increase competitiveness
in the apparel industry and provide the guidelines to facilitate other industassess the SCOR

modebs pertinency Moreover,(Jbara, 2018pdopted the SCOR model to build the conceptual
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model that lateris trarslated to Discrete Event Simulation formalig¢e include theSCOR
processes and performance librarghaappendixsection of this study

On the other hand, the descriptive methods can be combined with quantitative mie¢hods
simulation to developa comprehensive SC analysis study. For exampglepmbining the agent

based simulation and the SCOR modebng, 2014)developed a generic approach for simulation
modelling for distributed SC network modelling. A hierarchical framework was propos#uefor
modebs construction, and a standard process was used to create agent blocks. The purpose of
combining these two principles was to speed up modelling and, given the standard nature of the

SCOR model, to allow the above model to be generalized tosipply chains.

2.2.1.2 Supply Chain Simulation

According to (Borshchev, 2014)based on the available data and thejgrt's purposethe
modedlers look at it from three different perspectivddiscrete Event Simulation, System
Dynamics, and AgeriBased Simulation are three main paradigiinthe simulation project is for
a system where entities go through seveoalsecutiveprocesses, DEB the best method for the
modéler. In contrast]f fithe level of detailgis low andthe point of view is moregeneral, such as
fifeedback loop 8DM is used by modkers. Besides, in the casbat modeéler consides each
object ofthe system individually as whole, and in relatiorto other objects, AB®nodeling is

preferred Lastly, theseparadigmscan be combined in one project to creaie klbrid Simulation

Modeling dheAnylogic software imgood exampl¢hate nabl es fAHybrid Simul a

(Table2.1).

20



Discrete Event | System Dynamics Agent-Based
Criteria
Simulation Simulation Simulation
1 Data Requirement High Low Medium
Type of Modeling
2 Bottom-Up Top-Down Bottom-Up
Procedure
3 Model Complexity High Low Medium
4 | Maturity of the Simulation Mature Mature Need Development
Construct Behavior
5 No Yes Yes
Change While Execution

Table2.1 Comparison of SC Paradigms (Interpreted f(dfeath et al., 201})

2.2.1.2.1 DESFormalists

Several authorshave utilized DES formalists(Jbara, 2018; Namdar et al., 2018; Paul &
Chowdhury, 2020a)Accordingto (Jahangirian et al., 201@)iscrete event sialation is the most
popular paradigm for research&@m 1997 to 2006but it has lower stakeholder engagement than
other methods like system dynami@Sarvalho et al., 2012onductedhe simulatiorbased study
usingArena simulation softwarand DES as the formaligivanov, 2017)sing a simulatiostudy,
demonstrate how the ripple effect of capacity disruption propagates downstream of thdeSC.
selected a foustage supply chain and usedA n y | o gpftware o girdulate how disruptis in

the supply chain affect distribution centers and-esersandthe extent to which financial and
operational performance metrics are impacted by specifying two disruption scenarios. Later, he
examines howisk mitigation strategies (such as change control policies, backup suppliers, and

backup inventory levels) wouldid in the recovery of KPIgCimino et al., 2010fompareda
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number of SC platformse., Anylogic, ArenaandFlexSim platform in terms of their application

domainsWe included Anylogistix andecnomatix Plant Simulation Table2.2.

Modelling
No. Software Publisher Main Task source
Paradigm
DES
A multimethod
SD (Cimino et al.,
1 AnyLogic modelling tool for
AB 2010)
The general use
Hybrid
AnyLogic
specified for supply
Company
chain and logistics
2 Anylogistix DES (lvanov, 2017)
enables to create Digita
SC Twins
A discrete event
Arena Rockwell | simulation program with (Carvalho et al.,
3 DES
(software) | Automation the ability to model 2012)
continuous processes
For production systemsg
and processes, simulatig
Tecnomatix Siemens and optimization
(Kliment et al.,
4 Plant PLM Tecnomatix is a comple DES
2014)
Simulation Software suitethatassistsn

digitalizing

manufacturingpperations
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Modelling

No. Software Publisher Main Task source
Paradigm
FlexSim
For modelling
Software (Cimino et al.,
5 FlexSim simulations in 3D, with & DES
Products, 2010)

draganddrop interface
Inc.

Table2.2 Simulation Softvare Comparison

2.2.1.3 Digital Supply Chain Twins Studies

(Marmolejo& Hurtado, 2020onductedh literature revievstudy for articles publisheBetween
2017 and 2019 anoh the topic ofdigital SCtwins. [n todayds variable industry, the demand for
reattime data has growrOrganizations arecreasingly attempting to develdpeir own Digital
SCutilizing digitalization and data analytits enablereattime data access

The Literature Review article was written Buyikdzkan & Gocer, 2018hoindicated that it
does not matter whethdre product or service is digital or physical. The digital supply chain refers
to how SCs are managed and how technical technoldgieading cloud computing and the
Internet ofThings(loT), is used Besides, thauthorsexamined the concept from both an academic
and industriaktandpoint.

(Srai et al., 2019)presente@xamples of how the Digital Twin Supply Chain (DTSC) was built in
the pharmaceutical and organic food industries. Tlegladedthat developindTSC improves
fitraceability, vigibility, 6 and fiauthentication @articularly in fimaketo-ordeid manufacturing
SCs.

(lvanov, Dolgui, & Sokolov, 201Broughta new principle to the literature by looking at the effect

of digitalization on supply chain management (SCM) and, as a resuitskKS@anagement. They
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also bring together innovation, information, digitalization, and risk management to respomd to
digitalization helps SC practitionersitigate disruption risks. They also developed the decision
makingmodelwh i ch i ncl udi,mdEi My @mndiom®a t eollustraedity t i ¢c s

Figure2.4, which was found to be motivating tinerecentstudy.

Data-driven disruption scenario generation and learning

SC execution
dynamics

Proactive SC
optimization

Real-time disruption
identification

1. Optimization 2. Simulation 3. Data Analytics

Aggregate capacities; Observation of dynamic SC
aggregate throughput behavior; Inventory control
restrictions; costs; aggregate policy; Sourcing policy;
demand Production control; Shipment

policy (LTL/FTL); Ordering

ymtmmscnnahan eseccheabecccccs ] dynamics
Supply chain Resilient

(x contingency and supply chain

v‘ recovery plan design

: (RSN, T

-
o ——— -

Figure2.4 Concepts of DecisieBupport System for SC Risk AnalytiBroposed bylvanov,
Dolgui, & Sokolov, 2019)
(lvanov, Dolgui, Das, et al., 201%ought to demonstrate digital SC twin®le to manage
disruption risks and ensure resilienBesidesani SC Ri sk Anal ytics Fr amew
developed by authors. This study revealed how digital technologies like industry 4.0, blockchain,
and realtime data analytics affect SCRdhdthe perspective of moving toward a cyipdrysical
system and how this combination would establish {@svtaintyNeed (LCN) supply chains.

(lIvanov & Dolgui, 2020agxreated the SC Twins digital concegmonstrating the supply chén
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networksituaton and performance metrics in re¢imhe. By integrating real risk data, simulation
modelling, and data analytics with industry 4.0 technolggiesRFID sensors, ERP, digit&C
twins, can help visualize the supply chain and achieve resilientA8@itionally, COVID-19

pandemic disruption riswas discussed in this study.

2.3 Resilient Supply Chain Studies

(lvanov et al., 2017¢onducted a literature review to integrate quantitative metinbaempirical
research and show the importancesimfiultaneously addressing disruption events and recovery
policies. Using tis study's findingssupply chain managers would classify and use available
guantitative techniques for disruption risk and recovery plannimgrioussituations.

The real case stly of smartphone productiglvanov, 2018examined the foustage supply chain.

He designed a resilient supply chain that reduces the ripple effect and improves sustainability. To
perform the simulation research, he uSefiylogostipo software. As a ®ult, he discovered that

i Mu | tSoumihge and reducing storage space in factories and distribution centres increased
sustainability.

The goal of(Namdar et al., 2018)as to create a resilient supply chain. Tlasgessedingle
sourcing, multiple sourcing, collaboration, and visibility as sourcing strategianitigate
disruption risks. Besides, toavestigatedesignedscenarios, they used optimization modelling.
Theydiscovered that to build resilience SBuyers warning capacibys the mostrucialfactor.
(Carvalho et al., 201ximulateda threetiered SC with four suppliers divided into two tiers and
one outsourcer. The goal was to createesilient SC that could withstand a disruption. To
accomplish this, a customized SCOR model was used to create SC prddessesger.theyused

Arena simulation softwar and DES as the formaligthey also used sk mitigation technique as

fibufferingo By combining theisk mitigation strategy andotentialdisruption, they came up with
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six scenarioshatweretestedin terms offlead time ratio ard fitotal cost ®he paper mentioned
aboveis the most relevant research to this thesis.

The primary focus ofXu et al., 2014yvas to establish a quantitative methodology for investigating
SCresilienceagainstrandom supply disruption. They designédure 2.5 as afimeasure of SC
resilienceo bydmegratipg redandancyimtd the triangular iesite modethat
includes rapidityand robustness in addition to redundafddeydesigned thenathematical model
and then added sedidaptation and sefecovery as disciplines. They udedh enyléigi®o software

to simulatethe proposed approachheymodeled asupply chairthat included four vendors, three
DCs, and four retailersAfterward the authormeasured the syst@nperformance in terms of
customer satisfaction by generatibigscenariosn which one of the suppliers is removed in each
scenarido represents the disruption

A

Cﬁstom‘er Redundancy Rapidity

Satisfaction
1

L, T
Figure2.5 Measure of SResilience Conceptual DefinitiqiProposed byXu et al., 2014)

2.3.1 Performance Measures for Resiliency

(Karl et al., 2018ronducted the systematic literature review to examine the impact-dinaocial
performancemetricson resilient supply chain constructiofhey reviewed more than 55 articles
published in the first two decades of the 21st centioxder and delivery lead time@supplier

delivery efficiency @iontime deliveryo and ficustomer satisfactianare the most important
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performance metrics to ensussiliency.They also identified performance metrics to be monitored

before,during and after a disruption to make resilient SC wisgiresented ifable2.3.

Focal Company Supplier Customer
>
v v o
$ E §
5 & g & 5
= = n = ® k] %)
2 < B J u = |21 =
S S 3 = 2 = = = S
= I E = 2 2 T § g
= = ] = = R
N = -53 = s '?E 3 2y 5 §
£ > = g S £ 2 & § g
= . . = =
= 5 3 5§ I & § F B G
3 S S 5] S & & @ § S
Security v v v
g Knowledge Management v v v v v
B Visibility
=2
& Information Sharing v v
-z Trust v v v v
B Risk Management v v v v
Robustness Vv
Visibility
_E Information Sharing v v v
,:EL Collaboration v v v v
2 Agility v v v v v
£ Flexibility v v v v
g Redundancy v v v
Supply chain design v v v
£ Knowledge Management v v v v v v
‘éi Visibility
= E Information Sharing v v v
= Collaboration v v v v

Table2.3 Nornfinancial Performance Metrics for Resilient §kefined by(Karl et al., 2018)
2.3.2 COVID-19Pandemic Outbreak Disruption Risk and Resilient SC
(lvanov, 2020b)has defined a new definition by combining the concepts of resiliagdity, and
sustainability as viabilitywhich means SCs are capable of survivinga changing world by
structure reconstruction and letgrm impact performance replantirtde proposed tt the Viable
SC framework enables firms to guitteir decision on rebuilding after losigrm disruption crises
such asthe COVID-19 pandemic outlelak. He considered resiliency as the core element o VSC to
ensure viability. Figure 2.6 illustrates Organizational, Informational, Proc&ssctional,

Informational, Financial, and Technological structures for the viable SC model.
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Organizational
Structure:

- Backup suppliers
- Backup subcontractors
- Facility fortification
- Workforce resilience

Process-Functional
Structure:

Informational
Structure:

- Inventory and capacity

- Digital twins

buffers
- Flexible capacities and - Data analytics
soureng - Visibility

- Omni-channel Viable - Supplier portals
- Product diversification . - Blockchain
and substitution Supply Chain

Technological
Structure:
- Additive manufacturing
- Robotics

- Smart manufacturing and
warehousing

- Industry 4.0

Financial Structure:

- Liquidity reserves

- Business-government
collaboration

- Revenue management

Figure2.6 Multi- structural VSC viewProposed bylvanov, 2020b)
(lvanov & Dolgui, 2020bJooked at SC resiliency from a different point of view. They developed
the filntertwined Supply Networke framework, which is critical for supply chains that must
withstand COVID19 pandemic disruption risk over time (e.g., food service and mobility system
in this case, the resiliency should be satisfied in the levilialbility.0
(Paul & Chowdhury, 2020bjeveral strategies enabtempanies to fulfill market demand for
essential products such as toilet paper dutigCOVID-19 pandemic otbreak. The authors
suggestd four strategies to increase the service level and satisfy more portithe afarket
demand.The suggested strategiinclude resource sharing among all manufacturers, collective
emergency sourcing, producing basic quality items, and packdwngroduct with a minimum

standard size.
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(lvanov, 2020agonducted a simulation study to assess the short anddomgefiect of COVID

19 pandemic disruption risk osupply chain performance metrics. He then pointed at how
simulation research will help SC executiygsdict the future. To model the global SC of lighting
equipment manufacture, they used DES formafiStM Global Network Examinatianverified

model and Anylogostix simulation software. The model was then updated to include dOVID
pandemic disruption risk scenarios based on the available data. He examined metrics for
fiproduction inventory dynamics, custome performancé, financial performancé,and fiead

time performancé, among othersThe most important finding was that the timing of facility
closures and openings upstream and downstream of the supply chain is more important than the
rate of expansion a@nupstream dispersion. The main concept of the recent study design came from
this research.

(Paul & Chowdhury, 2020ahe main goalwas to develop rmimproved production plan using
themathematical modelling approach in the event of a COYDpandemic drupting the
production of an inessential product, namely toilet tissue. According to the authors, a supply
shortage combined with a sharp rise in consumer demand causes a double disruption, putting the
supply chain at risk of failureLastly, to ensure hat the revisedproduction plan can be
implemented in duatlisruption (supply and demand) modéhey verify the suggested plan

by numerically evaluating the model and observing its effect on total profit KPI.

A methodological framework is missing to integréte concepts mentioned abote create

resilient SCTable2.4 representshemost relevant studies the area
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Year of Disruption
No. Reference Goal Region Method
Publication type/Factor
SC
Resiliency
Risk COVID-19
1 2020 [lvanov, D. (2020¢ Germany DES
Assessmen Pandemic
Risk
Mitigation
Case Study for
Develop Essential Produc
Paul, S. K., &
Production COVID-19 (i.e., Toilet
2 2020 Chowdhury, P. Australig|
Recovery Pandemic Papers)
(2020a)
Model Mathematical
Modelling
SC
Case Study for
Resiliency-
Chowdhury, P. COVID-19 |Essential Produc
3 2020 Risk Australia
(2020b) Pandemic (i.e., Toilet
Mitigation
Papers)
Strategies
Resilient
(Golan et al., | Analysisin| The
4 2020 - Literature Reviey
2020) SC US.A
modelling
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Year of Disruption
No. Reference Goal Region Method
Publication type/Factor
SC
lvanov & Dolgui,| resiliency COVID-19
5 2020 Germany -
2020a Digital SC Pandemic
Twin
Simulation and
6 2018 Jbara, 2018 SCRM France - Modelbased
Approach
SC
7 2018 Karl et al., 2018| resiliency | Brazil - Literature RevieV,
and KPIs
Case Study
SC
8 2017 (lvanov, 2017) Germany Ripple Effect Simulation
Resiliency
Modelling
9 2015 Ho et al., 2015| SCRM China - Literature Reviev
Random Quantitative
Xu, M., Wang, X. SC
10 2014 China Supply Approach SC
& Zhao, L. (2014| Resiliency
Disruption Simulation

Table2.4 Top Articles Addressing SC Resiliency
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CHAPTER 3

PROBLEM STATEMENT

As discussed in thierst chapterwith the expansion of the supply chain in terms of dimensions and
complexity, more extensive researshrequiredto address new challengedver the years, the

focus has beechiefly on minimizing SC total cost and decrease the total cycle time. Fanicest

concepts likefLean Manufacturing 6 fA Ju st utsourcihng sne ed c " O emer ged
industries resulted iminimizing in-handinventory. Thisoverfocus on the profitside f S Cdés KP1I
putsthemat significant riskand makethem more vulnerablto low-frequencyhigh-Impact risks

(Beamon, 1998; Christopher & Lee, 2004; Ellram & Cooper, 2014; Ho et al., 2015; Jbara, 2018;
Windelberg, 2016)There is a growing need foesilieng in supply chaingo survive due tahe

recent COVID19 pandemic.

According to(lvanov, 2020a; Paul & Chowdhury, 202Ghg coronavirus disease (COAID)
outbreakstartedin December 201,9and World Health Organization (WHGannounced ias a

pandemic on 11 March 202@ue to its rapidspreadworldwide According to(Worldometers,

2021) COVID-19 Pandemic Outbreaifected 21 countries and with more thariOmillion cases

and more tha2.4 million deaths as a?1 February2021. According to(lvanov, 20203)94% of

the Fortune 1000 companies were severely disrupted doe @DVID-19 pandemic outbreak.

According to(CTV News, 2020; Hobbs, 2020; Paul & Chowdhury, 2026bjs andmost wanted

goods for daily lifelike, i.e. Toilet Papersand Paper TowelSCs were severely disturbed by a

sharp increase indemaddetot he A Pani ¢ B u yustorgetsandaedbceeasemmwi r o f
materialsnventory because alipply failure.

As discussedn Chapter 2, pevious work has been dooe Digital SCtwins, SC mod#ing, SC

simulation, SC Risk Management, an&C resiliencebut not enough research or literatuse
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available to mergéhese conceptd\so, there is naagreemenon the exact definition afesilient
supply chain managemerispecially literature scares in termstbé pandemic outbreaks a
unique type of disruption risks 8Csto address recenhallengesThisconcept has received little
attention in the last century

A framework is missing for effective implementaticesilience practices i8C to help supply
chain practitioners to conduct comprehensive and reliable simulation study including model
development approaehk

Moreover, a decisiemaking toolis missing tohdp SC managers predigtential disruptions
scenarios and test contingency planshi®simulationto make quick decisiona near reatime.

SC practitioners requiredlarified metric performanceriteria to achieveresiliency insupply
chains(Spiegleret al., 2012)

Additionally, they need data analytics tools and observation technolomiesisualize SC
componentandtransportation networksissess measures for disruption and recovery times, and
keep an eye oKPIs using designeshanagerial dashboarflsanov & Dolgui, 2020a)

Accordingto (Paul & Chowdhury, 2020during this chalenging situation the focusshould be
shiftedfrom cost minimization and optimizatian terms of profitto SC survival and satisfying
morecustomer demananinimizing delivery timeand social responsibilityhis study focusge on
nonfinancial key performance indicatonegardingfiReliabilityd and fiResponsiveneés(SCC,
2010) A case study with thBLuxxeen Companyin the Montreal region is conducted.

Luxxeen Productions Incs a Canadia Inc. is a privately owned manufacturer ranging high
quality branded facial tissue and toilette paper prodéic&.o0 i | e t is dhosensasian example

of the essential product daog the COVID19 pandemic outbreak in the current study. According
to the CEQof Luxxeen ca.in early 2020they faced 400% delay insuppo f A Raw Mat er i a

which is singlesourced and is located in theSHA. Likewise, the companwas faced with an
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increase of almost00% in demand inmid-2020 for toilet papersThis surge in demand resulted
in a significant delay idelivery time to retailers.
All the problems mentioned above will be sequentially addresspdygtstep to achieve the goal

of designing a resilient supply chain.
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CHAPTER 4

SOLUTION APPROACH

4.1 Chapter Overview

We present the metbological frameworkto conducta comprehensive and reliable simulation

study, including model development approashAs we discussed earlier, this methodology
facilitates SC practitionersto assess, mitigate and monititre disruption risk influenced by
pandemimutbreakslisruption riskeensuimg resiliency Theframeworkenableghe development
andimplementatiorof resilience practices in SC

Firstly, we utilize (Banks et al., 2010; Chellanthara, 20%Bhulation studyprocedue, including

four phases and twelvetepsto develop our thesis frameworGecondly we developeda
fiframework for the modelling approaotincluding six based or(Jbara, 2018)The first phase
includescreatingthe SC structure's conceptual mod8C behaviar, and £ pandemimutbreak

risks. To accomplish this phase, wex t r act ed our SCaram thk&GCGRI n Kk n c
reference modeincluding its level of detailsprocesdibrary (i.e., Source, Make, and Deliver)

and performance libraryWe presentlarified performancemetricscriteriato achieveresiliency in

supply chainsby extracting standard performance medritom the SCOR reference model
regardingreliability andresponsiveness

For the second phasetbeframework A | n p u wepé&formfi st & , ol lwedct i ono
by fitting inputdisruption usingi A r épubAnalyzer ®he tird phase otheframeworkpresents
thetranslation algorithnbto DES formalistWe alsodevelop the translation guide to implement the

DES usingheArena softwaresimulation modules library.
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In the fourth phase of the framework, we verify and validate the model by running it by random
inputs and simplified assumptions and comparison viraation.

In thefifth phase of the framework, we desitdpe CS for resiliency To mitigate disruptiomisks

we propose three contingency plans to ensure resiliency in the supply chain.

Thelast phase of this framewontkcludesanexperimentvith the modéusing disruption scenarios
andrisk mitigation strategiesVe present three disruption scenarios starting faahsruption in
thesupplyside, propagates downstream through networks, and from there to retaitkisthesis,

to build a simulation studwye utilize Figure4.1, which showsl?2 steps that should be followed

(Banks et al., 2010; Kelton, 2002; Poluha, 2007)
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Steps in a Simulation Study

r . |
Problem Formulation

| - d
%
*Setliﬂg of C]bjeciive;
and Owerall Project

L Plan J

PHASE 1

b

Model .
Conceptualization l [ Data Collection

| I

I

Model Translation

Validated?

PHASE 2

PHASE 3

Experimental
Demgn
Production Runs
and Analysis

|
No

L

Documentation

and Reporiing

PHASE 4

Implementation

Figure4.1 Steps ima Simulation Study (Proposed byBanks et al., 2010)

37




Phase 1

The first g¢epi sProlilem formulatio®  w h idefihing ithsproblents statementThe problem
statement should be clear and understopdnalyss and policymakes. We already defined the
problem statement in chapterThe secondtep, fiSetting of objectives and overall project péan
definesthe study's objectivesNe alreadyexplanedin chapter twovhy a simulation study is the
most suitable approach to addréiss problem statement. Additionally, in this stepe planto
accomplish each step tiis project andhe expected results of each steptlod studyis defined
(Banks et al., 2010)

Phase 2

According to(Banks et al., 2010; Kelton, 200yilding the & conceptual model is the next step
a s Matlel conceptualizatian. The conceptuamodel definesSC elements and their interactions.
The supply chainstructure, behaviarr, SC risks and the relations between the risks andS@Ge
elementsarecapturedT h e n e x Datascollection possidéred asne of the very early steps
in preparingthis simulation projectto determinewhat datawe need as the model inputhe
requisite data aspect is closely linked to the misdebmplexity.l n t h e  nModet step
Translation the conceptual modd translated t@iscreteEventSimulationformalist Moreover,
the model should bthe recognizable format fothe computer. In this study, Arena simulation
software is used as speeplrpose simulatiosoftware

fiVerificationois the method of verifying that the model behaves as expegtaech is done in the
sixth stepAlso, it is recognized as debugging the mod&lton, 2002) This critical step is done
if the input data andhe modebs entire logicrepresenthe simulaibn software accuratelyor
verifying the model, different techniquese utilized For example, the moded tested under
various conditions and check the outputs if it is reasonaBksides the values of variables,

attributes, andountersareobservedfter every evenBesidesi Val i dat i dhegseventts done
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step toersure that the model behavédee the realworld system(Kelton, 2002)Iin other words

by contrastingt to realsystembehaviarr, themodelis calibrated. Moreover, the mdel is
compared with an expert opinidBesidesthe modeis determined by comparing via animatian
checkif it performed as expected.

Phase 3

IntheRE X per i me nt a]the Regt otheintializtiorperiod and simulation runghe
number of replications to be applied on each runtlaeiype of simulation concerning terminating
or nonterminatingare decided.In the ninth stepusing outputAnalyzer, different scenarioare
appliedto the system and performance metaad KPBs aremeasurednd analyed. On the 16"
the decision must be made as to whether or not to repeat more runs on theBaodtsl et al.,
2010)

Phase 4

Based on(Banks et al., 2010}he progranreports and documeid other analystsanuse the
model in similar cases. The program report shows how the program operates. The progress report
includesa crucial written history ofa list of tasks done and determinatiom&ade.The tasks
mentioned abay should be done in tHelth step. Lastly, alprevious steps should be completed

to be successful in this stepell fundamental assumptions have badequatly conveyed.
4.2 Development of theModdling Approach of the Framework

4.2.1 Overview

To provide acomprehensive framework for mdtieg (Figure4.2), according tqJbara, 2018)we
developthe following multistepmodéling approachframework, which includesix phasesof

conceptual modéng, input analysis,translation intothe simulation model verification and
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validation, resilient SC modéng and experimeng the model using disruption scenarios and
contingency plans.

In this framework's first phaseve model theS C6 s s, tincludng 8C a&ctordnamely
suppliers, transportation networka, manufacturer, and retailer5C product, and the SC
infrastructures. To model Siiehaviarr, we first presenthe SCOR reference modehcluding its
level of detailsprocessypesi.e., Source, Make, and Deliv@hen we customize the SCOR model
to identifying and defineperationsof the SCof this study.To do so, we study the original
operations by direct observation, using available documents and intewiivtheprocess owner,
and consult with experts. Then extractgzbrations are compared to the SC@Rrence model.
the processes@amodified when needeBesideswe present information flowmaterial flow and
financial flow within theSCu si ng t he b M® CigosFsirthévhaoe e present
clarified metric performanceriteriato achieveresiliency insupply chaindy extracting standard
performance metr&from the SCOR reference modebarding reliability andesponsiveness

For the second phase of the framework, we

ut

foll owed by ifshiutpttiinogn iunsppuntg O nput Analyzero

In phase 3, w translate the concejatl model into the DESormalist We describe th®ES3
components, followed by designinglawchartto explain how to convert a process mapthe
conceptual model to simulation languagée developthe relevant modules in Arena software and
establish theirelations Besides, welefinesimulation systermattributes and variables.

The model is verified and validated in phas#/.design resint SC in phasB of the framework

To mitigate disruption, we propose thregk mitigation strategie® ensure resiliency in the supply

chain.
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In thelast phasgweapply threaisruptionscenarioghat start fronthedisruptiononthes u pp |l i er s 0
side and spreadownstream. To mitigate disruption, we propesel testthreerisk mitigation

strategiego ensure resiliency in the supply ch#on each potential disrupticscenario.

Lastly, we compareKPIs due toeach pair of disruption and contingency plasgngan Output

Analyzer ProcessAnalyzer, and OptQuest for Arerla this step, we also determine the setup,

including the number of replications and warmup period.
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1. Model Conceptualization

Model the Model the COVID-19 Define
Framework Model the Supply Supply Chain Pandemic Outbreak Performance
Steps Chain Structure b rreter Disruption Risk Metrics
s Structure Meta-Model : « SCOR
Framework SCOR Processes Library : ?Sk Melar;z‘:lodel Performance
Tools * Process Map cenario Liesign Library

rification and

Validation

Model Verification
Model Validation

Run the Model by
Random Inputs and
Simplified Assumptions
Comparison Via
Animation
Comparison With Expert
Opinion

3. Simulation Modelling

Translate the Conceptual Model:

e Define the DES Elements

s Implement the DES
Algorithm

¢ Implement the Simulation
Modules

o Translation Guidelines
& Library of Simulation
Modules in Arena Software

Input Analysis:

e Data Collection

» Fitting Input
Distributions

e Goodness of fit

Time Study
Data Analysis (MS
Excel)

e Arena Input
Analyzer

5. Resilient Supply Chain
Modelling

Design Resilient SC:

Define Acceptance Criteria for Key
Performance Indicators to Ensure
Resiliency

Design Mitigation Strategies
Scenarios

Mitigation Strategies
Resiliency KPIs in terms of
Reliability and Responsiveness

6. Experiment the Model

Case Study Implementation:
e« Apply Analyzed Input Data

» Implement Risk Scenarios

Run the Simulation
Maodel

* Implement Mitigation Result Analysis and
Strategies Scenarios Optimization
Set Model Configuration
e Library of Simulation ﬁi";ﬂcm
Modules in Arena Software
* Arena Output Analyzer Analyzer
Arena OptQuest

Figure4.2 Modelling Approach Framework
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4.2.2 Model conceptualization

1. Model Conceptualization

Model the Model the COVID-19 Define
Framework Mc’d‘?l the Supply Supply Chain Pandemic Outbreak Performance
Steps Chain Structure Behaviour Disruption Risk Metrics
e Structure Meta-Model . e SCOR
Framework e SCOR Processes Library : g:;l;al\gzt;xiodel Performance
Tools e Process Map en Library

Figure4.3 Model Conceptualization Framework

4.2.2.1 Supply Chainés Structure

In this section, we model the main structure of the supply chairsuigpdy chain actoréncluding
suppliers,the route and means of transportatiand retailersare modHed. Also, the product
under study an® C dnfrastucture includingresources and bufferare studied. In this sectipn
we present the definition for each SC structure partmet the required data should be captured
from the SC to be able to model the SC and develop a simulatiorlimgd¢udy. The captured

data are presented in chapter fiwdich is implementing the framework in the case study

4.2.2.1.1 Supply Chain Actors

This section defines supply chain actors in tleegelonsontainingsuppliergnamelyS1, S2, and
S3), manufacturers, retailergnd transpodtion networks Based on the literature, different
combinations of actors were studies, but few of theam (Ebrahimi et al., 2012)ave chosethe

same combinatioto study (Figure4.4).
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Producer

Retailer
region A

Retailer
Region B

Retailer
Region C

Figure4.4 SCH Actors in aThreeEchelons

Actors of the SC are iarelationshipthroughtheficontract dhis contractonsistf Aiminimum

and maximum lead time@minimum and maximum quantity of ordea n d

4.2.2.1.1.1 Suppliers

fifcontr.acct ed

Suppliers are located upstrearhthe SC. These suppliers are responsible for supplying three

different raw material§A, B, and Cyequiredto producethe final productin this study Suppliers

aregeographicallyocatedin the United Statesind Canada

These suppliers are in direct contact with the manufacturer through a cdpugliers receiva

ASuppl y Othednanufactuferbased on Q) control policy.Supply expected lead time,

SO quantity and technical specification are reflected in $Othis study the SCfollows the

A Bgle Sourcingd policy for raw materials.

4.2.2.1.1.2Transportation Network

The transportation network is also a component of the supply chain striicisitee network of

transferringaw materials and products from one physical place to ansttht@r sie. This network

includes both the commuting route and the means ofptoaration which should be reflected in

the contract.
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4.2.2.1.1.3 Manufacturer

Thefocusof this study is on the manufacturing company. The manufacturing company is in contact
with retailers through a sales contract and a supply contract with supplieystddhys selected
manufacturing company is located in Montreal, Canadaciwis explained in detail in the next

chapter.

4.2.2.1.1.4Retailers

Retailers are considered as ams#rsin this study and located downstream of the R€tailers
send the Purchase Order to the nfacturer. A purchase order contairtsh egrodict
specification d or der , @quan tiietxypect ed wWhkildclwveayetamso r e

contract.

4.2.2.1.2 Product

In this studywe consideregingle product SCThisproductis essential for customers duriag
pandemic outbrealoreover thefollowing informationshould be captured:

1 Product technical informatioand specification

71 Bill of Material defines theaw materials and required number of perquisite raw materials

to produce one unit dhefinal product

4.2.2.1.3 The Infrastructure

We considefiResourcesand theiBuffersd as thanfrastructureslements

4.2.2.1.3.1Resources

human resources working in the manufacturinggam (e.g.,productionworker, logistics officer,

etc.)andmachinesare examples diresource® wh i ¢ h SC isfrastrucieire eldmenthey
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are playing their specifimlein the SC to produce a produéll the above should be identified

conducta simulation study

4.2.2.1.3.2Buffers

Also, in SC raw materials and final products are stored in buffEnsy containessential data to
conduct simulation study as follows:

1 Maximum Inventory Level

1 Review Period

1 Order Point

1 Safety Stock for Rawlaterials

4.2.2.2 Modelling the supply chaints behaviar

We modded supply chain behaviourincluding SC processed and operatiomsaterial,
information, and financial flowfor this purposgat the very beginningve take advantage ttie
SCOR referencemodel. operations are extracted by customization of the reference model.
Consequentlyinformation flow, material flowandfinancial flows are modded based on the SC
operations As it is shown inFigure 4.5, in the typical SC, on the one hand, thematerial flow
originatesfrom the supplier to the manufacturendfrom there tadownstream of SC which are
retailers considered as final usarghis study However,on the other handheinformation flow

is generated by retaileby issuing POs and goirig the manufacturerinally, the manufacturer

send supply orders (SOs) wupplies based on its inventory control policy
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Retailers
Demand Da—

Order Shipment

i

Producer

Production

Shipment Order

.

Suppliers

Inventory

Figure4.5 Big picture of 3Echelon SC behaviour

4.2.2.2.1 The SCORModel (Supply Chain Operations Reference)

As discussed earlier chaptertwo, we utilizethe SCOR model as the best practice for extracting

SC domain knowlédge (Poluha, 2007)The Supply Chain Operations Referemoedel (SCOR)
wascreated and supported as a crioshistry standard supply chain diagnostic topthe Supply

Chain Council in 1996SCC, 2010)

As a series of processes at thnerarchical level¢Figure4.6), the S operationsare captured by

the SCOR modelSCOR model Level Is toplevel that defines the process typé&his level
consists of five main process types,, Plan, Source, Make, Delivesind ReturnThe next level

(Level Il) defines pocess categorieg.g.,level of configuration where it is possible to define a
supply chain using core process categokaslly, the SCOR modé Level Ill process operations
break @wn processes into process components, defining inputs and outputs, performance

indicators of processé€blanus, 2015; Jbara, 2018; PalMandoza, 2014; SCC, 2010)
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Description

Examples

Comments

Process Types
(Scope)

Plan, Source, Make, Deliver,

Return and Enable

Level-1 defines scope and content
of a supply chain. At level-1 the
basis-of-competition performance
targets for a supply chain are set.

Process Categories

Make-to-Stock, Make-to-

Level-2 defines the operations

+ Verify Product
+ Transfer Product
* Authorize Payment

(Configuration) Order, Engineer-to-Order strategy. At level-2 the process
Defective Products, MRO capabilities for a supply chain are
Within Products, Excess Products set. (Make-to-Stock, Make-to-Order)
2(f:ope 3 Process Elements + Schedule Deliveries Level-3 defines the configuration of
SCOR (Steps) * Receive Product individual processes. At level-3 the

ability to execute is set. At level-3
the focus is on the right:

* Processes

« Inputs and Outputs

« Process performance

» Practices

» Technology capabilities

« Skills of staff

Figure4.6 The Description Levels of SCOR Reference Md@edfined by(SCC, 2010)
To implement the conceptudCin this study we have customized the processes showrabie
4.1 (extracted upd level 2 of SCOR, based onavailable literature and knowledgdirect
observationsand consuktionwith expertsThe processes aneodified when needed be mapped
by the SCOReferencestandardnodel Besideswe present informatiofhow, materialflow, and
t hin the desigpebyMSMsimai n us

financi al fl ow wi
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_ Process | Code Description

Plan sP1 Plan Supply chain
Plan sP2 Plan Source

% PLAN

@ Plan sP3 Plan Make

g Plan sP4 Plan Deliver

% SOURCE | Source| sSl Source Stocked Product

’ MAKE Make | sM2 Make-to-Order

DELIVER | Deliver | sD2 Deliver Maketo-Order

Table4.1 ExtractedDomain Knowledge from SCOR

4.2.2.2.2 Define Supply chain Operationsand Processes

The main processes of theGare defined according tthe SCOR reference modeDespite the
specific characteristics of tI®C entities, there is a set of processes with common characteristics,
namelyplanning manufacturinggelivery,and sourcingMillet et al., 2009) To identify thesupply
chain's operationsve first extracted the operation by observing ewbgnizing the organization's
processes' input and output based on the SCOR nttatd identified operation o orresponds

to one or more processes of the reference model.

Based onthe SCOR reérence modelSCC, 2010) to define the process components, SCOR
suggests théllowing symbol:["Process typé "Policy type" "Process Elemetjt For example
sD2.8 indicates that the process tygiB) (s "Deliver," number'2" representthe"Maketo-Ordef’
Policy and numbet8" represents Process Elemenhich is"Receive Product from Source or

Make"
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In this study, we buildiniqueoperations by composing consecutive procebséanging to the
same process typ€or instancethe "Produce Final Produtbperationis a result of composing
"sM2.3Produce and test'sM2.4Packagg, "sM2.5 Stage Finishdéroduct, and"'sM2.6 Release
Finished Product to Delivéprocess elements.

Table4.2 describeghe identified processes and operations and their relationship to each SCOR

reference model level:

SCOR SCOR
Identified SC SCOR SCOR
Level 1 Level 2
Operations Level 2 Level 3
Process Policy
Library Symbol Process Element
Type Type
Material sP2.1 Balance Product
Plan
1 | Requirement| Plan sP2 Resources with Product
Source
Planning Requirements
Delivery Plan
2 Plan sP4 sP4.4 Establish Delivery Plan
Planning Deliver
Delay toSend
Source
Raw Material sS1.1 Schedule Product
3 Source| sSl1 Stocked
Supply Order Deliveries
Product
to Suppliers
Supplier Source
sS1.1 Schedule Product
4 Order Source| sS1 Stocked
Deliveries
Confirmation Product
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SCOR SCOR
Identified SC SCOR SCOR
Level 1 Level 2
Operations Level 2 Level 3
Process Policy
Library Symbol Process Element
Type Type
Source
Providing raw
5 Source| sS1 Stocked sS1.4 Transfer Product
material
Product
Schedule Source
sS1.1 Schedule Product
6 | Shipping from| Source| sS1 Stocked
Deliveries
Suppliers Product
Source
Payment to sS1.5 Authorize Supplier
7 Source| sS1 Stocked
suppliers Payment, sS1.9erify Product
Product
Route Raw
Source
Materials to
8 Source| sS1 Stocked sS1.4 Transfer Product
Manufacturing
Product
Company
Production Make-to- sM2.1 Schedule Production
9 Make sM2
Scheduling Order Activities
sM2.2 Issue IfProcess
Produce Final Make-to- Product, sM2.3 Produce ang
10 Make sM2
Product Order Test, sM2.4 Package, sM2.5

Staged Finished Product
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SCOR SCOR
Identified SC SCOR SCOR
Level 1 Level 2
Operations Level 2 Level 3
Process Policy
Library Symbol Process Element
Type Type
sM2.3 Produce and Test,
Quality Maketo-
11 Make sM2 sM2.6 Release Finished
Control Order
Product to Deliver
Payment Deliver sD2.1 Process Inquiry and
Agreement Make-to- Quote, sD2.2 Receive,
12 Deliver | sD2
and Credit Order Configure, Enter, and Validat
Check Product Order
Deliver sD2.1Process Inquiry and
Purchase
Make-to- Quote, sD2.2 Receive,
13 Order Deliver | sD2
Order Configure, Enter, and Validat
Confirmation
Product Order
Deliver
Providing
Maketo- sD2.11 Load Vehicle and
14 Shipping Deliver | sD2
Order Generate Shipping Documer
documents
Product
Deliver sD2.8 Receive Product from
Route Final
Maketo- Source or Makes, D2.9 Pick
15 Productto | Deliver | sD2
Order Product, sD2.10 Pack Produg
Customer
Product sD2.12 Ship Product
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SCOR SCOR
Identified SC SCOR SCOR
Level 1 Level 2
Operations Level 2 Level 3
Process Policy
Library Symbol Process Element
Type Type
Receive and Deliver
Verify Maketo- sD2.13 Receive and Verify
16 Deliver | sD2
Product by Order Product By Customer
Retailer Product
Deliver
Invoice Issue
Maketo-
17 | and Receive | Deliver | sD2 sD2.15 Invoice
Order
Payment
Product

Table4.2 Identified SC Operations Extractewin SCOR modeéxtracted fron{SCC, 2010)

4.2.2.2.3 Representinginformation, Material, and Financial Flows

In this study, the retailerare considered as the final consumAs presented ifrigure 4.7, the

information flow begins with the customer sending the fpstchase ordef(PO) to the

manufacturing company's sales departm@nttheonehand,if the retailethas already traded by

themanufacturer ants considered aa currentcustaner, the sales department examines the order

in terms oforder quantityspecification, and expected delivery tirifehe PO meettheacceptable

threshold, especially in terms of minimum order leWleé POis approvedand sento check for

production capacity and raw materialsa ve nt or y

based .on t he

product

On the other handff the customer is new, the sales department prepgragment agreemeand

perfornms a credit check
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Figure4.7 TheInformation Material and Financiaflow in the S
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In the next step, sales orders are checked based on the 8ipilose there is enough quantity

all three raw materialto producethe product and fulfil the POrhe POis alsofirst sent to the
inventory control unit to update the inventand then sent tdieproduction planninglepartment

If the stock ofeven one of the raw materials in the warehouse is not enough for that el &0

is held till the inventory for all raw materials becomavailable The procurement department
generats Supply OrdergSO)based on inventory control poligy, Q) at theorder pointaslarge
asthe order quantity.

After sending thesOto the suppliers, the order is confirmed and announced tortloeirement
departmentThesupplierprovides raw material argnds the invoice® theaccounting department

and theaccounting departmeptysto thesupplier after ensuring the approval of the quality of raw
materials.

Then he accounting departmebordinates with the logistiasepartmento send raw materials
from the supplieto the manufactureRaw materials are stored in the warehouse, and at the same
time, raw materia snéentorylevelis updated Consequently, the hold POs are released and sent
to be manufactured.

On the other hand?Oswhose raw materials were already available are produced with higher
priority. Production is continuoysnd at the end of productiothe final product's quality is
controlled Thelogistic department themakes the necessary arrangements to transpdiintie
product to theetailerwarehouseThe accounting departmetiien sends the final invoice the
retailer. Lastly,after receivingthe paymenfrom the retailer, the final produd are sent to the

retailer
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4.2.2.3 Modelling the SC Risks

As discussed eagr in the frst two chaptes of this thesis(Christopher & Lee, 20043tated a
specific risk categoryhat occurs outside of the company but disrupts the entire SC components.
Furthermore, this category divided into two types: increase on the demsidd and decrease in
supply. This study focuse on a specific type dfow-Frequency Higimpactrisk, COVID-19
pandemic outbreak disruption kisThe pandemic outbreaitars small upstreamof the supply

chain froma shortage in supply anagropagate quicky into the SC transportation network to the
downstream to manufacturer aredailers as th&C's final customersn this studyas we discuss
earlier, we choose to studys s ent i al product 6s S E&rapiddireagiupt i on
downstreandemand

On the one handheCOVID-19 pandemic outbredistly affectsthe supplier. Suppliers become
unableto provide raw materials on time and causing disruption upstream of the supply chain.
However, on the other handneof the destctive effects of th&e€OVID-19 pandemic outbreak
disruption on the SC in numerouscountries, including Canadas dramatically increasing in
demand The food SCsand most wanted items like toilet paparsl paper towelaere severely

disturbedby a sharp increase in dendadue toc u st omer s APani(elob®Buyi ngo
2020) This behaviar causes a sudden increase ingksential item$&C demando serve more
customersThis study thoroughlgxamineshanges in supply chakPli n essenti al pr o
We model this type of risk in the supply chain and adapt to our case stulg next chapter,

which is the production of essential goods, i.e. toilet papédmpaper towekuring the COVIDB19

pandenic. We define potential scenaritisased orlate 2019 and early 2020 available risk data,

similar availableliterature i.e., (Ivanov, 2020a) official reports (CTV News, 2020) and

managerial insights of this specific industry.
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This section indicates hova pandemic outbrealdisruption risk can overshadow als C 6 s
componentsin this study, the rest of ti& C @isks aredisregarded

This study demonstrates the impact of the COXtEDPandemic outbreak on supdigilowed by
propagationnto the transportation network and downstream echelons, including the manufacturing
company and retailers, as the final customers.

Current State Model: Firstly, we preset the SGvhich operates normally iRigure4.8.

C Suppliers )—{ Producer )—{ Market j

Figure4.8 Normal Operation of SC

Disruption Scenariol: COVID-19 Pandemic outbreak disturbs the supply of raw materials A

resulted in a 100% increase in delivery time for 60 diaa Februarn2020(Figure4.9)

C Suppliers )—{ Producer )—{ Market j
- J

Y
100% increase in Raw Material A

delivery time for 60 days from
February 2020

Figure4.9 TheFirst SC Disruption Scenario
Disruption Scenario 2: In addition todisruption scenario 1,pandemic outbreak disruption
propagates into all ot her suppliersodé regions
100% delivery time of raw materiaks, B, and Cfor 60 days mmediately afterScenario 1

happeningrom April 2020(Figure4.10).
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C Suppliers )—{ Producer )—{ Market )

N J
Y
Disruption Scenario 1+ Disruption propagates into
transportation networks resulted in 100% increase in Raw
Materials B and C delivery time for 60 days from April 2020

Figure4.10 The SecondSC Disruption Scenario
Disruption Scenario3: In addition todisruptionscenarig 1 and 2, snultaneous disturbances in
supply, logistics infrastructure, anghrketresults in a 100% increasefinal product demanébr

30 days immediately after disruption scenario two occurrgonoe June 202QFigure4.11)

C Suppliers )—{ Producer )—{ Market j

\ J \ v J
Disruption propagate into SC’s
Disruption Scenario 1+ Disruption Scenario 2 downstream increases the demand by
100% for 30 days from June 2020

Figure4.11 TheThird SCDisruptionScenario

4.2.2.4 PerformanceMeasures

According tothe SCORreferencemodel, performance attributes &eliability, Responsiveness
Agility , Supply Chain CosandAsset manageme(5CC, 2010) Based on ti$ study's objectives
to compare different disruption scenarios aislk mitigation strategiesn terms of resiliency
according tdKarl et al., 2018)we focus on ReliabilitandResponsiveness attributd$e dove
attributesresult in resiliency during the disruptioks we discusedearlier, during thishalenging
situation because ofie COVID-19 outbreak, théocus should be shifted fromaximizing profit
to SC survival andgatisfying morecustomer demandnd minimizing delivery time.This study

focuses on nofinancial KPIs (Paul & Chowdhury, 2020b)
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4.2.2.4.1 Reliability

According to(SCC, 2010}his attribute contains performance metrics that guarantee reliability by
providing the appropriate amount of the goods and at the expected time with the appropriate
documents. Theeliability attribute describes the ability to execute activitieslesired.This

attributeassessethe predictability of the processes.

4.2.2.4.1.1Delivery Performance to Customer Commit Date (RL.2.2)

The following equation calculates the percentageooders which are delivered within the
committed time to the client
Equationl: [Total number of orders delivered on the original commitment date] / [Total number

of orders delivered] *100%

4.2.2.4.2 Responsiveness

The level at which actities are performed is described by tlribute. This characteristic
indicates the speed of performing repetitive activities to reach the oBteut i €yle Timed

is used taneasurdghe process reactiqgCC, 2010)

4.2.2.4.2.10rder Fulfillment Cycle Time (RS.1.)

The estimated real cycle time is continuously achiegeshtisfy consumer ordefBhe cycle time
for each individual order begins with the delivery of the order and finishes withethiger's
approval of the oret.

Equation2: [Sum actual cycle times for all orders delivered] / [ Total number of orders

delivered] in days

4.2.2.4.2.2Source Cycle Timg(RS.2.])
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Source CT ighe average time associated with Source processdhis study Source CTis
equaledto thesum of the time needed to sendupfly Orderto suppliers and receiveiit full.
Equation3: Source Cycle Time Authorize Supplier Payme@iT+ Verify ProductCT+

Schedule Product Deliveri€3T+ Transfer ProducCT

4.2.3 Input Analysis

In this sectionbased on phase two tiie model development frameworkigure 4.12), model
parameters and distributioase specified.Based on(Banks et al., 2010; Kelton, 2002)put to
the models includes the distributions of demand and lead time for a supply chain simulation
Probability distributions for random inputs should be specif@egerform simulation studieés

shown inFigure4.12, The following threestepsshouldbe followed

2. Input Analysis

Input Analysis:

e Data Collection

¢ Fitting Input
Distributions

e Goodness of fit

Framework
Steps

e Time Study

e Data Analysis (MS
Excel)

e Arena Input
Analyzer

Framework
Tools

Figure4.12 Input Analysis Framework

4.2.3.1 Data Collection

This section performslata collectionfor each defined SC operation and trantsgtan time

between SC static actorSor thispurpose SC availablehistorical data is obtaineahd analyed.
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The historical dat has alreadypeenstored inthe SC databaseegardingeachoperation inthe
specified periodMoreoverfor some Sperations we perfom atime studyby direct observation.
This section includesequired input data caernirg supply chain steture in terms othenumber
of SC actos, infrastucture data, invenry data, transprtationrelated datgboth path and means
of transportatior), and the numbe of human resourcesorking in eachsupply chain component
All the above data areflected as the input to the next chapter's case study simulation. rlsdel

using Cochran's formula, the number of samples reqtorezgachopeiationis calculated

4.2.3.1.1Sample size

Using the CochratechniqugCochran, 1997)we calculate theample siz¢o be collected for each
SC operationWe assume the maximum variability, which is equal to 50% Q¥ and taking
95% confidence level with £5% accuracy, the cialton for the required sample size will be as
follows (Kr Sarmah et al., 2013; Naing, 2003)

Equation4:

Selected Critical Value of Desired Confidence Le¥eal:1.96
desired level of accuracy: d = 5%
p=9=0.5

Sample Size = n: 384

4.2.3.2 Fitting Input Distributions Via the Input Analyzer
We enter our data into the input analyzer to generate suitable distribdti@nfollowing initial
considerations arken into accounbtselect a suitable distribution fimput data
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1 The data being analyzed is continuous and cawi§tositive real numbers.
1 All discrete distributions are disregarded.
1 All distributions with negative values like normal distribution are disregarded.
1 To choose the best distribution, we compare thalues of the Kolmogore®mirnov (KS)
test for the remaining distributions and choose the best based on which distribution has the

highest pvalue > 0.05.

4.2.4 Model Translation

Basedon phasethree of the developig model framework Kigure 4.13), we translate the SC
conceptual model into a simulation moddlhis section describePiscrete Event System
Simulation ComponentsSecondly,We created a DES algorithm that converts each equnal
model element into a simulation model elemdrdstly, Arena software is introdwtes the

simulation platform for this study.

3. Simulation Modelling

Translate the Conceptual Model:
e Define the DES Elements
Framework e Implement the DES
Steps Algorithm
e Implement the Simulation
Modules

Translation Guidelines
Tool Library of Simulation
00I1s Modules in Arena Software

Framework

Figure4.13 Simulation Modeling Framework
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4.2.4.1 Discrete EventSystemSimulation Formalism

DESis selected as a formalism to translate the conceptual model into the simulationbrasdél.

on literature, discreteystemsata separate point in time, "state variables" gearmmediately
Besideswhen a "event" occurs, the "state" will change. At only a countable number of points in
time, events occyBanks et al., 2010; Kelton, 2002)o continue we explained the component of

DES.

4.2.4.1.1Components of Discrete Event SystemiiBulation

4.2.4.1.1.1System

According to(Schmidt & Taylor, 1970a i s y s t & get of entities working together and
collaborating to achieve some logical enbh this study, the system boundaries are limited to a
Supply Chain considering echelons, i.e. Retailers, Manufacturers company, Supptea, a
interactions in terms of information and material flow. As we discussed earlier, the level of details

is defined based on level three of the SCOR reference model.

4.2.4.1.1.2Entities

According to(Kelton, 2002) Entities are objects of interest in the system. In this study, there are
four types of entities available. Entities might be only one kind of entity but many realizations.

Entities are flowing within the SC. Timresenteentitiesin (Table4.3) are defined in our study:
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No. | Entity Name Definition

POis generated in the system. PO requested by
1 | Purchase Ordel fiRetailer bater, i is transformed téiFinal Produt by

fiManufacturing Everitandbesent to théiRetailer 0

SOis generated in the procurement departmeater, t
2 | Supply Order A| is transformed to Raw Material A by Supplier &l

sent to the Manufacturer

SOis generated in the procurement departmeater, t
3 | Supply OrdeB is transformed to Raw Material A by Supplier dred

sent to the Manufacturer

SOis generated in the procurement departmeater, t
4 | Supply OrdelC | is transformed to Raw Material A by Supplier drel

sent to the Manufacturer

5 | Entity S1 Logic This Entity generates disruption Scenario 1
6 | Entity S2 Logic This Entity generates disruption Scenario 2
7 | Entity S3 Logic This Entity generates disruption Scenario 3

Table4.3 System Entities

4.2.4.1.1.3Attribute s

Attributes are defined as common characteristic of all entities. The attribute comes with the

specific valughatdistinguished one entity from anothestity (Kelton, 2002) Table4.4).
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No. Attributes Definition
Purchase Order Assigned Arrival Time to Es
1 POArrival Time
Entity
Unigque Serial Number Assigned to Each
2 SOMaterial A Attribute
Supply Order Raw Material A Entity
Unique Serial Number Assigned to Each
3 SO Material B Attribute
Supply Order Raw Material B Entity
Unigue Serial NumbeAssigned to Each
4 SO Material C Attribute
Supply Order Raw Material C Entity
Unique Serial Number Assigned to Purchag
5 PO Serial Number
Order Entity
Raw Material A Supply Order Assigned
6 Raw Material A Supply Cycle Time
Creation Time to Each Entity
Raw Material B Supply Order Assigned
7 Raw Material B Supply Gyle Time
Creation Time to Each Entity
Raw Material C Supply Order Assigned
8 Raw Material C Supply Cycle Time
Creation Time to Each Entity
Inventory level of Raw Materialahich is
9 Change Policy Inventory level RM A used inrisk mitigation strategy s, S)
inventory control policy
Inventory level of Raw Material @hich is
10 | Change Policy Inventory level RM B used inrisk mitigation strategy 2(s, S)

inventory control policy
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No. Attributes Definition

Inventory level of Raw Material @hich is
11 | Change Policynventory level RM C used inrisk mitigation strategy 2s, S)

inventory control policy

Table4.4 Defined Attributes

4.2.4.1.1.4Activities

TheDES activities are the samas defined and extracted operation from the SCOR meteath

is already presented Figure4.7 andTable4.2.

4.2.4.1.1.5State Variables

The variables reflect some characterstitthe whole systepwhich is presentediTable4.5.

No. Variables Expression
1 WIP Work In Process
2 RawMaterialCinventory Inventory Level of Raw Material C
3 RawMaterialBinventory Inventory Level of Raw Material B
4 RawMaterialAinventory Inventory Level of Raw Material A

Transfer Permission form Supplier 1 to
5 ReadytoShipFROMsuplierl
Manufacturer

Transfer Permission form Supplier 1 to
6 ReadytoShipFROMsuplier2
Manufacturer

Transfer Permission form Supplier 1 to
7 ReadytoShipFROMsuplier3
Manufacturer
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No. Variables Expression
8 Variable 18 Scenario 1 Applying Disruption Scenario 1 Variable
9 Variable 19 Scenario 2 Applying Disruption Scenario 2 Variable
10 Variable 20 Scenario 2 Applying Disruption Scenario 2 Variable
11 Variable 21 Scenario 2 Applying Disruption Scenario 2 Variable
Delivered Orders In Comrtted Variable Counts Orders Which are Delivered ir
12
Time Expected Time
Variable Counts OrdeM/hich Delivered to
13 Delivered POs To Retailers
Retailer
Changing Variable Purchase Order Inter Arriva
14 | Decision Variable PO Creatidh
Time DistributionScenario 3
Changing Variable Purchase Order Inter Arriva
15 | Scenario 3 Decision Variable Pt
Time Distribution for DisruptiorScenario 3
16 Sum of Cycle time Variable Counts Total Cycle Time
17 | Maximum Inventory Level RM Al Maximum Inventory Level of Raw Material A
18 | Maximum Inventory Level RM Bl Maximum Inventory Level of Raw Material B
19 | Maximum Inventory Level RM Q  Maximum Inventory Level of Raw Material C
20 Supply Order Quantity RM A Fixed Raw Material A Order Quantity
21 Supply Order Quantity RM B Fixed Raw Material B Order Quantity
22 Supply Order Quantity RM C Fixed Raw Material C Order Quantity
23 Variable 40 Inter Arrival time PO Interarrival Time in Current State Model

67



No. Variables Expression

Variable Contngency Plan Policy Changing Variable foRisk Mitigation Strategy 2,
24

Change Inventory Control Policy Change

Changing Variable foRisk Mitigation Strategy 1,
25 Supplier A Multiple Sourcing
Multiple Sourcing

Table4.5 System Variables
According to(Banks et al., 2010; Kelton, 20028) St at e 0 at & Vaeables and theiravaluges
that ae required at a specific time to define the syst@ms.s i d e s , hanjedhe systenvstate
by, i.e., changing the values of some or all of the varigbigluel n t h i Resarceudd yw h ific h
is another component of DES directly translated froma conceptual model that serves entities in
all SC components where processing happ&esources including human resources, mashine
operatorsetc.Additionally, if an entity requires a resourdrit another entityuses the reswmce or
i's unavailabl e, t he ent i tfygritsstirrolo thisl studydor ¢achi n a |

process, we have a potential queue.

4.2.4.1.2 DES Algorithm

In this sectiona DES Algorithm is developed to play sntermediate role inranslating the
coneptual model into asimulation model.We include DES components in the algorithm
presented ithefollowing detailedsteps:
1. The POs Purchase Ordersentities are first generated usitige A Cr eat e 0 modul
Retailer in the system.
2. The arival time attribute is assigned to each entity ushefi As si gno modul e.

3. The rumber of arriving entities recorded ithen Recor do modul e.
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4. The ADeci deodo modul e i n wheterthe @derecemesifeom the t me n
current customer orrgew customerf a new customer orders the Rfe sales department
performs a credit check and, if applicable, prepdhespayment agreement usitige
fiProcesé module.

5 Al | POO0s are assessed |ire ntnenumsrderoduantifyc c e pt ¢
specification, and expected delivery timfdhen based on the assessment results, POs are
accepted.

6. Then the POs are sentttze inventory control department to be checked in terms of raw

material availability based on BOM.
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Figure4.14 Discrete Event Simulation Algorithm (Part 1)

are checked

b agsmgthePr @« hes av amod abll &

70

BO



8. Usingthei Deci de 0 mo st wHetberthe wwailatdesirsventory of all three raw
materialsis above b e Mifimum Raw Material Inventory Levelor not. If the inventory
level is above acceptance criterayw materiad aresent from the raw materials warehouse
to theproduction siteAsar es ul t o f theé requieed dmBunteoihraw material A,
B, ard C, are decremesif r om correspondpopngam8t gt @ Reawr Ma
Alnventory B Raw Mat er i aéndiBRdw vMantteorriyad C i nvento
9. If theinventory level of even one raw material type is not enough, the dogsrnogo to
the production quey@steadthe PG are teld till the raw material readsthe warehouse

and t he c oVanable®ipohanged.n g A
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Figure4.15 Discrete Event Simulation Algorithm (P&t
10.0n the supply sidéor each raw material type (A&, and C)the procurement department
generatsoneSupply Orders entity usintpeii Cr e at e.0 modul e
11.To trackeach SCQandrelated rawmaterial, usinghefiAs si gno modul e, t he
number is assigned to tisO entity.

12., the SO entity is waiting for thew material inventory shortage for each type separately

using t he fGhosidating (rnY idvertoey control policywhen the inventory
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levelreacheshi e or der point basedtheSOistrdieasedyandthen 0 S a
SO cycle time attribute is assigned to 8@ entity.

13.Then procurement department orders as much(fse€g Order Quantity) to the concerning
supplier. The fADelayo module is used to sh

14.Then singthei Separ atedo modul e, i nformation and
duplication of the mainstream. The informatioiow, which is tre SO, goes tothe
accounting department ithe iManufactured usinganintegrated management system

15.The payment to suppliers is performafler ensuring the approval of the quality of raw
materials. The accounting department coordinates with fhdogisticsd departmentto
reserve means of transportatior,, the truck to transferaw materials froneachsupplier
to the manufacturing company

16.Usingthel a s si gn 0 fReady to Bhigirom Stiphliers variableturns to number one
meaning the permission to send raw materiateeonanufacturer.

17.0n the other handftar receivingthe SOsoms uppl i er s, the fAorder c
is performedWe useadelay module to show the duration to provide raw materials.

18.Raw materiad inventory isscanning to receive the payment sigbglusingthefi h ol d o
module. For this reasoifithe fipaymend event happenedhefiReady to Shifrom Suppliers
variable value would change from O to, Ahnd the raw material would send tioe
manufacturing site

19.Then SO and raw material are matched based on the unique serial numbere Thi&rew
thef Rout e 0 tnaosteurdwematerials to corresponding storaghemanufacturer
site. Simultaneous vy , the WEvehtis fireceiving raw ma
company occurs,andthefist at e v the Systetn|(Raw Maiekial Inventory) is

updatedFigure 4.15)
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20.The raw materials are received and stored in raw material storage located in
manufacturing company (Figueld. Then usi n@ vWieRecalrdul ate ASu
Timed and usi,ns@ ledvBthesspsters.e

21.0n the other handhte A Ho | d whiclmoordaing ROs with insufficient raw materials
to beproducel, release®rders tahe manufacturingjueue (refer to ste®) (Figure 4.14)

22.0n theproduction ge, POsbased on FIFO enténequeuelLater, nformation and material
flow are separated by duplicatiaf the mainstreanusingthefi Se par at.dllen,mo dul e
the information flow(Purchase Ordgrgoes tothe production planning departmetu
performthei pr oducti on schedulingodo process

23.1n the materialflow streamthe productionfi P r o,&wdishss continuousis performed,
and raw materials are enteiiatb the production lineThen theguality of the final products
is controlledwithintheA Qual i ty Control 6 modul e.

24.Us i ng A Mat c¢he ardemaoddinal peoduct are matcthegethemased orthe PO
unique serial number and batch together permanentlyparallel, thefiLogistics 0
department pradesshipping documentand performs shippingplanning Moreover,the
accounting departmérthen sends the final invoice to the retaildtso, i Fi n a | Pr oduc
properties are assigned to PO entities.

25. Lastly, after receivinghe retailer's paymeythe final productis senttothee t ai | er A St a
usingthei Rout ed. modul e

26. Theretaller receiveshie final productsandthe number of delivered PQshe total cycle
time for eachorder, arerecordedusing the related variable, entity, and record module
(Figure 4.16)

27.Also, to record orderseceived on committed time, we figset h e ecide@dmodule to

differentiate orders based on given committed time and the record module.
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28. Finally, the WIP variable is decremented, and the batch of final product and PQ teave

system using

ADi sposeo

modul e.

Retailer

etailer Statio

Record the
Number of
Delivered
Orders

Assign PO
Cycle Time
Variable

Receive and Verify
Product by
Retailer

Assign Delivered
Orders Gounter
Variable

Decide if PO
elivered ontimg2

Yes

Assign Delivered
Orders in Committed
Time Counter
Variable

Decrement
Work In
Process
Variable

Dispose PO

Figure4.16 Discrete Event Simulation Algorithm (Part 3)
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4.2.4.2 Model Development Using ARENA

In this study, Arenaimulationsoftwareis used to implement the DES algorithAs compared in

Chapter 2Arena is the high e v e | A Si raslbeen wseddextay dor SCRM. This

software has several modulesssified in different libraries that giues a wide range abols

enabling us to model complex systei@bapter 5 describesodel development in Arena in detail.

Also, t he dturAeatyaer @rnputAnal yizRoessOnal y z erptQuestond A O
A r e mravides us with a bunch of new modelling capabilities. Worth mention, the software is

developed in SIMAN simulation languag@€elton, 2002)

4.2.5 Verification and Validation

Figure4.17 presentshe approaches to verify and validate the simulation model.

4. Verification and

Validation

Framework | | Model Verification

Steps || * Model Validation
| [¢ Run the Model by Random | [
Inputs and Simplified
Framework ASSUITIpFlOI‘lS .
| | Comparison Via
Tools N
Animation
e Comparison With Expert
Opinion

Figure4.17 Verification and Validation Framework
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4.2.5.1 Verification

In this thesis, to verifyhatthe model's detailand the assumptions correspond to the sgstem

we utilize thefollowing methodqLaw et al., 2000Q)

We first start ® model the smaller and more superficial parts of the model for each primary SC
processand, afterfinishing each section, run the model by random inputs and simplified
assumptions to check the logic of modelling. Additionally, we run the model seveeal itm

di fferent circumstances to check different ouft
We also have several meetings with the SC owner and CEO of the manufactuserréowe are

on the right track Additionally, we run the model as mg times as possible and follow the
attributes, variables and flow of entities visually after each event in the model.

Also, we doublechecked all thenput data's statistical distributiorBesides thé nputAnalyzer ©

we do not limit ourselves to thefsware suggestddistribution. We assessed other distributions in
terms of squared error, Chquare PValue, and KolmogorovSmirnov RValue. We also assured
input data statistical repsrand reapplied them in the software.

Also, by adding control antesponse in the output analyzerriables,we verified the model in
different conditions by applying changes to the control varsadael monitored the@odel outputs'

animation

4.2.5.2 Validation

According to(Kelton, 2002; Law et al., 2000)e validate the model to ensure that our simulation
study meets this study's objectives and is an accurate representation of the real system.

For this purpose, based on the following four methods have been used.

4.2.5.2.1 Numerical Comparison with Existing System
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In this methodwe make sure that our outputs match the performance metrics' outputs by applying
different inputs to the modeThis method hatested the whole model with three different input

datag and the results are presented in Chapter Six.

4.2.5.2.2 Comparison Via Animation

In this method, we observed the model behaviour visually with a different view of the Verification
technique. In this way, our goal is whether the system behaves as expected or not. For instance,

assess the resources that are well displayeisytstem are all utilized well.

4.2.5.2.3Comparison With Expert Opinion

Simultaneously, with checking the model to veitfythe model's behaviour was also assessed by
the companyds CEO to investigate whether the

or not. Examples of comments and comparisons are shown in Chapter Six

4.2.6 Supply Chain Designfor Resilience

Based on phase four tfe model development framework, the recent study's primary f®c¢as
propose a model with a combination of several methods that can maintain supply chain

performance in three different arg&sgure4.18).
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5. Resilient Supply Chain

Modelling
Design Resilient SC:
e Define Acceptance Criteria for Key
Framework Performance Indicators to Ensure
Steps Resiliency
e Design Mitigation Strategies
Scenarios

e Mitigation Strategies
e Resiliency KPlIs in terms of
Reliability and Responsiveness

Framework
Tools

Figure4.18 Resilient SC Modeling Framework
Based on the SCOR modele focus ontwo performance criteria: reliabilitgndresponsiveness
Threerisk mitigation strategies are applied to make the SC more resistant and red&@she
negative impact
As the firstrisk mitigationstrategymany authors suggestébliultiple Sourcing strategies. As an
example,(Namdar et al., 2018)proposeda multiple-souring strategy while considering high
impactlow-frequency (HILF) disruptionsMoreover, they mentioned that this strategy as an
example ofresilient strategiess more effective under HILF disruptions compared LIHF
disruptions. They concludaultiple-sourcing strategy providesbetter service level anthakes
the SC resilient.
We used this approach in coordination with the production company's CEO and available
resources, along with the recommendation of one or two alteFnatv material A supplier§.hese

two suppliers alreadilave been audited and are on the Approved Vendor List. As a result, their
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capability and lead time for supply decrown However, the company has suspended operations
with them in order tget the mosbeneficial value of singtesources suppliers.

In the case thainly one supplier is chosen, SOs are split by 50 percent and randomly distributed
between two suppliers for ease of measurement. If two additional suppliers are included, there is a
chance tht 33% of SOs will be spread among three raw material A suppliers.

As the second strategye developthefiBufferingo strategy in our DES modethichis one of the

most widely employed methods of reduction adopted by the comp&@emanagersanensure

that the SC performance is above acceptantaiain terms of resiliency by maintaining adequate
inventory(Chattopadhyay et al., 2001; Mishra et al., 20T6})s study utilizes a simplified scenario

by increasing the initial inventory level for rawaterials by 100%.

The third strategy which is developed in tBisidy ischanginginventory control policy from
AContinuous review, fixed order qo aodtinuoug pol i
review, ordetup-to policy (Min/Max)or (s,S) (Hopp et al., 1997)

The current inventory control policy is Q). fi rstands foreorder pointand Q is the fixed order
quantity. During COVDB19 moreflexible policyis preferableln (s, S), inventory control policy

Aso i s the r eisthaoedeupmdevehiMinaMex) is BvBromoreeceptivethan

(r, Q) because it adjusts the order size to take account of how much the inventory has fallen below
t h e (Whomas &illemain, 2019)

In the suggested strategystead of using the cumeconstanorder quantity (Q)at the order point,

the difference between the maximumventory level of raw materiglsvhich is known, and the

exact inventory level of each raw material is ordered up to maximum level is fullitézlvalue

is either equal to or greater than the difference between the order pomiaaimdum inventory

level.

In Chapter Fivewe describe how these strategies are applied in the simulation model.
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4.2.6.1 ScenarioDesign

To Mitigate Disruption Scenariol: COVID-19 pandemic outbreak disturbs the supply of raw
materials A resulted in a 100% increase in delivery time for 60 days from FebruaryFa2e (
4.9)
1 Risk Mitigation Strategy 1: Multiple Sourcingto Supply Raw Material A
0 50% supplier 1 RM A, 50% 1st Alternative Supplier RM A OR,
0 33% supplier 1 RM A, 33% 1st Alternative Supplier RM38% 2nd Alternative
Supplier RM A
1 Risk Mitigation Strategy 2: Buffering
0 100% Increase in Inventory Level RM A and/or RM B and/or RM C
1 Risk Mitigation Strategy 3: Change the Inventory Control Policy from (r, Q) to (s, S)
To Mitigate Disruption Scenario 2: In addition todisruption scenario 1pandemic outbreak
di sruption propagates into al/|l ot her supplier
increasing 100% delivery time of raw materials A, B, and C for 60 dayediately afteGcenario
1 happening from April 202@F{gure4.10).
1 Risk Mitigation Strategy 1: Multiple Sourcingto Supply Raw Material A
o 50% supplier 1 RM A, 50% 1st Alternative Supplier RM A OR,
o 33%supplier 1 RM A, 33% 1st Alternative Supplier RM38% 2nd Alternative
Supplier RM A
1 Risk Mitigation Strategy 2: Buffering
0 100% Increase in Inventory Level RM A and/or RM B and/or RM C

1 Risk Mitigation Strategy 3: Change the Inventory Control Policy fram Q) to (s, S)
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To Mitigate Disruption Scenario3: In addition todisruptionscenaris 1 and 2, snultaneous
disturbances in supply, logistics infrastructure, anadketresults in &00% increase itinal
product demantbr 30 daysmmediately after disruption scenario two occurrence on 88y 1
1 Risk Mitigation Strategy 1: Multiple Sourcingto Supply Raw Material A
o0 50% supplier 1 RM A, 50% 1st Alternative Supplier RM A OR,
o0 33% supplier 1 RM A, 33% 1st Alternative Supplier RM38% 2nd Alternative
Supplier RM A
1 Risk Mitigation Strategy 2: Buffering
0 100% Increase in Inventory Level RM A and/or RM B and/or RM C

1 Risk Mitigation Strategy 3: Change the Inventory Control Policy from (r, Q) to (s, S)

4.2.6.2 Acceptance Criteria for Resilient SC

this section defineS KPI&6s values which 1is
WIP* =Acceptable Average Work In Process

TAVG* = Acceptable Average Wait Time in Queue (Hold for Raw Materials)

RL.2.2* = Acceptable Average Delivery Performance to Custom&admmitted Time

RS.1.1* = Acceptable Average Order Fulfillment Cycle Time

RS.2.1* =Acceptable Average Supply Cycle Time

The value of all above mentioned five performance metrics equals the corresponding values
captured in the current state model (@sruption).

Following constraints should be respected to have a resilient SC

Set of Replications) pMB Ip ¢ T

B .

wob o v (1)
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2 ,&&Z 0 (3)
2 ompt @O (4)
2 % ompt 00 5)

4.2.7 Experiment the Model

Figure4.19illustrates the steps that should be followed in order to analyze the model in terms of

input data and outputs.

6. Experiment the Model

Case Study Implementation:
e Apply Analyzed Input Data ¢ Run the Simulation

Framework | e Implement Risk Scenarios Model
Steps e Implement Mitigation e Result Analysis and
Strategies Scenarios Optimization

o Set Model Configuration

. . . MS Excel
e Library of Simulation
Framework . Arena Process
Modules in Arena Software
Tools Analyzer

e Arena Output Analyzer e Arena OptQuest

Figure4.19 Experiment the Mdel Framework
In the following two chapters, we explain all steps in deddd.first adjust the run setup according
to the purpose and scope of our project. The simulation igemonnatng in our study. We
calculate the time required as a wanm periodusing the output analyzer and drawing the
corresponding plot. We also udequation5o t o det er mine the required

Equation5:
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1200 replications were deter mi swelthiofiday.be sui t
Then we enteseveralfi ©ntrolo andfi Bsponse variables in the process analyzer and apply and
execute the strategy for each dispersionrakimitigation scenario.

To get the optimum solutions, AOptQuest for Al
for each KPI. on the one hand,thepnar y goal of this study is to
to customer ctotahmumbers ofideliveréd oederslin ddmmitted m@n.thé other

hand, Aorder fulfil ment cycle time, o0 fAtotal é
shaild beminimized These five objective functions are implemented i ®@p t Qu e s t,0 faosr Ar

shown inTable4.6. (DPO:Delivered POs in custom&@ommit time

a4 QE—— (1)
., o B
a0e— (2)
, w B 88
aWwe— 3)
., «~B 88
a Qe—— 4)
., «~B 88
a Qe—— (5)
Set of Replication®) pMBIp ¢ 1
Objectives Summary
Included MName Goal Expression
3 Maximize Delivered Crders On Committed Time Maximize [Delivered Ordered Ontime]
O Maximize Delivery Performance Maximize [Delivery Performance to Customer Committed Date]
O Minimize Order Fuffilment Cycle Time Minimize [Total CT Statistics]
O Minimize Total Supply Cycle time Minimize [Total Supply CT Statistics]
O Minimize Work In Process Minimize [WIP_Statistics]

Table4.6 Objective Functions
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decision variables are defined as showmable4.7, utilizing threerisk mitigation strategies.

Controls
‘nduded Mame Element Type Type
RawMaterialsinventory Variable Discrete
RawMaterialBinventory Variable Discrete
RawMaterialCinventory Variable Discrete
Supplier A Multiple Sourdng Variable Integer
Variable Contigency Plan Palicy ... |Variable Binary

Table4.7 Decision Variables (Controls)

The next Chapter presents the model implementation approach in Luxxeen Co.
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CHAPTER 5

IMPLEMENTATION (CASE STUDY: LUXXEEN COMPANY )

5.1 Chapter Overview

As discussed irchapterthree, we implemenour model developmentramework at Luxxeen
Productions Ing. which is the Canadiargreendisposable products (i.e. Toilet Tissue¥
manufacturecompany In this section, a brief explanation abtheélLaxxeen companys provided.
Moreover, all the 28steps of modéng and implementing the DES algorithrto the Arena
Simulation Softwareare described along with the settingscomprehensivaletail. Also, we
includedisruption riskscenariosnd threeisk mitigation strategiemodel development translation

guideto ensure SC's resiliency

5.2 Case Study Description

Luxxeen Productions Inc.aked in Montreal, Quebec, is a Canadian manufacturer ety
branded and privatiabel facial tissue and toilet papéruxxeen Productior2021)

AToil et Tissueso is chosen as an e-X9pangeiie o f
outbreak in the current study. According to the CEO of Luxxeen co., the company was faced with
an increase of almogi00% in demand imid-2020 for toilet paperand paperMoreover, they

faced al00% increasen raw materials supplyhich all aresinglesourced
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Figure5.1 Luxxeen Production Inc.

5.3 Model Implementation

531 SCb6s Structure

5.3.1.1 SCActors

There are three suppliers considered in this study. The first sypyieh provides raw material
A, is located in South Carolindl.S.AThe supplier of raw material B is located in Onta@anada.
Also, the 39 supplier for raw material C)s located in Quebec, Canaddso, informationabout
the logistics and transpotian netwak is providedby Luxxeen Cq.including oute time from
suppliers toLuxxeen Co. and from there theretailer. In this studytrucks areghe only means of
transportation either frotme supplier to Luxxen Co. and from there to the tetal o simplify the
model, we consider all retailemsoneleading retailetocated inMontreal, QC, with thewenulative

purchase order quantitiéBigure5.2).
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Figure5.2 Luxxeen Co. S@ Structure

5.3.1.2 Product and Raw Materials

The product reviewed in this thesis T®ilet Paperwhich is an essentialproduct during the
pandemioutbreak Required aw materials ad their consumption coefficiershould be identified
To produce this producFigure5.3r epr esent s t hofth8 prddiict n@itiondtla t e r |

above
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< 1 Unit =70 Carton =24 Pallet =1 Truck
Toilet Paper

Level 1 Raw Material A Raw Material B Raw Material C
(Tissue) (Core Paper) (Wrapping Film)
Consumption
Coefficient for 5000 Kg 450Kg 7200 Unit
Producing One Unit
of the Final Product

Figure5.3 Bill of Material
Besides, one unit of the final produstconsidered 70 cartons, which equzdgallets and the

total capacity of a TruckRequired raw materials are summarize@@M date is organized in

Table5.1.
Raw
Consumption
No. Material Policy Definition
Coefficient
Type
5000 Kg is
Raw material| Single-| A Ti s s ue P a|requiredto producs
1
A Sourced supplies from the US | one unit ofthe final
product
450 Kg required tg
Raw Material| Single- | The Raw Material B
2 produce one unit 0
B Sourced supplies within Canadg
the final product
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Raw
Consumption
No. Material Policy Definition
Coefficient

Type

7200 units require
Raw Material| Single- | The Raw Material C
3 to produce one uni
C Sourced supplies within Canadg
of the final product

Table5.1 Required Raw Materials

5.3.2 Input Data

5.3.2.1 Demand data

Based on the historical daprovided by Luxxeefo. in the current state model, the interarrival
time to receive an ordérom a retailer follows Expo (0.8). Wassumedeach order equals one unit

of the final product. Also, the Luxxeen Co. provides a list containing the expected lead time and
actual PO cycle timefor the past two years. On averageakes35 daysfrom receivinga new

purchase orddpo deliverthe final product to the retailer.

5.3.2.2 Operations Data

Theessentialnformation for conducting a neagality simulation study is information abceach
process's activite In this regardin one year, the available historical daased orEquation4,
the numbeB84 samples required. The diremti of the investigation was determined

Table5.2 presens the best fit distribution in termaf thel o w eSgularediErrarandthe highest

fi Kolmogoro+Smirnov RValue 0
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Chi-

Kolmogorov-
Operation Squared | Square
No. Data Smirnov P- Distribution
Type Error P-
Value
Value
Material
Requirement
0.7+06*
1 Plan Planning for | 0.003931| 0.097 >0.15
BETA(1.6, 1.57)
Purchase
Orders
Shipping 0.08 +0.24 *
2 Plan 0.003592| 0.0169 >0.15
Scheduling BETA(1.65, 1.62)
Delay Send
Raw Material 0.17+0.64 *
3 Source 0.005771| <0.005 >0.15
A Order to BETA(1.7, 1.62)
Supplier 1
Process
Supplier 1 0.999 +1*
4 Source 0.001206| >0.75 >0.15
Order BETA(0.974, 0.928)
Confirmation
Delay for
5 Source provide raw | 0.003055| 0.153 >0.15 EXPO (7)
material A
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Chi-

Kolmogorov-
Operation Squared | Square
No. Data Smirnov P- Distribution
Type Error P-
Value
Value
Delay for
provide raw
53+24~
6 Source material A | 0.005834| < 0.005 >0.15
BETA(1.46, 1.5)
From
Alternative 1
Delay for
provide raw
6+1.65*
7 Source material A | 0.005087| < 0.005 >0.15
BETA(1.23, 1.43)
From
Alternative 2
Schedule
5+ 2 * BETA(1.06,
8 Source | Shipping from| 0.002186| 0.422 >0.15
0.908)
Supplier 1
Payment to 0.23+0.24~*
9 Source 0.009790| < 0.005 > 0.15
suppliers 1 BETA(1.48, 1.5)
Route Raw
2+1*BETA(1.02,
10 Source Material A to | 0.002920| 0.17 >0.15

Manufacturing

1.03)
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Chi-

Kolmogorov-
Operation Squared | Square
No. Data Smirnov P- Distribution
Type Error P-
Value
Value
Delay Send
Supply Order
0.17+0.64 *
11 Source | Raw Material | 0.007085| < 0.005 >0.15
BETA(1.64, 1.72)
B to Supplier
2
Process
Supplier 2 0.999 +1*
12 Source 0.002225| 0.364 >0.15
Order BETA(0.905, 1.04)
Confirmation
Delay for
3 +4*BETA(0.917,
13 Source provide raw | 0.001116| 0.0924 >0.15
0.952)
material B
Payment to 0.999 + 0.551 *
14 Source 0.003677| 0.0154 >0.15
supplier 2 BETA(1.17, 1.41)
Schedule
2+ 2 *BETA(0.962,
15 Source | Shipping from| 0.002356| 0.385 >0.15

Supplier 2

0.949)
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Chi-

Kolmogorov-
Operation Squared | Square
No. Data Smirnov P- Distribution
Type Error P-
Value
Value
Route Raw
1+1.64*
16 Source | Material B to | 0.005881| < 0.005 >0.15
BETA(1.25, 1.46)
Manufacturing
Delay Send
Supply Order
0.999 +2*
17 Source | Raw Material | 0.002878| 0.175 >0.15
BETA(0.879, 0.88)
C to Supplier
3
Process
Supplier 3 0.999+1+*
18 Source 0.003513| 0.0664 >0.15
Order BETA(0.924, 0.949)
Confirmation
Delay for
19 | Source provide raw | 0.002788| 0.324 >0.15 UNIF(2, 4)
material C
Schedule
3+ 2*BETA(1.06,
20 Source | Shipping from| 0.001541| >0.75 >0.15

Supplier 3

0.985)
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Chi-

Kolmogorov-
Operation Squared | Square
No. Data Smirnov P- Distribution
Type Error P-
Value
Value
Payment to 04+12*
21 Source 0.003768| 0.00992 >0.15
supplier 3 BETA(1.6, 1.55)
Route Raw
0.999 +1*
22 Source | Material C to | 0.002380| 0.399 >0.15
BETA(1.04, 0.999)
Manufacturing
Production 0.14+0.73 *
23 Make 0.005539| < 0.005 >0.15
Scheduling BETA(1.67, 1.57)
Process
0.87 +0.36 *
24 Make Manufacture | 0.005144| < 0.005 >0.15
BETA(1.75, 1.66)
Final Product
Quality 1.24+0.72*
25 Make 0.004631| 0.00854 >0.15
Control BETA(1.46, 1.51)
Purchase
26 | Deliver Order Inter | 0.002475| 0.37 >0.15 2 * BETA(2.49, 2.6)
Arrival Time
Payment
Agreement 054 +2.46*
27 Deliver 0.005132| < 0.005 >0.15
and Credit BETA(1.43, 1.21)
Check
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Chi-

Kolmogorov-
Operation Squared | Square
No. Data Smirnov P- Distribution
Type Error P-
Value
Value
Purchase
0.09+1.81*
28 Deliver Order 0.004998| < 0.005 >0.15
BETA(1.51, 1.44)
Confirmation
Providing
0.19+0.26 *
29 | Deliver Shipping 0.004889| < 0.005 >0.15
BETA(1.66, 1.93)
Documents
Average
0.999 +1*
30 Deliver | RouteTime to | 0.001738| 0.692 >0.15
BETA(1.1, 1.13)
Retailers
Receive and
Verify 0.999 +2*
31 Deliver 0.001780| 0.639 >0.15
Product by BETA(1.15, 1.12)
Retailer
Invoice Issue
2 + 3 * BETA(0.903,
32 Deliver and Receive | 0.001815| 0.637 >0.15
0.965)
Payment

Table5.2 Input Analyzer Best Fit Distribution
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5.3.2.3 Resources

The critical data oneach department's human resources as available capacity was also examined,

which ispresentedn Table5.3.

No. Human Resources Capacity Work Schedule
1 Sales Clerk 3 Full time 8hrs/day
2 Warehous&mployee 2 Full time 8hrs/day
3 ProductionOperator/Worker 3 Full time 8hrs/day
4 LogisticsOfficer 4 Full time 8hrs/day

Production Planning
5 3 Full time 8hrs/day
employee

Table5.3 Human Resorces Working In Luxxeen Co.

5.3.2.4 DESInput Parameters

5.3.2.4.1 List of Entities

Defined entities for Luxxeen Co. are presentetable5.4.

No. Entity Name Assumption

The minimum acceptable Order equa
1 Purchase Order
Oneunit of Products

SO Ais generated in review intervalg
2 Supply Order A
based on (r, Q) policy

SO Bis generated in review intervalg
Supply OrdeB
based on (r, Q) policy
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No. Entity Name Assumption

Supply OrdelC

SO Cis generated in review intervals

based on (r, Q) policy

3 Entity S1 Logic

Generates disruption scenario 1

4 Entity S2 Logic

Generates disruption scenario 2

5 Entity S3 Logic

Generates disruption scenario 3

5.3.2.4.2 List of Variables

Table5.4 List of Entities

Defined entities for Luxxeen Co. are presente@ahle5.5.

Initial
No. Variables Expression Condition
Value
1 WIP Work In Process 0 0
Inventory Level of Raw
2 RawMaterial C Inventory 100000 -
Material C (Wrgping Film)
Inventory Level of Raw
3 RawMaterial B Inventory 12000 -
Material B (Craft Paper)
Inventory Level ofRaw
4 RawMaterial A Inventory 60000 -
Material A (Tissue Paper)
if =1, Transfer
Transfer Permissiondm Raw Material A
5 | ReadytoShipFROMsuplier 0

Supplier 1 to Luxxeen Co.

from Supplier 1

otherwise, 0 Hold
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Initial

No. Variables Expression Condition
Value
if = 1, Transfer
Transfer Permissiondm Raw MaterialB
6 | ReadytoShipFROMsuplier 0
Supplier2 to Luxxeen Co. from Supplier2;
otherwise, 0 Hold
if = 1, Transfer
Transfer Permissiondm Raw MaterialC
7 | ReadytoShipFROMsuplier 0
Supplier3to Luxxeen Co. from Supplier3;
otherwise, 0 Hold
increasel00%
Applying Disruption Scenari( delayin
8 Variable 18 Scenario 1 2
1 Variable providing Raw
Material A
increasel00%
Applying Disruption Scenari(
9 Variable 19 Scenario 2 1 delayin Shipping
2 Variable
Raw Material A
increasel00%
Applying Disruption Scenari(
10 Variable 20Scenario 2 1 delayin Shipping
2 Variable
Raw Material B
Applying Disruption Scenari( increasel00%
11 Variable 21 Scenario 2 2
2 Variable delay in for
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Initial

No. Variables Expression Condition
Value
providing Raw
Material C
TAVG(Tally
Total Cycle
Variable Counts Orders
Delivered Orders In Time) <=
12 Which are Delivered in -
Commited Time Average
Expected Time
Commtited
Delivery Time
Variable Counts Orders
13 | Delivered POs To Retaile| - -
Which Delivered to Retailer
Changing Variable Purchas
Decision Variable PO
14 Order Inter Arrival Time 100 -
Creation
Distribution
Changing Variable Purchas
Scenario 3 Decision Order Inter Arrival Time
15 0 -
Variable PO Distribution for Disruption
Scenario 3
Variable Counts Total Cycle
16 Sum of Cycldime - -
Time
Maximum Inventory Level| Maximum Inventory Level of
17 150000 -

RM A

Raw Material A
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Initial

No. Variables Expression Condition
Value
Maximum Inventory Level| Maximum Inventory Level of
18 25000 -
RM B Raw Material B
Maximum Inventory Level| Maximum Inventory Level of
19 250000 -
RM C Raw Material C
Supply Order Quantity RV Fixed Raw Material A Order
20 100000 -
A Quantity
Supply Order Quantity RV Fixed Raw Material B Order
21 10000 -
B Quantity
Supply Order Quantity RV Fixed Raw Material C Ordel
22 200000 -
C Quantity
Changing Variable foRisk
if 0, Follows (r,
Variable Contingency Plan Mitigation Strategy 2,
23 0 Q), Otherwise if
Policy Change Inventory Control Policy
=1, (s,S)
Change
Variable 40 Inter Arrival PO Interarrival Time in
24 0.8 -
time Current State Model
Changing Variable foRisk
Supplier A Multiple
25 Mitigation Strategy 1, 0 -

Sourcing

Multiple Sourcing

Tableb.5 List of Variables

5.3.2.4.3 List of Expressions
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Defined expressions for Luxxeen Co. are present@alnte5.6.

Number Expression Value Unit
1 Raw Material ASafetyStock Level 50000 KG
2 Raw Material BSafetyStock Level 3000 KG
3 Raw Material CSafetyStock Level 28000 KG
4 Consumption Coefficient Raw Material A 5000 KG
5 Consumption Coefficient Raw Material B 450 KG
6 Consumption Coefficient Raw Material C 7200 KG
7 Minimum Inventory Raw Material A 5000 KG
8 Minimum Inventory Raw Material B 450 KG
9 Minimum Inventory Raw Material C 7200 Unit

Average Comnited Delivery Time Based On Availbeb
10 45 Days
Historical Data
11 Disruption Rate ScenariqZ2,3 2 -

Table5.6 List of Expressions

5.4 Model Assumptions

=

Inventory control policy: r@rder pointbased 1, Q)
1 Themanufacturingactoryshowsthe (r, Q) inventorycontrolpolicy.

1 Retailers are considered as deading retailer with the same route time and cumulative

demand.
1 Production is controlled by the parameterghefinventory control policy.

1 The production schedule of the orders is based on the First In First Out (FIFO) rule.
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71 Direct and indirect costs @not considered in the proposed framework.

1 Multiple Sourcing is defined as the firgsk mitigation strategy in this study. We just
considered 1 or 2 alternative supplies with an equal share of order fulfillment.

9 Material is not defective

9 Products do not reverse flow.

5.5 Translation of the SC behaviar

In the previous chapter, wieoroughy explained the translation of the conaggdimodel into DES
by a 28step algorithm. In this section, we explain how to implentieatLuxxeen Co. SC model
in Arenasimulationsoftware. In addition to theodules' connection view of the modgslecritical
modules’ details;onditions and inputdataare also displayed.

I
Create Ori inal\ . Payment
0 Is the Retailer New? S»——=a Agreement And Confirm PO

Purchase Order I Credit Check
0

0 0

Figure5.4 Sales Department Operations
Figure5.4 represents the Luxxeen Co. sales department operadisishiown inFigure5.5,t h e
Createdo module is wused to il | uBemaimerarivddis cr eat
set toinfinite, and in this study, we assurtet eachPO contains one unit of the final produthe

PO entity is firstly created into the system a littieafter time 0 of simulation.
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Create ? x
Mame: Entity Type:
|Eleate Original Purchase Order v| |PurchaseDlder v
Time Between Amivals

T wpe: YW alue: Unrits:

Random [Expa] | [Variable 40 Inter Ammis| | Daps ~
Entities per durival: b & Aurrive als: Firzt Creation:
[1 | [Infirite | [o.01

Cancel Help

Figure5.5 Create Purchase Order Module

Using thefi A s s magulejFigure5.6), we set the arrival time attribute egeitd TNOW, which

is the system's current time. Also, by entering each PO into the systeinWleer k | n

variable is incremented bgne unit. Besidest h e

Proce

ARecor do thenouthbet dOr epor t

receivedrom the retailerThen, PO ishecked by thé Bcidedmodule whether the request is new

ornotThe ACr ed

it Checko woul

d

be

perfor med

orders areonfirmed and be setd theinventory control departmenfigure5.7).

Assign

Mame:

Aszzign PO Arrival Time

Azzignments;

Wariable, WP, WIP+1

Entity Picture, Ficture. Green Fage
Attribute, POAMAIT ime, THOW
<End of list>

Cancel

Figure5.6 Assign Purchase Orders Properfiésdule
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Process ? *

Marme: Type:
Canfirm PO ~ | Standard ~
Logic
Action: PFriority:
Seize Delay Releaze ~
Resources:
Resource. SalesClerk, 1 Add...
<End of ligt>
Edi...
Delete
Delay Type: Units: Allocation:
Expression | Daps ~ | | Walue Added w
E xpression:
|D.DS+1.8‘I *BETA[1.51.1.44] ~

Feport Statiztics

Cancel Help

Figure5.7 Purchase Order Confirmation Process Module
According toFigure5.8, in the following,the approvedOsare sent to the inventory control

departmentandthe Material Requirements Planning operation is done.

Material

Requirments re Raw Materials ", T= Dacfms‘]",;ggw
Planlnggiﬂsed on Available? Tnigl?lnry . Rawsll\g?;egr;am
! -
Hold For Raw
Material .| Raw Material B Record Supply Raw Material
Storage CT Attribute Storage Hold
.| Raw Material C
Storage
Figure5.8 Inventory Control Department Operations
Suppose condition i RawMaterial Ai nventory > = Mi ni mum

RawMaterialBinventory >= Minimum Inventory RM B&& RawMaterialCinventory >= Minimum

I nvent orig maR Mneddig that the inventory of all theeraw material is more than the

minimum amount required for productioRigure5.8). In that casgtheentity is transferred to the
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A As s i g n olf the coditibneis not met, tHeO waits inthei H o | mbduleand,according

to Figure 5.10, will wait until the conditionfiHold: RawMaterialAinventory >= Minimum

Inventory RM A&& RawMaterialBinventory >= Minimum Inventory RM B &&

RawMaterialCinventory >= Minimum Inventory RM dis establishedn that casethe inventory

level for raw materials is decremented by the consumption coefficient, which is 5000 Kg for raw

material A, 450 Kg for raw material B, and 7200 units for raw materi&igii(e5.11).

Decide ? >
Mame: Type:

Are Baw Matenials Available? || 24way by Condition
If:

Expreszion w

W alue:

|HawMateriaLf-‘«inventory »= Minimum [nventory B & &k BawkaterialBinventary »= Mini

Cancel Help

Figure5.9 Inventory Control Decide Module

Heold 7 >

Mame: Type:

|H|:|||:| Far Raw Material | | Scan bor Condiion

Condition;

[ueue Type:

GQueue ~

Gueue Mame:

|H|:|I|:I For Raw Material Queue ~ |

Cancel Help

Figure5.10 Waiting for Raw Material Inventory Hold Module
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Assign ? *

Marne:

Decrement Faw Matenal ABC Inventory w |

Hasignments:

Yariable, B awhd aterialdinventony, B awh ateraldinventary - Consumption Coefficient Bk 4 Add.
Warniable, R awkd atenialBinventory, Bawbd aterialBinventony - Consumption Coefficient Bk B

W ariable, HawMaterialEinventnri, FlawMateriaIEinvenlori - Eonsumition Coefficient Fikd C

Delete

| QK || Cancel || Help |

Figure5.11 Decrement Raw Material Inventory Assign Module

Figure5.12 presentsan overview of théSupplyo processThe SC follows (r, Q) inventory control

policy. In this study, we focused on three singteurce suppliers that operated similarly andeha

small variations in terms of operation and routing times. We go ewpplier 1's function in

supplyingraw material A.

Figure5.12 Supply Raw Materials Operations

Firstly, thefi 8pply Ordemis created in the system for suppliers 1, 2, and 3 to supply raw neterial

A, B, and Crespectively As shown irFigure5.13, only one SO entity isreated at the beginning

of the simulation.
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The S@ anique serial number is assignedheentity, which is shown irFigure5.14. Then it is
kept inthefi Ho | d 0 , waiirth dor iaventory shortage to release the ordetheomatching
supplierif theraw materials inventory level lsss thanor equal tdi Or d e r

St oc k Whewtkenverdory levelof raw materials reachés order pointand the condition

Create ?

M ame: Entity Type:

*

Create Supply Orders Baw b aterial &

~ | |SuppIyDrders.t’-‘n.

e

Time Between Arrivals

Tupe: Walue: Unitz:
Entitiez per Arrival; b an Auriveals: Firzt Creation;
1 [[1 |00
Cancel Help

Figure5.13 Supply Order Create Module

Poi

nt o

based

ARawMat eri al Ai nv e nt o risyatisfiedth&®DwntitMsar¢leaged aad senito S S 0

the supplie(Figure5.15).

Assign

MHame:

|Assign S0 A Serial Mumber

- |

Agzighments:

Aftribute, SO Material & Attribute, Entiti.SeriaINumber

Cancel

Figure5.14 Assign Supply Order Serial Numberoiule
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Haold [ >

M ame: Tupe:

|H|:|Id for inventary Shortage Bl | | Scan for Condition

Conditiar;
| 1 awhd aterialdinventony <= Baw Material & 55
Gueue Type:

Lueue ~

[ueue Mame:

|H|:|Id for inventarye Shortage Rl |

Cancel Help

Figure5.15Hold for Raw Material Shortage Module
As shown inFigureb.16, thefi S e p amoduleis wsed tcsplit the information flowand material
flow. Thei Separ ateo modul e duplicated the number
stream goes to theuxxeen accounting departmemAf t er ut i |l i zing the AfADe
modules to perform payment to the supplier and from there shipping planning from supplier to
Luxxeen company in the |l ogistics degapableis ment ,

changed from zero to onallowingsuppliers to ship raw materialsttee Luxxeen companyFigure

5.17).

Separate ? *

Mame: Type:

EIE arate S0 Bk & main Sreamiie | Duplicate Original w

Percent Cozt to Duplicates [0-100]; # of Duplicates:
o 1

%

Cancel Help

Figure5.16 Separate Supply Order Main Stream Module
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Assign ? X

Mame;

|.f1‘-.ssign Fiaw b aterial & Shipping Y ariable R |

Agzignments:

ariable, HeaditnShiiFHDMsuilieﬂ 1 Add..

Edit...

Delete

Cancel Help

Figure5.17 Assign Shipping Permission Variable Module
The supplier, on the other hand, collects the supply order and executes tenf8@ation
operation. The raw material, as seeffrigure5.18, requires time for the supplier e provided.
We used a variabliéme distribution and put initial data ta Ve alter this variable to design the

first disruption scenario.

Delay ? ot
M arne: Allocation:

Delay for Provide Baw Material & ~ | | Other =~
Delay Time: I ik

ExPOM ariable 18 Scenario 1] ~ | | Days w

Cancel Help

Figure5.18 Delay to Provide Raw Material Module
Then the entity waits to receive confirmation of paymentlIf the condition

AReadyt oShi pFRGOMs uepsdtieelri2i sshre dl,60 t he enti ty

After changing the value of the permission
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Type:
~ || Scan for Condition
Conditiorn:
|
[lueue Type:
Hueue ~
Hueue Mame:

|H|:|I|:1 Faw material B.Oueue -« |

Cancel Help

Figure5.19 Hold for Payment Module
Accading to Figure 5.20, Both information and material streanase entered into th@Matcho
module andtherdy a s ed o n S OO0dtribete arpeamanentiyadhexhnd ready to be

sent to the raw materiatorage in Luxxeen company
As shown inFigure 5.21, to increment the invatory level forA, B, and C raw materials, the

0Assigro module is usedThe new inventory level would be equalditiRa wMat er i Bl i nver

Supply Order QuantitR a w M a tlteésthenesént t@the raw matersbrage usingheiRouted

module.On the otler hand,they arereceivedby raw materiafii &tiorbandi Suppl y Cycl e T

whichi s reported it shien @ nflRe (S®Orsd usi ng FR[AYureSEdD se, 0

and Figure5.8).

Match ? >
Mame; Mumber to Match:

batch R 4 S0 ~| |2 ~
Tupe: Aftribute M amme:

Based on Attribute w |SD b aterial A Attribute w

Batch Action after M atching:

Permanant Batch ~
Save Criterion: Reprezentative Entity Type:
Last R |Supp|}lDrder&-’-\ v

Cancel Help

Figure5.20Mat ch Supply Orderd6s Materi al and I n
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Assign ? X

Name:

|Increment Fiaw Material & inventary Based onr ) Policy v |
Agzighments:

"ariable, Fawh aterial.-’-‘«inventori, HawMateriaI.-’-\inventori +5 uiﬁli (Order Quantiti Fikd 4 Add..

| 0K || Cancel || Help |

Figure5.21 Assign Increment Raw Materials Inventory Module

Route 7 >,

MHarne:

|Fh:uute Fiave M aterial & Manufacturing w |

Fioute Time: Uitz

[2+1*BETA[1.02.1.03] ~| Days ~|

Destination Type: Station Mame:

|Station V| |HawMateriaI.-‘-\Stu:u:k v|
I OE. | | Cancel | | Help |

Figure5.22 Route Module
Figure523r epr esent s t he HAMaked operFHristly asswwnarnf
Figure524, usi ng t he duhique segahnomberasassined to d@entity and,
similar to SO, is divided into twomain streams of information and materidlew using the

ASeparated modul e.

; Providing -
Production Stipping Shipping
Scheduling (s Scheduleing

Seprate Order
Assign PO Serial From Raw
Number Material ssue Invoice To
Match PO and Assign Final Retailer and
Final Product Product RETER

Payment

Manufacture »
Final Product T
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Figure5.23 Production Department Overview
On the information flow streanijproduction planningé@ pr ovi di ng sh,gngi ng d
Ashi pphedul i ng o0 ingthree censeeutiviea oesd madsles with a specific time
distribution Simultaneouslyas itis shown inFigure5.25, t h eroddicfion process is done
followed bythe fiquality controb process

Assign ? it

M ame:

A zzign PO Senal Mumbe ~

Agzignments:

Attribute, PO Serial Number, Entity. 5 erialh umber Add.
<End of list:
Edi...
Delete

Cancel Help

Figure5.24 Assign Serial Number to Purchase Orders Module

Process ? X
Mame: Type:
Process Manufacture Final Product ~ | Standard ~
Logic
Action: Pricrity:
Seize Delay Releaze « | |Medium(2] w
Fesources:
Rezource, Production ‘Worker, 1 Add...
<End of list>
Edit...
Delete
Delay Type: Units: Allocation:
Expression ~ | Days ~ | Walue Added w
Epression:
|U.8?+D.BB*BETA[‘I.?S,‘I.BB] ~

Feport Statistics

Cancel Help

Figure5.25 Manufacturing Process Module
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Then usi ng modble PG aviad EinalhPdoduct aredbeed permanently(Figure 5.26).

Then, thenewproperties related to thHaal productare assigned to the entity.

Match ? >
MName: Mumber to Match:

katch PO and Final Produc £ | 2 w
Type: Attribite M arme:

Based on Attibute « | |PO Serial Number v

Batch Action after Matching:

Permanent Batch ~
Save Critenaon: Representative Entity Type:
Last ~ |F'urchase|:|rder -

Cancel Help

Figure5.26 Match Information and Material Floswof Purchase Orders Module
Finaly,one wunit of the final product is sent to

eat PO which is seen iRigure5.27.

Route ? >
Marne:
|F|n:|ute to Retailers w
Route Time: U nitg:
0.999+1*BETA(1.1,1.12 | Days v
Destination Type: Statian Marne:

Station » | | Retailer Station v

Cancel Help

Figure5.27 Route Final Products to Retailer Module

& &

G & ; : {Assign Deliver £
Assign Variable t Product Assign Deliver Decide for DeliveNg Dispose Delivered
' Retaler p— Record.PO p—= | Calculate Total VerifjingBy == Orders To Ordersin Committed»—= Con?nrw?:er:l?ime Decrement WIP 'SPWEPOS“’WE
Cycle Time Cycle Time Retailer Retailers Variable] S Time |

Figure5.28 Retailer Operations Overview
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Figure5.28repreents the retailer operations. The final product entetresnterethto the retailer
ASt at i on oOFigme52% Ithentha sumber ofi De |l i ver e d th&rodt€ydle 0 and
Purchase Order Cyclane are reported using h eecdidRk mo (Figure®.30). Thecustomer
veiifies the final producthrough thefiProces® module,andthenthe number of delivered orders
iscounted using thy iirAcrse gmerot imog utl ee ((Figwed | ver e
5.32).

Station ? X

M arne: Station Type:

| | Station w

Station Mame:

|F|etailer Statiomn e |

FParent Activity Area: Azzociated Intersection:

Repart Statistics

Cancel Help

Figure5.29 Retailer Station Module

Record ? *

Marme:

|F|ecold PO Cycle Time

Statiztic: D efinitions:

Time |nterval, POAmvalT ime, Mo, Talli Total Eicle Time Add.

Edi...

Delete

Cancel Help

Figure5.30 Record Purchase Order Cycle Time Module
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Al s o, we need to calculate the summat iSam of t

of Cycle time+TVALUE(Tally Total Cycle Timegxpression and store the result in a new variable

(Figure5.31).
Assign ? >
M ame:
|f—'«$$ign Wariable to Calculate Total Cocle Time w |
Agzignments;
Y ariable, Surn of Eicle tirne:, ‘5 urn of Eicle tirme+TWALLE Talli Total Eicle Time Add..
Edit...
Delete
Cancel Help
Figure5.31 Assign Total Cycle Tim&ariableModule
Assign ? x
M ame:
Agzign Deliver Orders To Retailers W ariable R
Agzignments;
Variable, Delivered POs To Retailers, Delivered POs To Retailers + 1 add...
<End of lish:
Edi...
Delete

Cancel Help

Figure5.32 Assign Variable to CourDelivered Orders Module
Moreover, to differentiate the delivered orders in committed time, as shokigure5.33, the

i [Bcisioro modul e i s uUusedTAVIG( Teahé ycdmdiat i ocOy c | e T

Commited Delivery Timed it | med e menmtesd or der varigbla(Figure mmi t t e

5.34.)

116



Decide

Marme: Type:

Decide for Delivered Orders in Committed Time

w || 2-way by Condition ~
I:

E #pressian w

Walue:

|H.-’-‘NG[TaII}I Total Cycle Time) <= Average Commited Delivery Time

Cancel Help

Figure5.33 Decide Whether Order Delivered on Committed Time

Assign ? >
Mame:
Azzign Delivered Orders In Commitked Time Y aniable i
Azgzighments:
ariable, Delivered Orders In Commited Time, Delivered Orders In Commited Time + 1 add..
<End of lish»
Edi...
Delete

Cancel Help
Figure5.34 Assign Variable to Count Delivered Orders on Committed Time Module

Finally, all entities enter th@Assigro module, and the WIP variable is decremented and using the

ADi sposedo modul e, t hFegure5B5 Figure>36). | eave t he

syst
Assign 7 >
Marne:
Decrement WP ~
Azzignments:
Yanable, 'WIF, WIP-1 Add...
<End af list>
Edit...
Delete

Cancel Help

Figure5.35 Decrement Work In Process Variable
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Dispose ? x

M arne:

|Di3|:n:|se Delivered PO| e

Record Entity Statiztics
Carncel Help

Figure5.36 Dispose Purchase Order Entitpm the System
5.6 Experimentation of the simulation model
5.6.1 Implement Disruption Risk Scenariosin ARENA

5.6.1.1 Disruption Risk Scenario 1

Figure5.37 represents the first disruption scenario creation operations. As we discussed in chapter
4, the first disruption scenario starts on @y of simulation and disturbs SC f@& days by
increasing supply delay time b¥00% for raw material A from supplier one located in the U.S.A.

Disruption Scenario 1

Duration Wait for| Duration for Assign Change‘
CreLaée iche:t:nD\ Disruption [»———u | AsSSign DS 1A Disruption  »————=|  Scenario 1
gl y I Scenario 1 Variable Scenario 1 ariable to Norma
0
0 0

Figure5.37 Disruption Scenario 1 Overview

According toFigure5.38, AEnNnt ity 1 Logico is created and e
of the simulationThe entity is first createdo the system usintpei C r e and veaibedor 30 days

usi ng tyRveoduli@Bigurea.39).
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On the other hand, thstatistical distributionf o r

Create ? *
Marme: Entity Type:
Create Scenarnio 1 Logic Entity vl |Entity1 Logiz e
Time Between Arivals
Type: Walue: Units:
Entities per Arrival: bl am Auriveals: First Creation;
i |t | 0o
Cancel Help

Figure5.38 Create Disruption Scenario 1 Entity Module

Process

? *
Marme: Type:
Druration ' ait for Scenario 1 Happening ~ | | Standard ~
Logic
Action:
Delay w
Delay Type: Units: Allocation:
Congtant w | | Daps ~ | | Walue Added e
Yalue:
Repart Statistics
Cancel Help

Figure5.39 Delay for Occurring First Disruption ScenaNwodule

supplying

raweEXPDat er i

(Variable 18 Scenario &) When the Delay' module releaseghe entity,using thel As si gn o

module thevariablevalueis doubledb y Variable 18 Scenario 1 * Disruption Rate Scenanp 1

resulting ina 100% increase irdelayfor supplying raw material AFigure’5.40). Afterward the

entity entersthe e c o n d nilo@uéeandwaits for thed0 days as duration of thelisruption

(Figure5.41).
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Assign ? X
Mame:

|Assign DS 14 Variabld

v
Azsignments:

" ariable, Wariable 18 Scenario 1, Yariable 18 Scenarnio 1 ° Disruition F ate Scenario 1

Add..
Edit...
Delste
Cancel Help
Figure5.40 Assign Disruption Scenario 1 Variatéodule
Process ? *
Mame: Tupe:
Duration 5cenario 1 ~ | | Standard ~
Logic
Actior:
Delay w
Delay Type: Units: Allocation:
Constant ~ | Dayps ~ | Walue Added w
Walue:
Feport Statistics
Cancel Help

Figure5.41 Delay for Duration of Disruption Scenario 1

Finally, as it is seen ifigure5.42, on day 50 , the entity transferred
which changes the variable to the normal vaisiagthefiVariable 18 Scenario 1 / Disruption Rate

Scenario & expression
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Assign ? *

Mame:

|Assign Chanhge Scenario 1 variable to Momal [ |

Agzighments:

*anable, Yariable 18 Scenario 1. Variable 18 Scenano 1/ Disruitiun Rate Scenario 1 Add..
Edit...
Delete

Cancel Help

Figure5.42 Assign Disruption Scenarib Variable Back tdNormal Module

5.6.1.2 Disruption Risk Scenario 2

Figure5.43 represents disruption scenario two occurrence operations oveAsewe discussed
in chapter 4,n addition todisruptionscenario 1pandemic outbreak disruption propagates into all

other sppliers ad the transportation network.

Duration N PWChange

Disruption  p———a | Stenario 2
Scenario 2 Varizble to

Normal

Create Scenario A Durafion Wit for Assign DS 24

SR ’iA gt P Varade
: A \

0

Figure5.43 Disruption Scenario ®ccurrencéverview
The logic of creating thiglisruptionscenariois similar toscenario 1, except that this time the
waiting time for sending all three raw materials freuplierl, supplier 2, and supplieis3100%
delayedfor 60 days starting frondlay 150 of simulation
For this purposethree variableshave beerdefined and estalished in the fiDailyd0 mo,dul e
representsshipping operations duration faall suppliers instead ohaving fixed duration

distribution duringhe simulation(Figure5.44).
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Delay ? *

I arie: Allocation:

|Dela_l,J for Shipping Raw taterial B w | Other ~
Delay Time; Units:

|E><PD[VariabIe 20 Scenario 2 ) w | Days ~

Cancel Help

L Delay for :
Bl ide Change Po U
Match RM B SO——1| Shipping Raw V\riable RMB
Maternal B

Figure5.44 Delay Module Which is Affected By Disruption Scenario 2
Afterward, usingthéd Assi gno modul e by increasi nfgigueorr esrg
5.45, disruption scenario 2, arises. Moreover, we increase the duratiosrgbtthn scenarione

to 120 till the end of scenario 2.

Assign ? >
Mame:
AszignVariable Scenario 2 i
Azsignments:
Wariable, Variable 20 Scenarnio 2. Yariable 20 Scenarnio 2 * Disruption Rate S cenario 2 Add.

Wariable, Variable 21 Scenario 2,V ariable 21 Scenario 2 * Disruption Fate Scenario 2

Wariable, Wariable 13 Scenario 2, ariable 13 Scenario 2 * Disruitinn R ate Scenario 2 Edit_

Delete

Cancel Help

Figure5.45 Assign Disruption Scenario\2ariables Module
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5.6.1.3 Disruption Risk Scenario3

Figure5.46 represents disruption scenario 3, which interruptsl@®@nstreanby increasing.00%
indemandduetoc ust omer s i P a n idaingBheGOVID-g90Par#mitoathréak u r

The disruptions started on dag10and lasts for 30 days.

Create Original \

Purchase Order I
0

ecide Original P
Arrival

// Dispose Logic

\ Entity S3A

DisposelLogic
Entity S3B
——

. Duration Wait for ' Duration for
Create Scenario & Disruption Assign DS 3A Disruption ~ ———=

Logic Entity I Scenario 3 SErERs Scenario 3
: ,

i
0 0

ide Scenario 3
Arrival

Create POs Durin&

Scenario 3 I
0

Assign DS 3B
Variable

Figure5.46 Disruption Scenario 3 Occurrence Overview
Il nitially, AEntity S3 Logicdo is generated at
for210daysu s i ng t hModufe Bfeeiwargws i ng t he i Agcchangingdhe mo d u l
variable according tbigure5.48, entities thatarecrematd usi ng fACr eate Origin
are disposed from the system as a result of t
On the other hand, entiti e®30craeraet eedn tbeyr efidP Q notrc

by aninterarrival rate baseddheiVar i abl e 40 I nter Arrival ti me

expression(Figure5.47). The speed of getting POs during the disrupsoenario 3s two times

faster than usual.
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Create

Marme: Entity Type:

Create PO orders During Scenario 3

v| |Purchase[ln:|er v
Time Between Arivals
Type: E spreszion; Units:
Exprezsion

| |Mariable 40 Inters ~ | | Dayps

Entities per Amval;

b Arrivals: Firzt Creation;
1 || Infinite | lo.m
Cancel Help

Figure5.47 Create Disruption Scenar®Module
This situation lasts for 30 days up to da0of simulation. Finally, using another assign module,

the variablé salues are changed to normal.

Moreover, the duration of disruption scenarios 1 and 2 are changed to 150 d& days,
respectively.

Assign

M ame:

Agzign DS 34 Yariable

Azzignments:

‘Wanable, Decizion Vanable PO Creation, 0

ariable, Scenario 3 Decizion Yarable PO, 100
<End af ligt>

Add...

Edit...

Delete

Cancel Help

Figure5.48 Assign Disruption Scenari®Variables Module

5.6.2 Implement Resiliency Scenarios in ARENA

As discussedn the previous chaptefi, Mu | t i p | ,ed Gloam gii mg

l nventory C
and fAaddi n@ibudfeasdyirnl

r a w thmeexisk enttigateorh strateigiesr a g e 0
are used to make the supply chain resilient in this study.
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5.6.2.1 Risk Mitigation Strategy 1

Int he

ASuppl,adshowpidigueed.49 dwo alternative supplieraresuggested in the

model.To distribute supply orders among these three suppliers (incltitgagirrent supplief)we

usethethreefi D e ¢ mat@ledconsecutivelyas presenteith Figure5.50, Figure5.51, andFigure

5.52. We

We use the process analyzer tool to apghlgy A Mu | t i pl e

uti iz

e

ASupplier

A

s el

ectio

n Var

i abl

e o

S o u rfindi tlegbest st r at

distributioncombinatiorof SOsamong these suppliers. The results are reflected in the next chapter.

[

Create Supply
Qrders Raw

Assign SOA
Material A I Serial Number
0

Hold for
inventory
Shortage RM A

Asswgﬂ Supply %

Raw Material A —
Cycle Time Start
‘ Point

Supplier

Delay Send RM
A Order

I

. eparate SO RM g
1 Amain Sream §o.

—
Dugiica}

Mitigation Strategy 1

Supplier 1 Order B De'é‘y Ef
Confrimation — Frovide Raw
Material A

Assign Raw
material A
Properties

1

}

Hold Raw
material A

Change the

Ready To
Transfer RM A
TO Normal

Delay for

Material A

0
Supplier 1 for Raw Material A

Detay for
Material A provide raw
Aternative 1 b——a| material A by
Order Supplier

|

, AssignRaw %
material Ato
Supplier

Alternative 1 A
i '

First Alternative Supplier for Raw Material A

D\-:‘my for
Material A provide raw
Afternative 2 »——=| Material A by
Order Supplier

’ Assign Raw %
Waterial ATO
Supplier

Attemative 2 &
Q /

I
Second Alternative Supplier for Raw Material A

 ——

[

Hold Raw
material A
Supplier

Hold Raw
material A
Supplier
LAftemafive2 |

Normal Supplier |
Alternative 2 ¢

Figure5.49 Risk Mitigation Strategy 1 Overview Multiple Sourcing
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Decide 7 x

Marne: Type:

|Multiple Sourcing with 1 or 2 Suppliers for R 47 w | M-way by Conditior ~

Conditions:
Yariable, Supplier & Multiple Sourcing, ==, 0 Add.
W ariable, Suiilier ) Multiile Snurcini, ==,
Edi...
Delete
Cancel Help

Figure5.50 Decide Among Alternative Supplier in FilRisk Mitigation Strategy

Decide

? >
M arne:

Type:

[Decide Bebween Supplier A1 A2 by zame chance

w || M-way by Chance

Percentages:
50 Add..
] _
<End of lisk: Edit
D elete
Cancel Help

Figure5.51 Decidefor Current and % Alternative Supplier in FirsRisk Mitigation Strategy

Decide ? *
Mame: Type:
Decide Between Supplier &1 A2 A3 by zame chance ~ || M-way by Chance
Percentages:
a3 Add...
33
<End of lizt: Edit
Delete
Cancel Help

Figure5.52 Decide AmongCurrent andrwo Alternatives Supplier
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5.6.2.2 Risk Mitigation Strategy 2

Figure5.53 representsisk mitigation strategywo logic overview.To designthis strategy, we first

define the maximum inventotgvel of each raw materiad, B, and C variabld@able5.5.

Route Raw

i] Increment Raw , )
cide Change Poli True : Separate logic for§ U !
2 Material A — Supply Raw [———=| Material A To

Vriable RMA inventory s § Material A sl Manufacturer
Policy
*
” 0 Duph%le

Increment Raw
Material A
inventory Based
on r Q Palicy

Match RM A SO

Figure5.53 Risk Mitigation Strategy 2 Overview Change inventory Control Policy to (s, S)
Later, to capture the inventory level in order point (which can be eqgual less than the order
point) as shown irFigure5.55, we assigniChange Policy nvent or y &ttebute lightRM A0
after generation of new SO as a resulisiiortage in raw materials inventoAccording to Figure
554we defindedbhmodbDeeiutilizing (s, S) invento
material entity | f Varidble Contingency Plan Policy Chaige changed t o

fRawMaterialAinventory + ABS(Maximum Inventory Level RM Ahange Policy Inventory

level RM A )equationis used to increment raw materials inventory up to maximum (Eigire

5.56).

The same equation is used for raw materials B ataltGenextchaptet he r esul t s usi n

An al yar eeflected
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Decide

Mame:

Type:

Decide Change Policy Yrisble Rk

w || 2-may by Condition

IF:

Marmed: (5
W ariable W |"-a"arial:|le Contigency  ~ == W
W alue:
1
Cancel Help

Figure5.54 Decide Module to Change Inventory Control Policy

Assign

Mame:

|Assign Supply Faw baterial & Cycle Time and Change Policy Sttribute]

Azzignments:

> |

Attribute, Raw taterial A Supply Cycle Time, THOW

Attribute, Ehanie F'oliu:i Inventnri level Ak A, Favibd aterial&inventnri

Cancel

ddd...
Edit...

Delete

Help

Figure5.55 Assign Change Inventory Control Policy Attribute

Assign

Mame:

|Increment Fiaw Material & inventory = 5 Policy

> |

Azgzighments:

‘ariable, HawMateriaL&inventori, HawMaterial.t'-‘-.inventori + ABS[Maximum Invenlori Lewvel B & - B awhd ateriald

Cancel

Figure5.56 Assign (s, S) Inventory Control Policy
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5.6.2.3 Risk Mitigation Strategy 3

We increase the initial value of raw material A, B, and C inventory levels by 100% to implement

this strategyln this scenario, we do notodifythe model. Wairt i | i z e

raw material inventory level as tt@ntrol variables and obsve the response variabléde

increase the current valuetbi control variable in each disruption scenario

5.6.3 Statistics Collection

ifiProcess

Ana

Table5.7 illustrates variables and equations used to measure performance metrics in our thesis.

Later the results are reported in Chapter 6.

MName Type Expression Report Label
1 Delivered Ordered Qutput Delivered POs To Retailer Delivered Ordered
2 Delivered Ordered Ontime Qutput Delivered Orders In Committed Time Delivered Ordered Ontime
3 WIP_Statistics Output WiIP WIP_Statistics
4 FRaw Material A Cycle Time  :Time-Persistent i TAVG(RawMaterialaSupphyCycleTime)  : Raw Material A Cycle Time
5 Raw Material B Cycle Time  :Time-Perzistent : TAVG{RawMaterialBSupplyCycleTime)  :Raw Material B Cycle Time
6 Raw Material C Cycle Time Time-Persistent i TAVG(RawMaterial CSupphyCycleTime)y i Raw Material C Cycle Time
i Average Supply Cycle Time-Persiztent i TAVG(RawMaterial CSupphyCycleTime) +: Average Supply Cycle Time
Time Statistics TAVG(RawMaterialaSupphyCycleTime) + : Statistics
TANVG(RawMaterialBSupphyCycleTime)
i Delivery Performance to Qutput { Delivered Orders In Committed Time / Delivery Performance to
Customer Committed Date Delivered PO= To Retailery * 100 Customer Committed Date
9 Order Fulfilment Cycle Cutput Sum of Cycle time / Delivered PO=s To Order Fulfilment Cycle Time
Time Retailer
10 Total CT Statistics Time-Perzistent : TAWG(Taly Total Cycle Time) Total CT Statistics
11 |Total Supply CT Statistics Time-Persistent : DAVG(Average Supply Cycle Time Total Supply CT Statistics
Statistics)

Tableb.7 Statistics Collection
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5.6.4 Model Run Control

As shown inFigure 5.57 and Figure 5.58, the SC model creade f or

terminating simulation running for 8 hours a day two yeass starting from December 2014

pilot test simulation with 50 replications was run. Using the Equé&tion

i 1 2r@pbcations were determined to be suitable to give us our requiredid#if of 1 day. This

half-width was selected based on the application.

Run Setup

Run Control Reports
Aray Sizes

Run Speed
Replication Parameters

>

Project Parameters
Arena Visual Designer

Inttialize Between Replications

MNumber of Replications:

|1 20 | Statistics System
Start Date and Time:
4] December 1,2019 5:31:22PM ERd
Warm-up Period: Time Units:
60 | |Days v
Replication Length: Time Units:
[730 | Dag i
Hours Per Day:
8 |
Base Time Units:
Days e
Terminating Condition:
[

Cancel App Help

Figure5.57 Run Setup View
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Figure5.58 Total PO Cycle Timélot by Output Analyzer
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CHAPTER 6

RESULTS AND ANALYSIS

6.1 Chapter Overview

In this section, thé&rena Simulation Software resulise presentefibr the current state model and
values obtainediue todisruption scenariosThen threerisk mitigation strategies are applied in
each of the disruption scenasteps andusingfi PbcessAnalyzeb and @A Opt Quest f o
obtained results are compareithithe disrupted values. Finallynebest combination of strategies

to have a resilient supply champresented for each disruption scenario

6.2 Output Analysis

Based on the results obtained in Chapter 5, we ran the model for 720 days and considgred 60 da
as the warmup period, and to obtain haifith under one day, we considered the number of
replications to be 120.

According to Table 6.1, the following primary results are obtained bythe i A r e roeess P
Analyzeb of the current model and the destructive effectthefCOVID-19 pandemioutbreak

disruption risk on the selected performance metrics
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8T

7E | 60T

Scenario Properties Responses
Delivery Average (Total Numbe
Perfomance | Order Fuffilment |Purchase| Of Delivered Num%::Of Warkl T;tﬂch;gr?ggr As\tjra?e
S Name Reps |toCustomer| CycleTme | Order | Ordersin | g o P Y
; _ Delivered | Process | Purchase |Orders Cycle
Commited |~ RS11) | Cyle | Commited | o gere odes | Time
Date (RL22) Time Time
1|4 CurentState Model-NO 120 410 B P NM | 60H 83637 | 8047 M2 | 2929
B DISRUPTION
2§ DswionSeenaio 1 | 120 | 44 | @78 | 400 0% | Toaes | 1063 | o6l | Mg
3|4  Dsrupton Scenario 2 20 | 3865 B2 F5L12 0 28581 | 7606 | 18563 | 899 | 204
4 /‘ Disruption Scenario 3 120 3140 10767 3488

GO0 | 7950

Table6.1 Process Analyzer Initial Results

In the currenstatemode| the averagepercentage diulfilled orderson the customer's committed

date is 7410 percent It also takes an average of 38.29 days f&Cio be sent by a retailebe

produced byhe Luxxeen Co.andagainreceived and approved by the customer.

Out of 841 requests received, 83& deliveredto the retailer. Also, 623PCs are delivered in

committed time to the custom@rhe averag&Vork In Process (WIPis 80.57POs and the total

average supply time of raw materidlsB, and Cis about 293 days.

First, by the firstdisruption scenaridrom day 90till day 150 of the simulation, performance

indicators are significantly disrupted. Ti2elivery Performance to Customer Commit Date

(RL.2.2)is reducedo 46.3P6. This decrease is due to ttlelayin the supplyof raw materialA.

Also, theOrder Fulfillment Cycle Time (RS.1.1)is increased to 636 days which presentsan

almost70% increase compared to the current state mddiet about the same number of requests,

this time, compared tthe currenstatemodel|t h e

average

fTot al

Number

drops 763.68 andnly 360 requests reach the customercommitted timeon averageThe number
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of WIP has also increased significantly and reacl®s6B POson averageAdditionally, the total
average suppltime is 291.85 days

Later, o0 day 150 of the simulation, the supply chain is disrufp@@6 increase ideliverytime
of all raw materialsincluding type A B, and C In this casethe first disruption senario is still
active. In this case, tHeL.2.2drops significantly t@8.63%, which isonly 52% of the initial value.
Also, theRS.1.lisincreased t&1.27 which presentanalmost24% increase compared to tfiest
disruption scenario and 110% comparedh@scurrent statenodel.Nearly 85% (726 out of 836)
of received POs areetiveredto the retailerOn averageonly 285.81PCs reach the customer on
committed timeWIP is alsorecordedon averagel85.63POs andthetotal average supypltime
fluctuates slightly around 290 days.

Finally, the third scenarit considered as theorstcasescenario due to the simultaneous decrease
in rawmaterial supply on the one hand aftdirplyincreaseby 100%in demandn the other and
As a result, RL.2.2 declines 81.4®%, which puts the supply chain in danger of collagseo,
the RS.1.1 is increased 107.67 dayswhich illustrates a 180% increase compared tatmeent
state modelParticularly in this scenarjghe number of accepted ordésalmost 9520n average.
692.130f received POs are delivered to the retalDnly 218.82 POgeach the customer dhe
committed time which is less than 25% of accepted orders. WIP shows a consalsuadp to
334.88 on averagaJmostfour times more than the currentt® model The btal average supply

cycle timeis recorded as 290 days.

6.2.1 Resilient Supply Chain

To createa resilient supply chain, we first examine each of tis& mitigation strategies
individually duringeach of thalisruption scenariog-or this purpose, we first used tigocess

analyzeyo and by selecting control variables, we examined their effecegponse value. Later
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AOpt Quest is$ wilized # rget tha aptimal solutions by combiningrisk mitigation
strategies To do ths, firstly, the optimal values arecalculated for each decision variable,
consideringthe constraintsSecondlywe select the best combination of strategies by comparing
thesoftware's feasible solutioasid a meetingwith u x x eends CEO
Finally, wererunthe combination of strategies the optimal answer BrocessAnalyzer and
obtain thebest approach for eadafisruption stageAs a reminder, the initi§l suggestedisk
mitigation strategies are as follows:
1 Risk Mitigation Strategy 1: Multiple Sourcingto Supply Raw Material A
o0 50% supplier 1 RM A, 50% 1st Alternative Supplier RM A OR,
o0 33% supplier 1 RM A, 33% 1st Alternative Supplier RM38% 2nd Alternative
Supplier RM A
1 Risk Mitigation Strategy 2: Buffering
0 100% Increase in Inventory Level RMakd/or RM B and/or RM C

1 Risk Mitigation Strategy 3: Change the Inventory Control Policy from (r, Q) to (s, S)

6.2.2 Solution Optimization

To get the optimum solutions, AOptQuest for

Al

foreach KPl.ontheofeand, the primary goal of this study

t o cust omera rcitafimumbers bfidelnered orders in committed m@n.thé other
hand, fAorder fulfilment cycle timepodooiGestsal

minimized (Table6.2).
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Objectives Summary

Included MName Goal Expression
[ /| Maximize Delivered Orders On Committed Time Maximize [Delivered Ordered Ontime]
O Maximize Delivery Pefformance Maximize [Delivery Peformance to Customer Committed Date]
O Minimize Order Fufilment Cycle Time Minimize [Total CT Statistics]
O Minimize Total Supply Cycle time Minimize [Total Supply CT Statistics]
O Minimize Work In Process Minimize [WIP_Statistics]

Based on the currestate model opiut, available historical data in the Luxxeen company and

Table6.2 Objective Functions

particularly consul't

resilient supply chainT@able6.3).

‘Cﬂnstrai’lts

wi t h

Luxxeenos

Constraints Summary

CEO,

Included MName Expression
1 Reliability [Delivery Peformance to Customer Committed Date] == 80
1 Responsiveness [Order Fulfilment Cycle Time] <= 35
1 Supply Cycle Time [Total Supply CT Statistics] <= 235
+ WIP [WIP_Statistics] <= 65
L + Average Watting Time in Queue [Hold For Raw Materal Gueus Waiting Time] <= 37
Table6.3 Constraints
Fvedeci sion variables are def i n@ptQuestsprefeBtedrint r ol 0
Table6.4.
Controls
Controls Summary
‘ncluded Mame Element Type Type Low Suggested High
] RawMaterialAinventory Variable Discrete 60000 120000 120000 &0000
] RawMaterialBinventory Variable Discrete 12000 24000 24000 12000
] RawMaterialCinventory Variable Discrete 100000 200000 200000 100000
] Supplier A Multiple Sourdng Variable Integer 0 1 2 1
] Variable Contigency Plan Policy ... |Variable Binary 0 1 1 MfA

Table6.4 Control Variables in OptQuest
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In the following the software has suggested 25 feasible responses for each objective function,
combining the proposedisk mitigation strategies presented in tables followed by the
corresponding diagram and the optimum stol uti o
for Arenad analysis for disruption scenari o
between, we also include results obtained from analysis for disruption scenario 2. The details are

included in the appendix.

6.2.2.1 Analysis for Disruption Scenariol

COVID-19 Pandemic outbreak disturbs the supply of raw materials A resulted in a 100% increase

in delivery time for 60 days (from day 90 to 150).
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Responses
. Total
T Delivery Total Total Average
2 |pi ti - Order Number Of
g Slir:rp]);?i(r)l Mitigation Strategy I;’erfonnance Fufilment | Delivered Number Work In Number of| Supply
> 0 Customer c . . Of Accepted| Orders
. ycle Time| Orders in . Processg
Commit Date RS.1.1) | Committed Delivered Purchase| Cycle
(RL.2.2) (R ' Orders Orders Time
Time
Current
State
1| Model - 74.1 38.29 | 623.64 | 836.37|80.57| 841.23|292.98
No
Disruption
2 g‘sr”pt.‘f’“ - 46.37 | 65.78 | 359.99 | 763.68|149.6| 837.61|291.85
cenario 1]
Multiple Sourcing -
50% supplier 1 RM 4
Disruption| 50% 1st Alternative
3 | Scenario 1 Supplier RM A -0% 79.59 32.88 | 678.89 | 849.77|60.19| 835.29|293.51
2nd Alternative
Supplier RM A
Multiple Sourcing -
33% supplier 1 RM 4
4 | Doruption) S3% 1S AISIAIVG 90,49 | 26.53 | 786.87 | 867.2 |46.52| 837.59(292.52
cenario 1 Supplier RM A -
33% 2nd Alternative
Supplier RM A
Changing the
Disruption| Inventory Control
5 Scenario { Policy from (r, Q) to 83.31 28.04 | 722.43 | 866.83| 41.7 | 831.58|291.79
(s, 9)
Buffering Raw
Disruption|Materials Inventory b
6 | Scenario 1 100% Increasein| 24-18 59.96 | 428.52 | 776.83|137.6| 838.31| 293.7
Inventory Level

Table6.5 Disruption Scenario 1 and Thr&ask Mitigation Srategies
As presented ifable6.5, the firstset of strategies is tested at the disruption scenagauration.
We initially tested the results onvé performance metrics by adding an alternative supplier
previously Luxxeenods v ia hableers, | i

on approved

50% of SOs are provided by the current supplier of raw material A and the rest 50% SOs are
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fulfilled by the P! alternative raw material A supplier. Assgen, in this case, the RI22ise
significantly to 79.59%, which was decreased to 46.37 %talaksruption scenario 1 to 48.37.
furthermore, the RS.1.1 drops to 32.8®&ich is even shorter thathe current state modeB8.29

days Besides, théotal number of delivered orders in committed time shaptto 678.89 from

only 359.99 POs. Likewise, W is alsoshown to drop to 60.19 POs considerablithdugh, the

total average supplyycletime slightly increases to 293l dayson averagelue to adding sourcing
operations and routing time.

Secondly, If we added two alternative suppliers when edtls f83% of SOs, the best results
would be achieved. For instané¥,.2.2 andtotal numbers of delivered orders in committiede

would reach, on average to 90.49% and 786.87 POs, respectively. Moie8verland WIP
would drop to 26.53 days and 46.50%20 average. Even thougte total average suppbycle

time slightlyrises to 292.52 daym average.

Thirdly, by changing the inventory control policy to (s, 8§.1.1and WIP decrease to 28.53 days
and 41.7 POs, respectively, which are better resldis the current state model. Besides, as a
result,RL.2.2 andtotal numbers of delivered orders in committiede rise to 83.31% and 722.43
POs on average, respectively. This strategy is considered the drm=dredrategy during the first
disruption sceario. Thetotal average supplgycle time almost remains the same as the current
state model and fluctuates around 292 days on average.

Finally, buffering raw materials inventory by a 100% increase in inventory level is tested on
disrupted performance nras due to disruption scenarioRL.2.2 andtotal numbers of delivered
orders in committedime are raised to 54.18% and 428.83 POs, respectively on average.
Furthermore,RS.1.1and WIP are 59.96 days and 137.61 POs on average, respectively. This
stratey fails to make the SC resilient during the COVIB pandemic outbreak first disruption

scenario.
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6.2.2.1.1 Minimize Work in Process

As shown inTable 6.6, all 25 solutions are feasible and meet the constraints set for having a
resilient supply chain. Among these objective values, the worst WIP value in the system is 39 POs,
which results from dubling the inventory level of raw materials C and using one alternative
supplier to supply raw material A. Although the optimal solution is 13 POs for the WIP
performance metric, to achieve this value, in addition to the strategies mentioned, the ynventor

control policy must be changed to (s, Bg(ire6.1).

Optimal solution found.

Included Simulation Objective Value Stat tor awMaterialCinvertor  Supplier A Multiple Variable

8 13 Feasible 60000 12000 200000 1 1
(] 40 13 Feasible 60000 24000 100000 o 1
O 5 15 Feasible 60000 24000 100000 1 1
[ 23 15 Feasible 120000 12000 200000 2 1
] 35 15 Feasible 120000 24000 100000 1 1
(] 15 16 Feasible 120000 12000 100000 1 1
(] 47 16 Feasible 120000 12000 100000 2 1
[ 12 18 Feasible 60000 12000 100000 2 1
] n 18 Feasible 60000 12000 200000 2 1
(] 3z 18 Feasible 120000 12000 200000 1 1
(] 6 20 Feasible 60000 24000 200000 1 o
O 48 2 Feasible 60000 24000 100000 2 1
[ 24 22 Feasible 120000 24000 100000 2 1
] 1 23 Feasible 120000 24000 200000 1 1
(] 4 23 Feasible 60000 12000 100000 1 o
(] 13 24 Feasible 60000 24000 100000 2 o
[ 42 25 Feasible 60000 12000 200000 2 o
] 45 25 Feasible 120000 12000 100000 2 o
(] 2 27 Feasible 60000 12000 100000 o o
(] 11 28 Feasible 60000 24000 200000 o 1
O 34 N Feasible 60000 12000 100000 2 o
[ 27 3z Feasible 60000 24000 200000 1 1
(] 17 35 Feasible 60000 12000 200000 o o
(] ht:3 35 Feasible 60000 12000 100000 1 1
(] 39 Feasible 60000 12000 200000 1 o

Table6.6 Best Strategies Minimize WIP in 8ruption Scenario 1
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Optimization

Completed Optimal solution found.

Objective Value Status Best Simulation &
Best Value 13.000000 Feasible Total simulations: 48
Current Value
Control Mame Best Value Current Value 2 Constraint Name Type
Raw MateralAinv... | 50000 Reliability Mon Linear
Raw MateralBinv... | 12000 Responsiveness Mon Linear
Raw MaterialCinv... | 200000 " Supply Cycle Time |Mon Linear
< > <
Objective Values
25
222 1
E 15.4
z
§ 16.6
138 L 1
11
o 10 15 20 25 30 35 40 45 B0

Simulation

Status Lo
Feasible
Feasible
Feasible w

== Feasible
== |nfeasible

Figure6.1 Optimal Solution to Minimize WIP in Disruption Scenario 1

6.2.2.1.2 Maximize Total Number of Delivered Orders in Committed Time

As shown inTable6.7, for this KPI also all 25 solutions are feasible. Among these objective values,

the worst value is 850 POs, which results from changing the inventory control policy to (s, S).

However,the optimal solution is 916 POs. To achieve this value, in addition to the strategies

mentioned, théwo alternative suppliers are considered for raw material A and the inventory level

of raw materials A and C are doubleBigure6.2).
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Best Solutions

Included Simulation

Objective Value

Optimal solution found.

Status

Cinvertor  Supplier A Multiple

Wariable

/] 32 915 Feasible 120000 12000 200000 2 1
O 4 302 Feasible 60000 12000 100000 1 )]
O 32 894 Feasible 120000 12000 100000 2 )]
O 3 894 Feasible 60000 12000 200000 1 1]
O 2 892 Feasible 60000 12000 100000 0 [}
O 30 892 Feasible 60000 12000 200000 2 [}
O 14 891 Feasible 60000 24000 100000 2 0
O 12 887 Feasible 60000 24000 200000 0 1
O [ 885 Feasible 60000 24000 100000 1 1
O 13 834 Feasible 60000 12000 100000 2 1
O 3 878 Feasible 60000 24000 100000 0 1
O 43 876 Feasible 120000 24000 200000 2 )]
O 1 874 Feasible 120000 24000 200000 1 1
O 9 870 Feasible 60000 12000 200000 1 1
O 21 870 Feasible 60000 12000 200000 2 1
O 19 866 Feasible 60000 12000 100000 1 1
O 4 Feasible 120000 24000 100000 2 1
O 17 864 Feasible 120000 12000 200000 2 0
O 4 862 Feasible 120000 12000 200000 1 1
O 3 861 Feasible 120000 24000 200000 2 1
O 16 860 Feasible 120000 12000 100000 1 1
O 2 858 Feasible 120000 12000 100000 2 1
O 35 857 Feasible 120000 12000 200000 0 1
O 37 857 Feasible 120000 24000 100000 1 1
O 45 850 Feasible 60000 12000 100000 0 1

Table6.7 Best Strategies to Maximize Delivered Orders in Disruption Scenario 1

Iptimization

Completed Optimal solution found.
Maximize
Objective Value Status Best Simulation 38
Best Value 516.000000 Feasible Total simulations: 48
Curent Value

Cortrol Name Best Value Cument Value ™ Constraint Name ~ Type Status 2
RawMaterialfinv... | 120000 Reliability Nen Linear Feasible
RawMaterialBinv... | 12000 Responsiveness Mon Linear Feasible
RawMaterialCinv... | 200000 ] Supply Cycle Time | Mon Linear Feasible Y]
< 3 < >
Objective Values
925 . Feasible
= |nfeasible
913 I'
90

BestVWalue

10 15 20 25 30 35 40 45 50
Simulation

Figure6.2 Optimal Solution to Maximize Delivered Orders in Disruption Scenario 1
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6.2.2.1.3 Maximize Delivery Performance to Customer Commit Date (RL.2.2)

As shown inTable6.7, all responses are feasible and represent the optimal result which is 100%.
Raw material C inventory level is doubled, and the inventory control policy is changed tods, S), t

achieve this valuérigure6.3).

Included w  Simulation Chjective Value Status awMatenal Ainventol awMaterialBinventor awMaterialCinventor  Supplier A Muttiple Variable
-] 1l 100 Feasible 60000 24000 200000 0 1
[l 1 100 Feasible 120000 24000 200000 1 1
(] 2 100 Feasible 60000 12000 100000 1] 1]
[l 3 100 Feasible 120000 24000 200000 2 1
[l 4 100 Feasible 60000 12000 100000 1 0
(] 5 100 Feasible 60000 24000 100000 1 1
[l 6 100 Feasible 60000 24000 200000 1 1]
[l 8 100 Feasible 60000 12000 200000 1 1
(] 12 100 Feasible 60000 12000 100000 2 1
[l 13 100 Feasible 60000 24000 100000 2 1]
[l 15 100 Feasible 120000 12000 100000 1 1
(] 16 100 Feasible 120000 12000 200000 2 1]
[l 18 100 Feasible 120000 24000 200000 2 1]
[l 20 100 Feasible 60000 12000 200000 2 1
[l 21 100 Feasible 120000 12000 100000 2 1
O 22 100 Feasible 60000 12000 200000 1] 1]
[l 24 100 Feasible 60000 24000 200000 1 1
[l 25 100 Feasible 120000 24000 200000 1 0
O 28 100 Feasible 60000 12000 200000 2 1]
[l 30 100 Feasible 60000 12000 200000 1 0
[l 3 100 Feasible 120000 12000 100000 2 0
O 33 100 Feasible 120000 12000 200000 1] 1
[l M4 100 Feasible 60000 12000 100000 2 0
] 36 100 Feasible 60000 24000 100000 0 1

Table6.8 Best Strategies to MaximiZL.2.2Performance in Disruption Scenario 1
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Optimization Completed Optimal solution found.

Objective Value Status Best Simulation 1
Best Value 100.000000 Feasible Total simulations: 48
Current Value
Cortrol Name Best Value Curent Value ™ Constraint Name ~ Type Status R
RawMaterialfinv... | 120000 Reliability Non Linear Feasible
RawMaterialBinv... | 24000 Responsiveness Non Lingar Feasible
RawMaterialCinv... | 200000 W WIP Non Lingar Feasible v
< > < >
Objective Values
104 m Feasible
= |nfeasible
102
£ 100
=
= J—
& o
96
94

0 5 10 15 20 25 30 35 40 45 50

Simulation

Figure6.3 Optimal Solution to Maximiz®&L.2.2Performance in Disruption Scenario 1

6.2.2.1.4 Minimize Order Fulfillment Cycle Time (RS.1.1)

As shown inTable6.9, for RS.1.1 out of 25 feasible results, the optimal value is 11.41 days. To
achieve this value, the inventory control policy is changed to (s, S), an alternativiersispp
considered for raw material A, and the inventory level of raw materials /& amadeased by 100%

(Figure6.4).
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Included

Simulation

Objective Value

Status

awMaterialAinventor awMaterialBinventor awMaterialCinvertor  Supplier A Muttiple

Variable

] 15 11.41332 Feasible 120000 12000 100000 1 1
O 30 11.994236 Feasible 60000 12000 200000 2 1
O 16 12539374 Feasible 120000 12000 100000 2 1
O 12 12616959 Feasible 60000 12000 100000 2 1
O 3 13.000708 Feasible 120000 24000 200000 2 1
[ 23 13.044743 Feasible 60000 12000 100000 1 1
[l 37 13.1257597 Feasible 120000 24000 100000 1 1
O 8 13.163963 Feasible 60000 12000 200000 1 1
O 13 13.367963 Feasible 60000 24000 100000 2 0
O 3 13.891859 Feasible 120000 24000 200000 1 0
O 43 14116716 Feasible 120000 24000 100000 2 1
O 28 14327087 Feasible 60000 24000 200000 1 1
O 14547284 Feasible 60000 24000 200000 1 0
O 5 15.382604 Feasible 60000 24000 100000 1 1
[ 21 15.728195 Feasible 60000 12000 100000 2 0
O 32 15.872802 Feasible 60000 24000 100000 0 1
O 25 16.363566 Feasible 120000 12000 200000 2 1
O 35 16.53828 Feasible 120000 12000 200000 1 1
[ 36 17.066934 Feasible 60000 12000 200000 2 0
[l 1 18.235098 Feasible 120000 24000 200000 1 1
O 17 15.314813 Feasible 120000 12000 200000 2 1]
O 19.467617 Feasible 120000 12000 100000 2 0
O 4 19.577191 Feasible 60000 12000 100000 1 0
O 43 19.800438 Feasible 60000 12000 100000 0 1
O 42 20242672 Feasible 120000 12000 200000 0 1

Table6.9 Best Strategies to Minimize Order Fulfilment Cycle Time in Scenario 1

Iptimization Completed Optimal solution found.
Ohbjective Value Status Best Simulation 15
Best Value 11.415320 Feasible Total simulations: 48
Cument Value

Control Name Best Value Cument Value ™ Constraint Name ~ Type Status ]
RawMaterialAinv... | 120000 Reliability Non Linear Feasible
RawMaterial Binv 12000 Responsiveness Man Linear Feasible
RawMaterialCinv... | 100000 Y] Supply Cycle Time | Mon Linear Feasible ]
< > <
Objective Values
20 = Feasible
== |nfeasible
17.8
2 156
=
=
2 14
1.2
[+]
0 5 10 15 20 25 30 35 40 45 50

Simulation

Figure6.4 Optimal Solution to Minimize Order Fulfillment Cycle Time in Scenario 1
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6.2.2.1.5 Minimize Average Suply Orders Cycle Time

As shown inTable6.10, the optimal value is 278.07 days out of all feasible results to minimize the
average supply cycle timeoBchieve this value, in addition to the change inventory control policy

to (s, S), the inventory level of raw materials A and C are increased by Fifde@.5).

‘Optimal solution found.

Included Simulation Objective Value Status ialCinventor  Supplier A Multiple Variable
28 278.077136 Feasible 120000 12000 200000 ] 1
O )l 282.115487 Feasible 120000 12000 200000 1 1
O 5 286.416356 Feasible 60000 24000 100000 1 1
O 30 286.570418 Feasible 120000 12000 100000 2 0
O 34 287570782 Feasible 120000 12000 100000 2 1
O 15 2B7.662434 Feasible 120000 12000 100000 1 1
O L 288417539 Feasible 60000 24000 200000 0 1
O 22 288.683909 Feasible 120000 24000 100000 2 1
O 1 288 768504 Feasible 120000 24000 200000 1 1
O 12 288.901087 Feasible 60000 12000 100000 2 1
O 4 289.350697 Feasible 60000 12000 100000 1 0
O 3 289.458206 Feasible 60000 24000 100000 0 1
O 3 291.057327 Feasible 120000 24000 200000 2 1
O 41 291.074528 Feasible 60000 12000 200000 2 0
O 46 291.091524 Feasible 60000 12000 100000 0 1
O 44 291341889 Feasible 60000 12000 200000 ] 0
O 8 291.50684% Feasible 60000 12000 200000 1 1
O 17 2917262 Feasible 60000 24000 100000 2 1
O 2 291.79297% Feasible 60000 12000 200000 2 1
O 18 292311707 Feasible 60000 24000 200000 1 1
O 7 292.598516 Feasible 120000 12000 200000 2 1
O 36 292 820865 Feasible 60000 12000 100000 2 0
O 13 292.877752 Feasible 60000 24000 100000 2 0
O 3z 293148331 Feasible 60000 12000 100000 1 1
O 19 293.304264 Feasible 120000 24000 100000 1 1

Table6.10 Best Strategies to Minimize Supply Cycle Time in Disruption Scenario 1

‘Optimization Completed Optimal solution found.
Objective Valus Status Best Simulation 28
Best Value [278.077136 | Feasile | Total smuiations: 48
Cument Value | | |
Control Name Best Value Cument Value  *™ Constraint Name Type Status ~
RawMaterialtiny... 120000 Reliabilty Nn Linear Feasiole
RawMaterialBiny... 12000 Respansiveness | Non Linear Feasible
RawMaterialCinv... | 200000 v Supply Cycle Time | Non Linear Feasible v
< > < >

Objective Values

g1 m Feasible
= |nfeasible

Best Value

Simulation

Figure6.5 Optimal Solution to Minimize Supply CyclEme in Disruption Scenario 1
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6.2.2.1.6 Summary for Disruption Scenario 1 Analysis

Table6.11represents the summary of the best solutions based on optimal ofadaes objective
function. The CEO of Luxxeen reviews this tablend considering managerial aspedts

following combination ofrisk mitigation strategies are selected to makesilient supply chain

during disruption scenario 1.

Raw Raw Raw .
: : : Multiple Inventory Contro
L Material | Material| Material . ;
Key Performanceg Objective Sourcing Policy
. A B C
Indicator Value (Oorlor?2) r,Q=0
Inventory|Inventory Inventory| .
Alternatives (s,9=1
level Level Level
Work In Process 13 60000 | 12000 | 200000 1 1
Total Number Of
Delivered Orders i 902 60000 | 12000 | 100000 1 0
Committed Time
Delivery
Performance to
Customer 100 60000 | 12000 | 100000 0 0
Committed Date
(RL.2.2)
Order Fulfillment
Cycle Time 11.41932 | 120000| 12000 | 100000 1 1
(RS.1.1)
Average SUpplY | 26 177134 120000| 12000 | 200000 0 1
Orders Cycle Timg¢

Table6.11 Optimized Values for Disruption Scenario 1

Based on the analysis, the best solution is to apply the following combinatisk wiitigation

strategies to make the resilient SC during the first disruption scenario:

1. Multiple Sourcing with one alternative Supplier:

0 50% supplier 1 for Raw Material A (Current Supplier)

0 50% 1st Alternative Supplier for Raw Material A

147




2. Change Inventory Control Policy to (s, S)

3. Buffering:
o Raw Material Alnventory Level: 100% Increase
0 Raw Material B Inventory Level: Same

o Raw Material C Inventory Level:00% Increase

6.2.2.2 Analysis for Disruption Scenario2:

COVID-19 Pandemic outbreak propagat#o transportation netwonlesulted in 100% increase

in deliverytime from raw material A, B, and C suppliers.
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Responses
. Total
T Delivery Total Total Average
2 | Di ti - Order Number Of
g slir:Ea{?ig Mitigation Strategy I:erfonnance Fuiilment | Delivered Number Work In Number of| Supply
> o Customer c - . of Accepted| Orders
. ycle Time| Orders in . Processg
Commit Date RS.1.1) | Committed Delivered Purchase| Cycle
(RL.2.2) (& ' Orders Orders Time
Time
Current
State
1| Model 74.1 38.29 | 623.64 | 836.37|80.57| 841.23|292.98
No
Disruption
2 | Serupon) 38.65 | 81.27 | 285.81 | 726.06|185.6 835.99| 290.24
cenario 2
Multiple Sourcing -
50% supplier 1 RM 4
Disruption| 50% 1st Alternative|
3 | scenario 3 Supplier RM A -0% 63.51 46.03 | 522.45 | 815.23|95.46| 836.02| 292.37
2nd Alternative
Supplier RM A
Multiple Sourcing -
33% supplier 1 RM 4
Disruption| 33% 1st Alternative
4 | Scenario 3 Supplier RM A - 81.45 32.64 | 698.98 | 851.69|61.23| 836.78|292.58
33% 2nd Alternative
Supplier RM A
Changing the
Disruption| Inventory Control
5 | Scenario 2 Policy from (r, Q) to 70.5 37.25 | 606.67 | 853.98|59.39| 836.42|291.92
(s, S)
Buffering Raw
Disruption|Materials Inventory b
6 | Scenario 4 100% Increase in|  40-44 77.64 | 299.08 | 733.05|179.7| 836.63|291.99
Inventory Level

As presented imable 6.12, risk mitigation strategies are tested in disruption scenarios 2. The
optimum results are achieved by addiwg suppliers when each fulfiz3% of SOs. For instance,
RL.2.2 and total numbers of delivered orders in committed time would reach, on average to 81.45%

and 698.98 POs, respectively. Moreover, RS.1.1 and WIP are fallen to 32.64 days and 61.23 POs

on average.
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Changing control policyat (s, S) is considered as the secbedt strategy during the 2nd disruption
scenario.For instance RS.1.1 and WIP decrease to 37.25 days and 5%u8thase orders
respectivelyLikewise, as a result, RL.2.2 and total numbers of delivered orders in techtime

rise to 70.5% and 606.67 POs on average, respectielyever, other contingency plans (i.e.,

add one alternative source and buffering) cannot meet resilient SC acceptance criteria. As the same
asrisk mitigation strategies in disruption scemadi, using only one strategy at a time is not the
optimized solution, and it should be combined with other strategies to make resilient SC. Lastly,
after doing analysis wusing fnNOptQuest for Are

selected strategs are presented.

6.2.2.2.1 Summary for Disruption Scenario 2 Analysis

Table6.13is reviewed by the CEO ofuxxeenand considering managerial aspetttefollowing
combination ofrisk mitigation strategies are selected to makessilient supply chain during

disruption scenarid.
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Raw Raw Raw .
: : : Multiple Inventory Contro
L Material | Material| Material ) ;
Key Performanceg Objective Sourcing Policy
. A B C
Indicator Value (Oorlor?2) r,Q=0
Inventory|Inventory Inventory| .
Alternatives (s,9)=1
level Level Level
Total Number Of
Delivered Orders i 942 120000 | 12000 | 200000 1 1
Committed Time
Order Fulfillment
Cycle Time 12.295817| 60000 | 12000 | 200000 1 1
(RS.1.1)
Work In Process 13 120000 | 12000 | 100000 1 1
Average Supply | ¢ 738631 120000| 12000 | 200000 0 1
Orders Cycle Timg
Delivery
Performance to
Customer 100 60000 | 12000 | 100000 0 1
Committed Date
(RL.2.2)

Table6.13 Optimized Values for Disruption Scenario 2

Based on the analysis, the best solution is to apply the following combinatitk afitigation

strategies to make the resilient SC during the 2nd disruption scenario:

1. Change Inventory Control Policy to &)

2. Multiple Sourcing with one alternative Supplier:

0 50% supplier 1 RM A

0 50% 1st Alternative Supplier RM A

3. Buffering

o Raw Material A Inventory Level: 100% Increase

o Raw Material B Inventory Level: Same

o Raw Material C Inventory Level00% Increase
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6.2.2.3 Analysisfor Disruption Scenario3

In this scenario, iddition todisruptionscenarig 1 and 2, snultaneous disturbances in supply,

logistics infrastructure, anaarketresults in a 100% increasefinal product demantbr 30

days immediately after disrupti@eenario two occurrence on day 180.

Responses
. Total
5 Delivery Total Total Average
i i Order Number Of
<2 | Disruption | , ... ..
E | guorio | Miigation Strategy |PeromMancel g g o | pefyered | NUMPET oy (NUmber off Supply
= cenano to Customer ) . Of Accepted| Orders
. Cycle Time| Ordersin . Process
Commit Date RS1.1) | Committed Delivered Purchase| Cycle
(RL.2.2) (RS20 ' Orders Orders Time
Time
Current
State
1| Model - 74.1 38.29 | 623.64 | 836.37|80.57| 841.23|292.98
No
Disruption
2 g'sr”pt."’“, - 31.4 | 107.67| 218.82 | 692.13|334.9| 952 | 289.5
cenario 3
Multiple Sourcing -
50% supplier 1 RM 4
Disruption| 50% 1st Alternative
3 Scenario 4 Supplier RM A -0% 50.25 65.85 | 415.38 | 814.45|212.6] 952 [291.39
2nd Alternative
Supplier RM A
Multiple Sourcing -
33% supplier 1 RM 4
. . 0 .
4 | Qoruprion) 33% 1St AlOMANVG 6378 | 51.9 | 561.07 | 867.27|159.7| 952 |291.72
cenario § Supplier RM A -
33% 2nd Alternative
Supplier RM A
Changing the
Disruption| Inventory Control
5 | Scenario 2 Policy from (r, Q) to 52.09 62.74 | 447.11 | 839.9 [187.1] 952 |[292.12
(s.9)
Buffering Raw
Disruption|Materials Inventory b
6 | Scenario 4 100% Increase in 37.21 | 100.11| 261.37 | 699.44|327.6| 952 |289.91
Inventory Level

Table6.14 Disruption Scenario 3 and Thr&esk Mitigation Strategies
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As presented ifable6.14, the sameisk mitigation strategies are tested in disruption scen&rios
in the same way as scenarios 1 anthi#s scenario is considered the werase scenario, and each
contingency plan cannot individually mitigate the disruption effétie.bestresultsare achieved
when two alternativeupplierdulfil 66% of SOgfor raw material AMoreover,work in processs
decreased by 47% to 159.72 POs, but this value is two times greaténdlaaneptance criteria.
Besides, the order fulfilment cycle time decreased320% days Delivery performance to
customer commit date is increased only to 63.78%, which isacaeptable. Lastly, thotal
number of delivered orders in committed tirmaches 561.07 out of 952 accepted orders which is

almost 60%.

6.2.2.3.1 Minimize Work in Process

As shown inTable6.15, the software can only suggest five solutions considered feasible out of 25
possible solutions for a resilient supply chain. As showkigare6.6, the optimal value is 41 POs

on average for the WIP performance metric. To attain this value, the inventory control policy must
be changed to (s, S), two alternative suppliers are considered for raw material A and theyinventor

level of raw materials A and C are doubled.
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Included Simulation Objective Valus Status ICinventor  Supplier A Muttiple Variable
] 37 41 Feasible 60000 24000 200000 2 1
O pal 52 Feasible 120000 12000 200000 2 1
O 12 55 Feasible 60000 12000 100000 2 1
O 5 63 Feasible 120000 24000 100000 2 1
[} K 63 Feasible 60000 12000 100000 1 1
O 44 55 12000 200000 2 1]
[l 17 44 24000 200000 1 1
O 3 63 24000 200000 2 1
O 1 57 24000 200000 1 1
O " 57 24000 200000 0 1
O a2 73 12000 100000 1 1
[} 40 T 12000 100000 2 1
O 26 88 12000 200000 2 1
O Kl 93 12000 200000 1 0
O 41 56 12000 200000 1 1
[l 23 58 24000 100000 1 1
[ 15 109 24000 100000 2 1
O 8 438 12000 200000 1 1
O 4 135 12000 100000 1 1]
O 24 152 24000 200000 0 1
O 5 132 24000 100000 1 1
O 18 94 24000 200000 1 0
[l 3 135 12000 100000 ] 1
O 28 130 24000 200000 2 0
O 2 121 12000 100000 2 0

Table6.15 Best Strategies Minimize WIP in Disruption Scenario 3

Figure6.6 Optimal Solution to Minimize WIP in Disruption Scenario 3

6.2.2.3.2 Minimize Average Supply Orders Cycle Time
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