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Abstract

Transportation disruptigra common sourcef business interruptian can cause significant
economic lossto a lean supply chain.This paperstudies a [éan, twestage supplier
manufacturercoordinated systerwvhere a sudden disruptiofnterruptsthe transportation
network, creating delivery delays, and product quantity loséés developa model to

generate aecoveryplan after a sudden disruptiolmccurrence to minimize the negative

impacs of he disruption At the same time, given tr@mputational intensitand problem

complexity threeheuristic based orthedelivery delay andractionalquantity los causedby
a sudden disruptiorare developedwWe conduct anumber of numerical experimens to

validate our proposed solutionethodsanda scenaridbased analysis ttest the model and
analyse the impact of sudden transportation disruption uhdsgdisruptionscenaris. The

compared The results reveal thathe proposedheuristics can generatea recovery plan
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1. Introduction
In a globaly competitive businessnvironment a well-executedsupply chaini which is a
network thatseamlesslyreceives inputs or raw materials from suppliers, produces final
products at its manufacturing facilitieend delivergshemto customers throughdistribution
network (Paul et al. 20164) is crucialto the conductof businesgMin et al. 2008; Wieland
and Wallenburg 2013)An efficient supply chain not onlypromotesthe operational
performance of the firms, but also contributggnificantly to building, sustainingand
winning competitive advantadélendricks and Singhal 200Asianet al.2009 Tavakoli et.
al. 2012; Somarin et. al. 26, Somarin et. al. 2017a; Somarin et. al. 2017b

Today, firms and their attendantsupply chains are increasingly being exposed to
disruptions AlcantaraandRiglietti (2015)reportedthat 74% ofthe firms from 426sampled
organizations had experienced at least one disruption in their scipgiry, with 6 to 20
disruptionsa year for 15% of theespondindgirms. Ther survey also revealedhé financial
extent of supply chain disruptionsanging from 50000 to 500 million Euros.These
disruptions not only redudde operatingincome but alsdhe return on sales and asseisd
increase the productiotostand level of inventory{Chowdhury et al. 2016; Y. Kim et al.
2015) Moreover, supply chain disruptiorege associatd with an abnormal decrease in
shareholder valugHendricks and Singhal 2003Besides fimncial loss, supply chain
disruptions bringaboutmany other negative outcomes for firen such ageputationeffects
(27%), reduced productivity58%), and lower projected revenug€38%) (Alcantara and
Riglietti 2015) Indeed, the extant literature suggetiiat firms are prone tosignificant
financial and reputational losseaused bysupply chaindisruptions(Wagner and Silveira
Camargos 2012)Considering the severe impact of supply chain disruptions, academi
industry have extensively acknowledged pgly chain disruption and its management
approach(Ansaripooret al.2017; Asiaret al.2016;Blome and Schoenherr 2011)

While the awareness of supply chain disruptioings grown,many firms remain
exposed tgarticulartypes of supply chain disruptionsuch as transportation disruptien
transportation disruptiomefers o a disruption in the transit ajoodsfrom one node to
another (e.g. supplier to manufactur@ijshamuddin et al. 2013 ransportation disruption
halts the flow of productsetween nodesvhereasthe other types of disruptions stop
production(Hishamuddinet al. 2013) Besides, transportation disruption has its specificity,
distinctive in that goods in transit are stoppetith all other operations of the supply chain
intact (Wilson 2007) While such a disruptionlelays delivery to a destination, inay also
damagethe condition of the delivered productspecially for the temperatusgensitive



perishabletems Firms acrossll sectorsof industryview transportation disruptioto bea
majorrisk, as it delay goodslelivery andgoods writeoffs in their supply chainsThe impact
can be suppkghain wide(Giunipero and Eltantawy 2004andcausehavoc such amissed
delivery deadlingsplant shutdowrs, lost sales, and loss of customer good{@uiffrida and
Jaber 2008)For instancein 2010,Kenyan farmersvho airfreighted exports to Européad
to destroyover 400 tons ofutflowerswhen they faced two days Bight cancellationsdue
to the eruption of an Icelandic volcarf@hopra and Sodhi 2014)ndeed, the possible
disruption cases arising from delivery delays and quantity loss (i.e., only a delivery delay,
only a portion of the quantity loss, and both delivery delays and some quantity loss) are
practical and pertinent and it can so critical thatemandsmanagement attention. Already,
industriesn Asia are constantly bombarded with this phenomenon in each operating quarter.
The sources of ransportation disruptiancan include natural disasters, labour
disputes, terrorisattacks and infrastructure failur@Vilson 2007) Transportation disrupgns
may increase in the near future becausth®fdversenveather eventdue to global warming
as trese eventsvill certainly hamper the operag time windowof shipping,air freighing,
andrail transport(Chen et al. 2015)A major consequence of a transportation disruption is
the delayeddelivery to the customer.As a mitigation measure some researcherdave
recently developed recovery modelthat consider delivery delay after a disruption
(Hishamuddin et al. 2012, 2014; Xia et al. 2004nother consequence of a transportation
disruption isthe loss inproductquantity which has been largelignored inmost previous
studies.In this situationthe customerwill receive a quantity (ranging from nothing to the
almost entire lot) smaller than expect€d/ilson 2007) This affects the production
schedulingespecially for jusin-time delivery(Chen et al. 201,3hazaei Pookt al.20173.
According toan industry survegonductedoy AlcantaraandRiglietti (2015) 40% of
the firms are concernedbmut transportation disruptisnwhile only about 9% of the are
forming contingeny (i.e. business continuityplansfor coping withtransportatiometwork
disruptions Admittedly, ransportation disruptions adifficult to predict(Chen et al. 2013;
Chowdhury et al. 2016; Wagnand Bode 2008Khazaei Pool et al. 201ylHence formal
operationalplanning is needed to minimize the impactsafiden transportation disruptions.
An appropriate recovery model can assist marsdgeiormulateappropriateplansto manag
the onset osudden transportation disrupt®moing socan helpto manageprofitability and
reduce the logs However,studiesdealing withtransportation disrupti@especially using
recovery plan$asreceived relatively scardttention in the literatur@aul et al. 2016a)n
particular, noneof the transportation disruptiomecoverymodebk developed thus fahave



investigate a rolling production planning considerithgth delivery delay angdroportionde
guantity lossFocusing mainly on the economic ordering prob(€hoi et al. 2016aChoi et
al. 2016b) thework closestto our study inthe literature considersonly a delivery delayto
develop a recoverfiordering planin a different supply chain settingdishamuddin et al.
2013).Inspired by this facpur paperseekgo develop aobustrecovery plan foresponding
to transportation disruptian in a supplieemanufacturer system considering both
consequences of a sudden transportation disryptiamely, delivery delay andpartial
guantity loss

The focus of this paper is to develop a model for agtage centralized supply chain
(consisting of a supplier and a manufacturer) and generate a production recovery plan after
the occurrence of a sudden transportation disruption. In particular, thent@tion of
present works mainly onmitigating operational impacts/effects (rather than analyzing the
transportation disruption as a cause itsefffheafter a suddetransportation disruption on
manufacturing planning and scheduling in a 4stage cetmalized supply chainThus, the
main objective of this paper t® generate a production recovgrhan, whichrealistically
considers both delivery delays and partial quantity lossés; the occurrence of a sudden
transportation disruption

As the computatioal effort can be complexvhen solving a largescale problem
instancetherefore to reduce the computational intensity and complexity involved in finding
the optimal solutionthreecost efficientheuristics are developed tapproximate theptimal
recovery plarunder different scenario$wo of theheuristis (partial quantity los, and both
delivery time delay andartial quantity loss)are specialy developedfor the problems
introduced in this paper. Compared to the existing heuristidhaniterature which are
mainly developed based amultiple-step iteration method (Hishamuddin et al. 2Q%8)
greedy approachvhich has been successfully implementegrior studiesis adoptedPaul
et al. 2014c, 2015b, 2016a, 2016b9 ensure theccuracyof the proposed recovery policies
and enhance the practicality of the developed model,relax one of the main model
assumptionstlie fixed number of recovemgycleg andpresent two neweuristic procedures
for determining the best number of recovery cycles in the event of transportation disruption.

Testing our model through an intensive numerical study and conducting a scenario
basedanalysis,it is shown thatthe proposeanodel can effectively help to manage sudden
transportation disruptiongnd hence enhancaf i r opérational performancd.o further
validate ourapproachthe heuristic solutiors are comparedgainsithe standardseneralized
Reduced Gradient (GRG&earch algorithmBesides assisting managers fiarmulaie a



contingency recovery plato mana@ transportation disruptian this solution will equip
managers for quick recovery from transportation disruptiehich in turn,will mitigate any
disruptionimpact onaf i r opérational activities.

The rest of the study is organized as followsThe literature review and problem
description are presented in Sections 2 and 3 respectiVelyy model formulationand
properties are founoh Section 4. Section presentghe threeheuristis. Section 6 contains
the algorithm for the random experimentati@&ction 7compares the experimental results
with the GRG method and describes the scerdzaged analysesrtinally, Section 8

concludeghe paper

2. Literature review
Clearly, a smooth and efficient supply chain operation is not assured, unless preparing for
supply chain disruptionfl_u et al.2017). Recently three review papers published in supply
chain risk and disruption management and reported different OR/MS models developed for
managing supply chain risk and disrupti®&ahimnia et al. 2015; Paul et al. 2016a; Snyder et
al. 2016) Independently Ho et al. (2015) conducted arextensive literature reviewand
summarized the different types of disruptions and risks in the supply el@irever, to date,
the topic oftransportation disruption has received much less atteotiotpared to thether
types of supply chain disruptions.

Unlike the strong assumptions madetime literature (Hishamuddin et al., 2013),
transportatiordisruptiors not onlydelay deliveryfrom ore node ofa supply chairto anothey
but they may also damagethe actual condition or some portion of the products.
Transportatiordisruptionis unique in its naturandcan quicklyaffect anentire supply chain
(Giunipero and Eltantawy 200&harifkhani et al. 2096 leading toproblens such adate
delivelies operationshutdown, lost sales, and lossreputation(Guiffrida and Jaber 2008)
Considering the severe impact of transportation disruptisosie studies have provided
insightsto such disruptioa For exampleGiuniperoand Eltantawy (2004)were the first to
discuss transportation disruptiafbeittheydid notoffer any risk measement or mitigation
strategiedo managesuchdisruptiors. Later, Wilson (2007)investigated the effegbn supply
chain performanceue totransportation disruptiobetween twcechelonsof a five-echelon
supply chainusing system dynamics. @hstudy considered fouareasof transportation
disruption: (i) disruption between the warehouse thiedetailer, (ii) disruption between the
tier one supplies and the warehouse, (iii) disruption between the tigro and tier one
supplies, and (iv) disruption between the raw material suppliers andtwersuppliers.



Similarly, in our study, a twestage supply chaiwith a focus on transportation disruption
betweeratier onesupplier anca manufactureis investigated

Though there is a lack ohodetlbasedresearchon transportation disruption, several
earlierworks have been foundavhichfocus on developing modelsr other types of supply
chain disruption recovery planninylost of these studies havecused on threareas of
supply chain disruptionssupply disruptionproduction disruptionand demand fluctuation
(Ho et al. 2015) Recovery modet to deal with supply disruptions are by far the most
common (Paul et al. 2016a)Weiss andRosenthal (1992first developed @ optimal
inventory policymodelfor the economic order quantity inventory systewhich mayface
disruptiors in either supply or deman@zekici and Parlar (199%pnsideredbackordes to
analyse a productiemventory model under random supply disruptioAsian and Nie
(2014)extended the concept develop a wirwin coordination mechanism for the contract
betweena buyer anda backup supplier whemarket demand is uncertaiand the main
supplier issubject tosupply disruptiors. Pal et al. (2012yleveloged a modelfor a multk
echelon supply chajrcomprisingtwo suppliers(a main anda backupsupplie) delivering
raw materials toa manufacturer, whelg the main supplier may faca random supply
disruption and the secondary supplier is perfectly reliable but more expensive than the main
supplier. Hishamuddin et al. (2013also developed a recovery model to manage
transportation disruption in &wo-echelon supply chain. However, similar to the other
aforementioneghapers, tht studyfocused on a supplieretailer system to develop a recovery
modelorfder imgo deci sions by clooupapdr@omdevelop onl vy
a productiorplanning recovery modehoth delivery time delay angartial quantity losses
due to transportation disruptioase taken into accouninother aspect, which distinguishes
our paperfrom the resespecially that of Hishamuddin et §2013) is our proposedyreedy
heuristics solution approactwhich is different from the existing iterative based methadd
generatedetterand reliable results.

On recent supply disruption recovery modélsshamuddin et al. (2014pplied the
backordes and lost sales concept for managing supply disrupiiora twostagesingle
supplier, singleretailer supply chain.The study was extended [Baul et al. (2014b)and
(Paul et al. 2016bWwho develoged a recovery model for managing supply disrupgion a
threestage supply chain. They considetstkordes, lost salesand outsourcing options to
generate optimal recovery prrOther recent workselated to developing supply disruption
mitigation strategiescan be found inYang et al. (2009)Li et al. (2010) Shao and Dong
(2012, Chung et al(2015),Guo et al. (2013)Zhang et al. (2013Hu et al. (2013)Yan et



al. (2014) Pal et al. (2014)RayandJenamani (2016Do et al.(2016) FaghikRoohi et al.
(2015) Mogre andD'Amico (2016) and Li et al. (2015) Readersinterested in supply
disruption managemeatereferredio Snyder et al(2016)and Paul et al. (2016a, 2017)

As mentionedjn developing the recovery modelgvsral studies have focused on
production disruptionalso known as process disruption. For instante, et al. (2004)
developed a general disruption management approach for @tdge production and
inventory control system thancorporated a penalty cost ftre deviations of the revised
plan from the original. They divided the distigm intervalas follows: pre-disruption, in
disruption, and postisruption to eke outa detailed analysis of the disruption effects. Later,
Hishamuddin et al. (20129xtended the studio develop a recovery plan from a single
production disruption for a single stage produciloventory system This was further
extendedto a realtime disruption recovery plan from both single and multiple production
disruptions for singlstage(Paul et al. 201,32015b) two-stage(Paul et al. 2014¢pnd three
stage(Paul et al. 2015aproductioninventory systerm Theyincorporatedbackordes, lost
sales and/or outsourcing optiotesgenerate the recovery pland developed sonsolution
heuristics Other studiegBaghalan et al. 2013; Kim 2013; Tang et al. 20h2)e considered
demand fluctuatiom whenformulaing a supply chain recovery modedPaul et al.(2014c)
have applieda reattime recovery concepbn a suppliefretailer coordinated systefior
managing demand fluctuatisnnderbackordes and lost sales.

Though delivery delays and quantity lesare the most common consequences of a
sudden transportation disrupticoyr survey highlights thato studyhasso far developed a
recovery model for production planning whdrath delivery delay and fractional quantity
losssimultaneously occuiHishamuddin et al. 2012; Wilson 2007 fill this researclgap,
we focus on a twestagesuppliermanufacturer supply chain addvelop a modeb generge
a productionrecovery plan after the occurrence of a suddlansportation disruptiorBoth
delivery delays and fraction of quantity loses resuling from a suddentransportation
disruptionare consideredand bothbackordes and lost salesre appliedFurther,giventhe
considerable cosif commercial software and orderto reduce the computationaltensity
and complexity involved in finding the optimal solution, we develbgee heuristis to
approximate the optimal recovery plahhe recovery plamunder all possible disruption
scenams arising from delivery delays and quantity Igqs®. only a delivery delay,only a
portion of the quantity los&nd both delivery delay and some quantity)less generated

From what we knowthis is the first modelwhich develops a recovery model in a

two-stage suppliemanufacture coordinated system considering bathlivery delays and



fractionalquantity loss due to suddentransportation disruption. Wapply the heuristicon

a number of test problems, which are generaa@domlyusing a uniform distributiorilThe

test problems Further a random experimentation is designed to analyse the effect of
randomly generated disruption events that are not knavgmiori A detailed sensitivity

analysisis performedo explain the usefulness of the developed makfistr comparing and

validating our proposed heuristics, we analyse the results for different types of disruption

scenarios.To this aim, the scenariofom all possible consequences led by sudden

transportation disruptiorare randomly generatethd categoristas low, mediumand high.
The main contributions of this paper can be summarized as follows:

i. Developa new mathematical formulatida mana@ sudden transportation disruptgn
which cannot be predicted in advance. The model considers both deletayy and
partialquantitylossas the consequersef a sudden transportatialisruption.

ii. Propog three heuristics for generating recovery plans for a sudden transportation
disruption. The recovery planare generated after the occurrence of a disruption
coveringa finite number of upcomingeriods on a reatime basis to minimizeéhe

totalloss due to disruptian

3. Problem Description
Our researclseeksto formulatea mathematical modébr an efficient recovery plan under a
sudden transportation disruption where both delivery delay quantity losses exidh this

I
(Banerjee 1986Figure 1 presents an ideal systemmere no transportation disruption ocgur
and, hence, theptimal batch quantities)( andry’) are foundfrom the EPQ modelWhen

the suppliercompleesa batch productionf 0, the batch is delivered tihe manufacturer
through theransporinetwork We considethes u p p Isatup tindeqY ) and idle time Y)
between two consecutiveroductionbatdes. Once the manufacture receives a batchhe
stars to make the final productto satisfy downstreancustomer annual demar{O . Let

1l denote thema n u f a cldt size evhidh & assumed to beompletelydelivered to the

customerA coordinated (suppliemanufacturer) systeiis consideredwhere N = number of
units of raw materials required for producing one unit final prodluzan be obtained from



Bill of Materials (BOM). Hence the batch production 0 canbe expressed & 0n
Themanufacturer hasetup time (Y ) and idle time(Y ) between two consecutive batches
In such a lean productionenvironment a suddentransportation disruption can
interrupt thefragile flow of raw materials andause delayed delivery and/or quantidgs
The main target ighen to revisethe current inventory and productigeians after the
occurrence ofa transportation disruption, known #se recovery plan, sohat the negative

impacsk can be minimized.

a Raw material supplier

Q

R ’fﬁ lﬁ;ssl Eﬁl ;El Time

Manufacturer
g ‘ ‘

le S“l l l l Time

Customer
Fig. 1:ldealtwo-stagesupply chain

In Figure 2,thedotted line represents the recovery plan after a sudden transportation
disruption whichmimics a delayed delivery of time€'Y) and afraction of quantityloss ("Q.
After the occurrence of a transportation disruption, the produtti@ntory plans are revised
for a finite number of upcomingeriods, which is known asherecovery time windowPaul
et al. 2014c)Within this recovery time window, the plan witvise bth thelot sizes ofthe
supplier and manufacture(® and @ respectively)to minimize the effest of the
transportation disruption.

In practice, the most common consequence of a disruption is delivery delays to a
customer. To overcome this consequence, a few researchers developed recovery models
considering delivery delays after a disruptigtishamuddin et al. 2012, 2014; Xia et al.
2004) Another significant consequence of a transportation disruption is quantity loss, which
can range from 0% to 100% of the ([@Vilson 2007) In this case, the customer will receive
less than expected andasesult, the production plan will be distorted. Hence, it is important
to simultaneously consider both consequences (delivery delays and quantity loss) while
developing a recovery plan after a sudden transportation disrugiomake the model
realistic both delivery delay and quantity loss are considered:



I. Delivery delay: The raw materials are delivered to the manufacturer with a delay

("Y), which is equal to the disruption duration.

il. Quantity loss: There is a fractioff"Q of quantitylossdue to thedisruption set as
(0, 1) ofthe delivery lot.The fraction of loss could be anything between 0 and 1,
hence, 0 means no loss and 1 means 100% loss.

Raw material supplier

A % X
Q “
Ps
Tt S | Tir:e
A ﬁl ﬂ v G v
a Manufacturer v P o
| ™| |rm+sm| Tinﬁe
Ideal plan
--------------------- Recovery plan

Fig. 2: Recovery plan after the occurrence of a transportation disruption

While both factorsare direct consequences of a sudden transportation disruption, the

extent to which each of theaffectsthe tradeoff betweenbackordes and lost salecosts is

different. In other words,given the several existing interdependencies among the model

parameters and depending thie consequencef the transportation disruption (i.e., delivery

delay and/or quantity los¥, supply chainactorsbehave differently towardshe recovery

planning problem [Spired by above factshe  purpose of this study i develop the
recovery planning solutionrevising the production and inventory plannirtght can be
implemented tdedge againshe backorderand lost salerisks under sudden transportation
disruptiors. To characterize the complexity of thiescribecdecision making problenthree
scenariosare considered thatover all possiblecasesled by a suddentransportation
disruption (i) only a delivery delay("Y , (i) only a fraction ofquantityloss (', and (iii )
both a deliverydelay anda partialquantityloss(both™Y and™Q.

Future supply chain plans are revised after an occurrenadisfuption for he tiree
scenariosOur main objectivein all the scenarioss to minimize the total cost within the
recovery time window subject tthe production, supply, demand, delivergnd time

constraints.
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4. Model formulation

We now formulate the mathematical models fdvoth the ideal and recovery plans. In the
ideal plan, a joint EPQ model and the optimal batch sizes are determined by mintimézing
total holding and setp costsFortherecovery planhowever,additionalbackordes and lost
sales costare consideredsrecovey policieswithin the recovery time window o provide a

betterdemonstrationthe major associated costs of sudden transportation disrupéomas

follows.

Cj = CR

Ca Ca Cx

< 00

v

Backorders: If the system is disruptedhe backorders represenhe portion of
demand that cannot Welfilled at the scheduled time but will be delivered at a later

date whenthey areavailable(Paul et al. 2014c) This policy utilizes the idle times

within the recovery time window teatisfythe unfulfilled demand.

Lost sales Whenthe system isncapable of filling demandafter a disruptiorand

customerglo not wait for stock to be replenished, demand is(Baul et al. 2014c)

The following notationsareused n our paperfor the mathematical models.
Supplier lot size

Manufacturetot size

Annual demandQuantity/year)

Number of raw materialnitsrequired to produce one uwit final product
Production rate of manufacturg@uantity/yeaf 0O

Production rate of supplier (Quantity/ydar) 0 O

Holding cost per unit per year for supplier ($/unit/year)

Holding cost per unit per year for manufactu@unit/year)

Setup cost for supplier ($/selp)

Setup cost for manufacturéincluding a fixed predetermined transportatiomst

from supplier to manufacturef$/setup)

“y
“y

Setup time of suppliefyear)

Setup time of manufacturdyear)

“Y Idle time between two consecutive lots for supplierar)

“Y Idle time between two consecutive lots foanufacturefyear)

vy
0
Y Quantity lost "Qr

Deliverydelay (year)

Fractionof quantityloss

@ Revised lot size of supplier in cyclén the recovery plan

11



® Revised lot size of manufacturer in cy&li| the recovery plan
0 Backordemuantity in cycléln the recovery plan
‘Q Delay in delivery in cycl&Qo customer in the recovery plan
¢ Number of cycles in the recovery time window
¢ .G 6 dlaximum number of cycles in the recovery window
0 Unit backordercost ($ per unit per year)
0 Unit lost sales cost ($ per unit)
To makethe models tractable anih obtain insightfulresults, thefollowing assumptions
are made
i. Asingle item is produced in the system.
ii. The productionrates ) andd ) are greatethan the demand rate.
iii. There is no imentory buffer and safety stock in the systeém a truly lean system
iv. The recovery plabeginsafter the occurrence of a disruption in transportation.
v. No emergency sourcing is possible.
vi. Partial delivery is acceptable.

To develop andanalysethe recovery plans in a supply chainwithout losing

generality; iffiSTassumed thad Single item is produced in the syst¢rishamuddin et al.
2012, 2013; Xia et al. 2004Following’prévious studiegHishamuddin’et al."2012y'is

assuméd that theproduction rateexceedthe demand ratélVe al® assume that there is no
inventory buffer/ safety stock as tirecost is too expensiven the recovery plan it'is
consideedthat sudden disruptions can happiena transportation networknd b make the
disruption recovery meaningful in practice, the recovery plan will be gengteeafter a
transportatiordisruption is experienced. Bhort the recovery plan ieeactive andyenerated

in reattime. We considerboth backorderand lost salepolicies to recover from a sudden
transportation disruption, whicare also widely used in botthe literature andn practice
(Hishamuddin et al. 201Paulet al. 2014c)|t'is assumd that emergency outSoureiis not
possible as it isexpensive angartial delivery is acceptable to make the recovery plan
optimal. Finally, it is assumedhat the manufacturer decides dhe number of periods ithe
recoverytime window. We later relax this assumption apcesent twecheuristic procedures
for determining the best number of recovery cycles in the event of transportation disruption.

4.1 |deal plan model

12
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(@) i (5). We thendeterminethe optimal lot sizes fothe manufacturer and suppliéy Egs.
(6) and(7), respectivelyFurther the idle time between two consecutive batchedbéihthe
supplier andhe manufacturearedefined byEgs.(8) and(9).

Supplier lolding cost -0 — (1)
Supplier seup cost —°Y (2)
Manufacturer holding cost -0 — 3)
Manufacturer setip cost —-"Y (4)
Total cos'Y) -O— —Y -O0— -"Y8

With0 0 A the total cost function can be derived as follows:
Total cos’Y§ —O— -Y -O0— -7Y (5)

Under a centralized systeand to achieve economies of scale in distribution of raw
materi al and f i ni,wdassimephalte chanafactarér is eexpprsibies e s
transportation and delivery op e ruatbnramnas . Hen
fixed major seup cost 3 ) is considered which includessome minor setup cost
components as well as a gtetermined fixed transportation cost per shipment from the
supplier to manufacturer, regardless apfantity of items ordered.This is a reasonable
assumption and consistent with existing relevant studies in literature (Chen and Chen, 2005;
Daskin et al., 2005).

To minimize the total costve set— "YO Tt

After taking derivative and someimplifications the optimalmanufacturetot sizeis
derivedasEq. (6).

LI ©
Optimal supplier lot siza)* 0§ A (7)
Idle time betweenwo consecutive lots for supplistyY — — 7Y (8

13



Idle time between two consecutive lots for manufactiiver - — 7Y 9

4.2 Mathematical modelfor recovery plan

We developa mathematical model to gener#ite recovery plan after theccurrence of a
suddendisruption in transportationSimilar to the ideal plan,the key equations forthe
different costsare first determinednd the modak formulatedasa constrained mathematical
programming problemlo better capture the transportation disruption econ@mpects, two
additional costsre considerechamely,backordes and lost sales, under the recovery plan.
The backordes cost is definedasthe unit backordercost multiplied bythe backorderunits
andthe associatetime delay(Paul et al. 2015a)lhe lost saleshowever is determined as
the unit lost sales cost multiplied lilie lost sales unitgPaul et al. 2015a)fo be consistent,
the strucupd eand Mhsaldddnsidgred tocbe ghe same as the ideal
scenari o, where the transportati oupcasteast i s
one of the fixed cost components. However, in contrast to the ideal plan, the focus here is on
minimizing the total cst of the supplier and the manufacturer during the recovery plan
window.

The different costs under the recovery plan are calculated as follows:

Setup costat supplier "Y¢ (20
Holding costat supplier -0 — -0 — E -0&@ —
— B & (11)
Setup costat manufacturer “Y¢ (12
Holding costat manufacturer -0 — -0¢— E -0 —
— B & (13)

Lost salexost § 6 & "Boii & 'Q GEROXTANCEOE D & "Bii ¢ QOBEM Bj 66 62

0¢n B o (19
Backordercost 626 G0 Qé b BTWQd Ow

6B &0 (15)
where
0 v
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The objective functioiftotal cost function)s derivedin Eq. (16) by adding the all the
cost presented in Egs. (1I0]15). In such a problem settinthhe managerttemps to actively
revise the production plan and effectively sati$fy customes demand. A critical question
then arisesafter the occurrenceof a transportation disruptiors: how to minimize the
expectedost function which isnow subject tathe supply, production, demand, and delivery

constraintsduring therecovery time windowThese constraia are presenteloly Eqs.(17) 1
(24).

D Qdhy Y& —B & VY& —B & 0&R B ® 6B ®Q
(16)
subject toconstraintg17)1 (22),
A (17)
B & &0 YO (18)
B & &0 (19
O 0 0 aQfEHY NQ p (20)
® R 0 AaQERY NQ p (21)
AR L) (22)

To make mathematical models tractable, focus on the main aspects of our research
objective, and obtain insightful results, we assume that the system has enough truck capacity
to deliver the raw materials from the supplier to manufacturkis assumption can be
justified by knowing the fact that, in our model settitigg disruption consequence is actually
quantified in terms of the transported batch size and, hence, the truck capacitydirastno
impact on the decision making process.

Constrant (17) presents thes u p p | lot esizebesnstraint for the first cycle.
Constraints (18) and (19resentthe total production forthe supplier and manufacturer
respectivelyConstraintg20) and (21) present the suppfieand manufacturér kot sizes for
each cycle in the recovery window. Finallgonstraint (22) presentghe nonnegativty
constrains.

With transportation disruptionhé centralizedplanneraimsto minimize the risks of
backordes andlost salesvia the recovery plan Specifically,the manufactureand supplier
need toconsider their constraints amdake th@ bestdecisionsat postdisruptionon the

following. Whatarethe optinal lot sizesin a recoverytime window to minimize the impact
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of the disruptior? Taking the above decision, the supply chain meméstablish a practical
recovery planwhich enables them to effectively responditemarket demand and minimize
the overall expected cost of the system.

As mentionedto eliminate the cost oh commercial solver software amdduce the
computational intensitgand complexityinvolved in findingthe optimal solution we develop
a heuristicapproachwhich canaccuratelyapproximate the optimakcovery planTo fulfil
this intention thefocusis puton findingthe model properties by developirgew properties
which enable us talevelopthe heuristics and design the experimentation.

4.3 Model properties

So far, our focus has been on describingdygtemand formulating theproblemusing a
constrained rathematicalprogrammingmodel Now, we turn our attention to threcovery
policy under each othe three possible disruption scenariaescribed in Section.3The
special conditions of each disruption scenar® consideretb characterizeome ofthe main
properties of the optimal solutioThis will help usto better understandthe tradeoffs
betweerthe backordes and lost sales costsade under different situatians

Property 1: Lost saleswill be more attractive in the optimal solutighé “Y 0 and
backorders will be more attractivedf “Y 0.

Proof: After a disruption,the delay time is"Y within the recovery time window. In this
situation,the unit backordercost is0  "Y, whereaghe unit lost sales cost i8. In orderto
developan effectiverecovery planone mustradeoff betweenthe backordes and lost sales
costs So,if 0 "Y 0, lost saleswill be more attractiveéhanthe backordersn the optimal
solutionand if6 Y 0, thenr backordes will be moreattractive.

(a) For both delivery delay ({jm and a partial quantity loss({

Property 2: When backordes are more attractivethe recovery planwill incorporate only

backorders ifY — ¢ | ETYWY and bothbackordes and lost sales ifY —

¢ 1| ETWY .

Proof: After asuddertransportatiordisruptionhasoccured, we haveUnfulfilled demanr
"Y and disruption duration "V. Therefore the utilizable idle time in a cyclés equivalent
tol ETYAY .

Knowingthatthereare¢ cycles in the revised plathetotal utilisableidle time in the revised

planningwindow is¢ | E TYRY . Moreover, theminimum time needed toecoveris
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"Y —. As aresultif 'Y — & [ ETYWY , the production process is capalte
recover thedtal loss timeby usingonly the idle timeslots Hence,the recovery plan will

incorporate only backordes. If ™Y — ¢ [ ETYAY , the production process is

incapableof recoveng by usingthe idle timeslots Hence it will incorporate lost sales as
well, so therecovery plan will incorporate botiackordes and lost sales.

(b) For only delivery delay (3m

Property 3: Whenbackordes are more attractiveéhe recovery plan will incorporate only
backordes if 'Y & [ ETYHWY and both backordes and lost sales ifY &

I ETYRY .

Proof: Same asProperty2.

(c) For only apartial quantity loss(J}

Property 4: When backordes are more attractiveéhe recovery plan will incorporate only

backordes if — & | ETYRY , and both backordes and lost sales if— ¢

i ETYRY .
Proof: Same adProperty 2.
The above propertiewill enable us tasimplify the solution processas wepresent

someheuristic to approximateanoptimal decision.

5. Solutionapproaches

In this Section we developthree heuristics for solving the disruption problems and two
approaches for determiniieif it is unknown.

5.1 Proposed Heuristics

We now considerthe important properties obtained frahe abovepropertiesand develop
threeheuristics for managingsuddentransportation disruptiain the supply chainFocusing
ontheparticular consequences of a sudden disrupti@heuristics are developedeparately
for differentscenarios as follows

i. Heuristic 1: when thedisruption consequence is onlg delivery dela)Jl|-

First, aheuristic for managing transportation disruption witie consequence of onlg
delivery delaydenoted b “V is developed In Step 1, thevariablesin the ideal plan are

determined.The celivery delay time is giveras theinput in Step 21f 6 "V 0, the
recovery plan is determinefdom Step 3, which involves only lost sales, as presented in

Propertyl. If 6 Y 0, the recovery plan is determinasing Step 4 which involves both
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backordes and lost sales, as shownRnoperty3. Step 5 determines the different coass
well asthe backordes and lost saleguantities The results are recorded in Step 6. Finally,
Step 7 terminates the prograiheabove steps are describeda@®ws.
Step 1: Determine the variablestheideal plan usindegs.(6) 1 (9).
Step2: Inputdisruption duration “V in the heuristic.
Step3:If 6 "V 0, thenwe would have

® U

~

® 0 Y 0O O

o 0N1Q pit

» 71 Y D
0

® nNN"Q p8

Step4: If 6 Y 0, then we would have
Fy & 1 ETWY ,

» 0N
@ nna
fy ¢ [ ETWY ,
O & 06NQ
@ N
@ i Y & [ ETYWY 0
® ANQ pha

Step5: Determinethedifferent costsas well aghe backordes and lost saleguantities
Step 6: Record results
Step7: Stop

il. Heuristic 2: when thedisruption consequence is partial quantity Ioss(‘
The steps ofHeuristic2 where the disruption only affects the delivepyantityaredescribed
asfollows:
Step 1.Determine the variabled theideal plan usind=gs.(6)-(9).
Step 2: Inpubf the partiadamaged quantity'@ in the heuristic.

Step 3: 1f6 — 0, thenwe would have
@ o0nNQ
@ p "0ONA
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® ANQ p8
Step4ilf 6 — 0, then we would have

f — ¢ 1 ETYRY ,
A
G O OnNQ p
® p Qn
i ——nQ pie
E p

~

@ 0
® ® oNMQp
® p Ao [ I ETYHY 0 NQ p8

Step 5:Determinethedifferent costsas well aghebackordes and lost sales quantity
Step 6: Record results
Step 7: Stop

iii. Heuristic 3: when thedisruption consequence is botadelivery delayd|m) and

a partial quantity loss ).

The steps oHeuristic 3 where botha delivery delay angartial quantity loss exisare as
follows:
Step 1: Determine the variablestheideal plan usindegs.(6)-(9).
Step2: Input disruption duration'{) and fraction of damaged quant{t@} in the heuristic

Step3i1f 6 Y 0, thenwe would have

® [T ET— Y 0h
Step4lf 6 Y 0, then we would have
f'y — 1 ETYY ,
w 0
® ® 0NTQp
@ p OA® 1 YO AN'Q pha
fi ETWY Y — ¢ [ ETWY ,

w U
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G & N p
® p OB A —&d A4 —& AN'Q pkivs

if(¢ p 1 ETWY Y — & [ ETWY ,then

©w  p QN

. ., & 1 ETWY vy 0 o8

® N : o LnQp

Ify & [ ETWY ,then

» 0
® ® 0NTQp

o rown I3 _F] ﬁ ~
W p Q10 N L NQ p8

Step 5:Determinethedifferent coststhe backordes, and lost sales quantity
Step 6: Recortheresults
Step 7: Stop
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6. Random experimentation

For a fair comparison between our proposed approach and those found in the extant literature,
the prior similar studiegPaul et al. 2014c, 2015b, 201G Used:s benctarks in order to
choose the justifiable ranges and values for the model parantééece thefollowing range

of disruption parameterare appliedfor the random experimentatior’”  [0.0001, 0.08]

"G (0, ). Therandom experimentare then constructesy usingthefollowing steps

Step 1:Input all datefor theideal plan.
Step 2:Determined, 0, "Yand"Y for theideal plan
Step 3. Generatearandom disruption situation
a. For onlya delivery delayY
Generaterandomnumberfor Y
Run Heuristic 1
b. For botha delivery delayY anda fraction of quantity los$2
Generateandom numbefor Y and™Q
Run Heuristic 2
c. For onlya fraction of quantity los¥2
Generatea randomnumber for'Q
Run Heuristic 3
Step4: RepeatStep 3 1,000 timedor each disruption situation
Step5: Record results
Step6: Stop

All the heuristicsand experimentsvere coded in MATLAB R2015b, and were executed on
an Intel core i7 processor wigh3.40 GHz CPlnd8 GB RAM.

7. Computational experiments andresults
In this Section, weconduct rigorous computationekperimers to illustrate our findingand
evaluate the performance of the proposedristic method in comparisonto the GRG

solution. The problem setting that is designed for the numerical study conducted under ideal
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and recovery conditions is describedSection7.1. To presenturther insightsa significant
number of randomly generated test problems experimentedn Section7.2, we compare
our results withthe solutionsobtained fromthe GRG method A'Seenariebased analysis is

7.1 Numerical examples forthe ideal and recovery plans

We first focus on the ideal plan problere. no disruption in the systemlthough the values

for the key parameters in our exjments are randomly generajéd prevent production of
nonmeaningful results, itsi guaranteethat the selected parameter valaesl ranges do not

cause to trivial and nonpractical casePaul et al. 2014c, 2015b, 2016b)
0 100,0000 240,0000 120,0000G=2,"0 050 0.8°Y 80 Y 120°"Y
0.0008 andY  0.0006

Table 1:Sampleinstancefor each disruption situation

Instance number Consequence Parameter
1 Only delivery delay v 0.05

2 Only partialquantity loss "Q 060
_ _ _ "V 0.04

3 Both delivery delay angbartialquantity loss TG

Using the above parameter values and from Egs. (6) and (7), thddERGth the
manufacturer and supplier is determinsdbsequently, theotal annual holding and sap
costs of the system is determinethere, $7,749. Finally, an ideal time between two
consecutive lots for the Supplier and ‘manufacturer is foondising Egs. (8) and (9)
respectivelyOur resultdor theideal plan are listed as follows.
0° 10328units;i°  5,164units;"Y6 $7,746°Y 0.0078year;"’Y  0.0080year.
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Table 2: Reovery plan for the samplastances

Total
Instance Total lost
Recovery plan backorders Total cost
number 1 sales cost
coSs

« 10,328 | ¢ 5,164
@ 7,696 o 3,848
1 « 10,328| & 5,164 10,995.7 13,160.2 | 26,066.9
@ 10,328 | & 5,164
@ 10,328 | & 5,164
@ 10,328| ¢ 2,066
« 11,878| & 5,939
2 « 11,878| & 5,939 1,105.8 0 3,289.1
« 11,878 | & 5,939
« 11,878| & 5,939
« 10,328 | ¢ 3,615
« 10,270| & 5,135
3 « 10,270 | & 5,135 4,611.7 16,652.2 | 23209.6
« 10,270 | & 5,135
« 10,270 | & 5,135

After characterizing the ideal plan, we turn our attention todéesionmaking
problem under the recovery plan, where a sudden disruption affects the transportation system.
The values of the input parameters are sét a20,0 10, and¢ 5 according to the initial
tests.To obtain the insightsg significant number of random digtion instance problems is
used and aomputational experimens performed For a sample result presentation, we
focus on an exemplary instance for each disruption consequence (see Table 1).

The results for threesample instanceare shown in Table ,2which shows the
recovery plan, total backorders, lost sales cost, and total supply chain cost during the
recoverytime window. Both backorders and lost sales appear in instances 1 and 3, while only
the backorders cost is presented in instance 2. Folipthim properties developed in Section
4.3, this can be explained by the fact that although the optimal recovery plan incorporates

both backorders and lost sales, it is capable to revise the plan by using only backorders. The
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reason and condition for incayating the backorders and lost sales will be investigated in

Sections 7.3 and 7.4 through a scenfiased analysis and sensitivagalysis.

7.2 Resultscomparison
To evaluate the quality of the solutions of three presented heuribtic&RG nonlinear
methodis usedasa benchmark. GRG is a standard solution technique for solving constrained
nonlinearmathematical programming problsifGabriele and Ragsdel977) To design our
experimentsthefollowing options inthe GRG methodis considered
Convergence: 0.0001Derivatives: forward Population size: 1Q0 Random seed: O,
Constraint precision: 0.000001

Then the results obtained from both the heuristics and @ie@odare comparetbr
a reasonablenumber of random test problems. To themd we determine the average
percentage of deviation dhe results by using=q. (23), which is commonly used ithe
literature(Paul et al. 2014c, 2015b, 2016b)
Average percentage of deviation

_B ¢ * pmmbp (23)

Here,0 denoteghe number of test problems.

The results obtained fromur heuristicswere compare@gainstthe GRG nonlinear
methodusing Excel solverfor 100 random disruption test problemmEBhe test problemare
generatedfrom a random uniform distribution by varying the disruption data In this
comparisonexperiment, the average percentageal®fiation which was calculatedhrough
Eq. (23), for the results obtained from the two approache€).001P6. This deviationis
negligible due probably to therounding of the values of the decision variables the
consistency of the solutiong)e resulisare analysedy changing the datanodelivery delay
and fraction of quantity losas shownn Figures 3 and 4espectivelyFor all range®f data,
our heuristic approaches producensistentresults compaed to the GRG method.In
addition, the solution time of both approagdis negligiblealbeit our proposed approach is
easier to implement. Th&ows the effectiveness of the proposed solution.
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Fig. 3: Comparison of total coatith changing delivery delatyme

Comparison of total cost for changing fraction of quantity loss
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Fig. 4. Comparison of total cosfith changing fraction of quantity loss

7.3 Scenariebased analysis

After comparing andalidating our proposed heuristjdbie results fothe different types of
disruption scenarioare analysedro this endwe randomlygenerate the scenarié®m all
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possibleconsequencearising fromsudden transportation disruptions and categorise them as
low, medium and highprofile, as shown in Table 3.

50 random tesproblemsare generatetly using a uniform probability distribution for each
category and consequence to analyze the re3ilésvalues of the otheparametersire hold

constant as presented in Section 7.1.

Table3: Scenarios of transportation disruption

Consequence
Category : : : :
Delivery delay Quantity loss Delivery delay and quantity loss
Low "V =10.0001, 0.03]| "Q=[0.0001, 0.4]| "V =1[0.0001, 0.03]"C>x=[0.0001, 0.4]
Medium "V =10.03, 0.06] "(=1[0.4, 0.8] "V =10.03, 0.06]"Q=[0.4, 0.8]
High "V =10.06, 0.08] "(=10.8, 1] “V =10.06, 0.08]"Q=[0.8, 1]

Figures 5to 8 summarize lie results, which show the average total cb&tpackorder and
lost sales costfor each category of disruption scenafMdhen the consequence is onlg
delivery delayasshown in Figure 5f is observeé that the total lost sales cost is significantly
higherin ahigh delay scenario and thgeragebackorder cost flattexfor themedium to high

scenari@. This is because the lost sales cost besonmge attractive thathe backorder cost.

Different costs under different delivery delay
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Fig. 5: Costs for different deliverydelayscenaris
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Different costs under different quantity loss
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Fig. 6: Costs for different quantity loss scenasio

When the disruption consequence is only a quantity loss, as shown in Figure 6, the
lost sales cost increases slowly from the low to high profile scenario and after that the
increment rate becomes high@&his is because the lost sales become more attractive with
higher quantity loss and in the low and medium quantity loss scenarios, the backorders are
more attractive and are incorporated in the revised plan.

For both delivery delay and quantity loss, gmwn in Figure 7, the lost sales are
mostly incorporated in the revised plan. This is because the revised plan is not capable of

dealing with only backorders and lost sales becomes more attractive.

Different costs under delivery delay and quantity loss
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Fig. 7:Cost for both delivery delay and quantity leEenario
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Average total cost for different consequences
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Fig. 8: Average total cost for different disruption consequences

To measure the severity of disruptidris observe thatthetotal cost is significantly

higher when consequences are both delivery delay and quantity loss, as shown in Figure 8.
Betweenthedelivery delay and quantity loshetotal cost is higher whetie consequence is
delivery delay. This is because of the systems hawimy someidle time between two
consecutive lots, which makes it sensitive to igalvith delivery delay and lost sales are

incorporated when theéeliverydelay ismuch smaller

7.4 Random experimentationand sensitivity analysis

After evaluating the performance of the propodedristics a random experimentatiof$

conductedandsensiivity analysiss performecto characterize the impaof the parameters
on thefinal solution§iTeNhISIalmMWECondUCtaNaNdoMEXpeTimentatoron 1000 andem
distribution In what follows, the resultsf random experimeationare summarised
It is observe that the boththe delivery delay and fraction ofjuantity loss have
significant impact orthe model costs.Figure 9 presentsthe impact of delivery delay on

backordes, lost salesand total costWe alsoobserve thaafter a disruptionthe system is
capableof revisingthe productionplan only by usingthe backordes untilthe delay is 0.039
The recovery planincorporatesboth the lost sales andbackordes options. Due to
incorporating onlythe backordes in the revised plarthe total cost increases slowly when the
delivery delay is less tha®.039 When the delivery delay exceeds0.039 the total cost

increases at a higher rate witlelivery delay because the lost sales chas also been
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incorporated along with the backordes, in the revised plan This explanationsupports
Property3.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.0
Delivery delay

—#— Total cost —6— Total backorder cost =~ —— Total lost sales cost

Fig. 9: Changan costfrom delivery delay

We run 1,000 random test problems for delivedglay due to a transportation
disruption using a uniform distribution in the range [0.Q0@08] Figure 10 shows hetotal
cost pattern fotthe test problemsThe mean and standard deviation of the total cust
21,046 and 18299, while the maximum and minimurnotal costvaluesare59,768 and 2012
respectively.
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Fig. 10. Random experimentatidor only delivery delay

30



Figurell presents the impact diefraction of quantity loss ohackordes, lost sales
and total cost. Itan be seethat the system is capable to revise the plamnbgrporating
only backordes until the fraction of quantity loss is 0.%%hen the fractiorexceed®.72,the
recovery pla incorporatesboth the lost sales andbackordes options.In addition, die to
incorporating onlythe backordes inthe revised plan, the total cost increases slowly when the
fraction of quantity loss is less than 0.1ds becausehe lost sales costas nampact on the
recovery plan andnly backordes areincorporatedn the revised plann contrastwhen the
fraction of quantity losexceed$).72 the total cost increases at a higher rate téfraction
of quantityloss becausdhe lost sales costas also beemcorporatedn the recoveryplan

This explanatiorsupportsProperty4.

Fig. 11: Changan cost with fractiorof quantity loss

Similar to the previous experimenisQ00 randoniest problemsre generatetbr the
fraction of quantity losslue to a transportation disruption using a uniform distributiche
range[0.0001 1]. Thetotal cost pattern foall test problems is presented in Figi2 The
mean and standard deviation of the total @@et4,901 and 458, while the maximum and
minimumtotal costvaluesare18,862 and 2000 respectively.

Finally, to examine the third scenario undeansportation disruptiowhereboth the
delivery delayandfraction of quantity lossexist, 1,000 random test problenase generated
using a uniform distribution in the range [0.000108] and (.0001, 1] for delivery delay and
fraction of quantity loss,espectively The variation in the total cost in the presence of both a

delivery delay and a fraction of quantity loss presented in Figure 13. In this scenario, it is

31



