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ABSTRACT

Variousperishableagriculturalproductsarerecalledduetoharmfulhealthrisks.Blockchainhas
beenusedtoreducetheamountofsuchproductswastedanddisposed.Specifically,asupplychain
withawholesaler,aretailer,andcustomersisconsideredwheretheretailerdecideswhentoswitch
fromaconventionalsupplychaininformationmanagementsystem(SCIMS)toablockchain-based
SCIMS. This article models the uncertain customers’ demand as a geometric Brownian motion
process and shows how to obtain the optimal demand threshold above which the switch occurs
andthecorrespondingexpectedtime.Next,themodelisextendedbyincorporatingtwotypesof
governmentsubsidies(i.e.,afixedsubsidyontheswitchingcostandavariablesubsidyperunit
demand).Throughsensitivityanalysisandnumericalstudies,theimpactsofkeyparametersonthe
optimaldemandthresholdandexpectedtimeofswitchingarepresented.Finally,managerialinsights
andpolicyimplicationsarederived.

KeywORDS
Blockchain, Demand Uncertainty, Geometric Brownian Motion (GBM), Government Subsidy, Perishable 
Agricultural Products, Real Options, Supply Chains, Traceability Valuation

INTRODUCTION

Ithasbeenfrequentlyreportedthatvariousperishableagriculturalproductssuchasromainelettuce
arerecalledanddisposedduetoharmfulhealthrisks.Insuchacase,inaconventionalsupplychain
informationmanagementsystem(SCIMS),thetraceabilityofthesourceoftheharmfulhealthrisks
islowandtime-consuming(Blissett&Harreld,2008).Thereasonisthat,dataissimplyrecordedon
paperfortraceabilitypurposesbynumerousstakeholdersinthesupplychainofperishableagricultural
products,whiletherestusedigitalmethods(Yiannas,2018).Thisleadstotheinconsistencyintheuse
ofSCIMS,andstakeholdersarenotabletocommunicatewitheachotherortoeffectivelytracethe
originsofproductsonashortnotice.Asaresult,alargeamountofperishableagriculturalproductsthat
arepotentiallynotcontaminatedarewastedanddisposedasprecautionduringperishableagricultural
productrecalls.Thissituationcallsforasolutionforanenhancedtraceabilityinthesupplychainof
perishableagriculturalproducts.

Thisarticle,originallypublishedunderIGIGlobal’scopyrightonOctober1,2020willproceedwithpublicationasanOpenAccessarticle
startingonFebruary2,2021inthegoldOpenAccessjournal,InternationalJournalofOperationsResearchandInformationSystems(con-
vertedtogoldOpenAccessJanuary1,2021),andwillbedistributedunderthetermsoftheCreativeCommonsAttributionLicense(http://
creativecommons.org/licenses/by/4.0/)whichpermitsunrestricteduse,distribution,andproductioninanymedium,providedtheauthorof

theoriginalworkandoriginalpublicationsourceareproperlycredited.
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Toaddressthisproblem,theperishablefoodindustryhasbeenimplementingblockchain,“…
ashared,immutableledgerthatfacilitatestheprocessofrecordingtransactionsandtrackingassets
inabusinessnetwork” (Gupta,2018). Inablockchainnetwork, timestamped transactiondata is
storedinblocksthatarelinkedinachainbyhashes.Thismechanismpreventsthealternationor
insertionofanyblock.InablockchainbasedSCIMS,alltheinformationthroughouteverystepsuch
asproductidentification,batchcodes,purchaseorders,andtimecodesofharvesting,processing,
shipping,andreceiving,iscollectedandsharedbyallstakeholders(e.g.,farms,distributioncenters,
stores;WalmartFoodSafety&Health,2018).WithHyperledgerFabric(ablockchainframework),
blockchainoffersamoreefficientwaytopreciselypinpointwherethecontaminationoriginated,and
toreducetheunnecessarilybroadrecalls(Guo,Liu,&Zhang,2018).Forexample,inapilotstudy
ofmangoproducts,blockchainsubstantiallyreducedthetimetoidentifytheoriginatingfarm,from
nearlysevendaysto2.2seconds(Yiannas,2018).

Also,typically,largeretailers(e.g.,Walmart,Sam’sClub)performlikepioneersintheadoption
ofnewtechnology.In2018,WalmartandSam’sClubrequiredalltheleafygreenvegetablessuppliers
toutilizeblockchainfortraceabilitypurposesbySeptember2019toreducethelossofretailersand
suppliersduringrecalls(Walmart,2018).

Meanwhile,governmentoftengrantssubsidiesforthewelfareofthepublic,especiallywhenit
isrelatedtoinformationtechnology.Forinstance,governmentsubsidizedsupermarketsopenedin
high-needareastoimprovethefoodenvironmentinunderservedneighborhoods(Elbel,Moran,Dixon,
Kiszko,Cantor,Abrams&Mijanovich,2015).In2019,throughtheHealthResourcesandServices
Administration(HRSA),theU.S.DepartmentofHealthandHumanServices(HHS)subsidized49
HealthCenterControlledNetworks(HCCNs)withalmost$42milliontoexpandtheuseofhealth
informationtechnology(HHS,2019).Consideringthattheblockchainenhancesthetraceabilityin
thesupplychainandreducestheharmfulhealthrisks,itisreasonabletoassumethatgovernment
providestheretailersinperishableproductsupplychainwithsubsidiestofacilitatetheirswitching
toablockchainbasedSCIMS.

Consideringthelumpsumswitchingcostandaseriesoftransitionactionsthatoccuratthetime
ofswitching,theretailer’sdecisiononswitchingfromtheconventionalSCIMStotheblockchain
basedSCIMSislargeandhighlyirreversible.Moreover,suchswitchdecisionisoftenmadeunder
uncertaintiessuchasthedemanduncertaintyofretailcustomers.Thatis,whentheretailcustomers’
demandislow,fortheretailer,theprofitsavedbytheblockchainbasedSCIMSmaynotoffsetthe
costsassociatedwiththeswitching.Method-wise,realoptionsapproachisusedinthispaperasit
capturestheuncertaintyinthedecision-makingprocessasopposedtotraditionalNetPresentValue
(NPV)approach.Arealoptionreferstotherightbutnottheobligationtomakedecisionsontaking
theownershipofarealassetorprojectataspecifictimeinthefuture(Tallon,Kauffman,Lucas,
Whinston,&Zhu,2002;Wu,Wu,&Wen,2010).Realoptionsoriginatedfromthefinanceareaand
hasbeenextendedtothedecisionmakingintheengineeringdiscipline.

Under these circumstances, it is highly desirable to understand how a retailer can make
economically rationaldecisionsonswitching fromaconventionalSCIMStoablockchainbased
SCIMS,andhowthegovernmentsubsidiesinfluencetheretailer’sdecisiononsuchaswitch.Towards
thesegoals,inthispaper,undertheassumptionthattheretailcustomers’demandforasingleperishable
agriculturalproductfollowsaGeometricBrownianMotion(GBM)process,theauthors(1)valuate
thetraceabilityinthesupplychaintodeterminetheoptimaltimeforaretailertoswitchfromareal
optionsperspectiveinthebasicmodel,(2)extendthebasicmodelbyincorporatingtwotypesof
governmentsubsidies,namely,afixedsubsidyontheswitchingcostandavariablesubsidyperunit
demand,anddeterminethenewoptimaltimefortheretailertoswitch,(3)derivemanagerialinsights
andeconomicimplicationsfortheretailer’sswitchdecisionfromanalytical/numericalsensitivity
analyses,and(4)providepolicyimplicationsfromthegovernment’sperspective.

Thecriticalcontributionsof this research include: (1)closed-formsolutions for theoptimal
thresholdofretailcustomers’demandabovewhichtheSCIMSswitchoccursandthecorresponding
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expectedtimewithout/withthepresentenceofgovernmentsubsidies,(2)aninsightthat,astheretail
customers’demandbecomesmorevolatile,theretailershoulddefertheswitchofSCIMS,(3)from
agovernment’sperspective,asmallamountofvariablesubsidyismoreefficientforarapidswitch
amongretailers,whileafixedsubsidyanticipatesforamoreevenpaceofswitch.Also,thefixed
subsidyismoreefficientatahigherlevelasopposedtothevariablesubsidythatismoreefficient
atalowerlevel.

Theremainderofthisarticleisorganizedasfollows.Areviewofliteratureontheblockchain
andrealoptionsispresentedinthenextsection.Thentheauthorspresentthemodelformulation
andanalysisforabasicmodelandanextendedmodelwithtwogovernmentsubsidies.Afterthat,
a numerical example of romaine lettuce is conducted to further demonstrate how the change of
keyparametersimpactstheoptimalthresholdofdemandandexpectedtimeofswitching.Finally,
conclusions,limitationsandfutureresearcharepresentedrespectively.

LITeRATURe ReVIew

Blockchain
Thedevelopmentofblockchainhasboostedaseriesofdiscussionsandattemptsonitsapplicationin
perishableagriculturalsupplychains.Forinstance,Tian(2016)developedaconceptualframeworkof
anagriculturalproductsupplychaintraceabilitysystemcombiningblockchainwithRFIDtechnology.
Moreover,itisestimatedthateveryyear,around1/3offoodislostorwastedintheworld(FAO,
2020).Amongsuchlossandwaste,8%iscausedbyimproperpackagingandstorage,especiallyfor
perishableproductssuchasfreshproduce,meat,dairyproductssincetheyrequirestricttemperature
andpackagingconditions(BlockchainGuru,2019).OnepromisingsolutionistouseRFIDtagsand
sensorstotrackthetransportationandstorageconditionsalongtheshippingjourneyandtouseSmart
Contracts(aspecialfeatureofblockchain)tonotifyallstakeholdersinthenetworkwheneverabnormal
conditionsoccur.Also,accordingtoIBMResearch(2020),45%offruitsandvegetablesarespoiled
andwastedbecauseofachaoticdistributionsystem.Thisisbecausetheimprecisenatureofsupply
chainsbasedonsuchsystemsforcesfarmerstomakeplantingandharvestingdecisionsbasedon
guesswork,andsellerstopredictcustomerdemandandbehaviorbasedonincompleteinformation.
Thesolutiontothisproblemistoimplementablockchain-enabledfoodsupplychainthatisenhanced
byInternetofThings(IoT)devicesandArtificialIntelligence(AI)computing.Thatis,IoTsensors
trackfruits,vegetables,oranyotherfooditemsalongthejourneyfromfieldtogrocerystore,andAI-
enhanced,real-timedataenablesretailerstohavebetterunderstandingonconsumerseatingpatterns.
Inthisway,bothfarmersandsuppliersknowtheamountofperishableproducetheyshouldgrowor
ordertomeetthedemand,andthustheperishableproduceisfresher,andlessamountisthrownaway.

Regardingthereductionofthewastageanddisposalintheperishableagriculturalsupplychainin
thispaper,theadvantagesanddisadvantagesofusingtheblockchainbasedSCIMSaresummarized
inTable1.

Real Options
Derivedfromfinancialoptions,realoptionsapproachhasbeenbroadlyappliedinsolvingdecision-
makingproblemsasitincorporatestheflexibilitythedecisionmakersconfrontinoperatingdecisions
(Trigeorgis & Tsekrekos, 2017). In existing literature, there are mainly three option valuation
approaches, i.e.,partialdifferentialequations(BlackandScholes,1973), treesand lattices (Cox,
Ross,&Rubinstein,1979),andsimulations(Boyle,1977).Examplesofusingrealoptionsapproach
ininvestmentsunderuncertaintiesareasfollows.SchwartzandZozaya-Gorostiza(2003)evaluatedIT
investmentprojectsbymodelingtheuncertaintiesinprojectcostsandcashflowssimultaneously.Tauer
(2006)establishedentryandexitdecisionmodelsfordairyfarmersunderthemilkpriceuncertainty.
TakashimaandYagi (2009)modeleda single investment anda sequential investmentusing real
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optionsapproachandshowedtheinfluenceofacatastrophiceventontheflexibilityofthesequential
onebycomparingtheoptionvaluesofbothinvestmentsunderthecashflowuncertainty.Theyalso
determinedtheoptimalinvestmenttimingandlocationofthepowerplantgivenconstructioncosts
andthecatastrophiceventaredependentonthelocation.WuandLiou(2011)evaluatedenterprise
resourceplanning(ERP)investmentincorporatingrevenueandcostuncertaintiesanddetermined
theoptimalthresholdoftheratioofrevenuetocost.

Intermsoftechnologytransitionproblems,inmostcases,deterministicmodelsareused.However,
theyarenotabletoincorporateuncertainties.Forinstance,in2010,CookandAliusedtheNPV
approach toevaluatequality improvementprojects.Woo,Kim,Sung,Lee,Shin,andLee(2019)
evaluatedthebiopharmaceutical technologyregardingnewdrugdevelopmentusinganimproved
riskadjustedNPVvaluationmodel.

Totheauthors’knowledge,nostochasticmodelscanbefoundthathaveanemphasisindemand
volatilitywheretheblockchainbasedSCIMSreduceswastageanddisposal,andtheretailerinthe
perishableagriculturalproductsupplychainfacestheSCIMSswitchdecision.Althoughrealoptions
approachhasanumberofadvantagessuchthatitcapturestheuncertaintiesasopposedtodeterministic
models,therearecircumstanceswhereitisnotworthy(seeTable2).

MODeL FORMULATION AND ANALySIS

Basic Model
Inasupplychainofasingleperishableagriculturalproductconsistingofawholesaler,aretailer,and
retailcustomers(seeFigure1),theauthorsconsideraswitchingproblemoftheretailer’sperspective
fromaconventionalSCIMStoablockchainbasedSCIMS.Thereasonforthisswitchisthatthe
blockchainbasedSCIMSfacilitates the traceabilityof theperishableproduct,which in turnwill

Table 1. Advantages and disadvantages of using the blockchain based SCIMS to reduce the wastage and disposal in the 
supply chain of perishable agricultural products

Advantage

-Blockchainprovidesend-to-endtraceabilitywhichallowsthestakeholdersinthesupply
chaintoaccesstheremainingshelflifeofperishablefoodbytrackingitsjourneyand
freshness(IBM,2018).
-Blockchaininvitesstakeholderstotradeintrustingrelationship(Zhang,Lee,&vande
Ligt,2016).
-Blockchainefficientlyimprovesthetraceabilityoffoodregardingitssafetyand
transparencyinagricultureandfoodsupplychains(Kamilaris,Fonts,&Prenafeta-Boldύ,
2019).

Disadvantages
-Whenthedemandislow,theprofitsavedfromthereductionofwastageanddisposal
maynotoffsetthecostsassociatedwiththeretailer’sswitchtotheblockchainbased
SCIMS.

Table 2. Advantages and disadvantages of using real options approach to solve for the switching problem

Advantages

-Realoptionsapproachcapturesuncertaintiesandprovidesstraightforwardclosed-
formsolutions(Miller&Park,2002).
-Realoptionsapproachisnotcriticallydependentonanaccuratepredictionofthe
retailcustomers’demand.Instead,economicthresholdsareprovidedthataretypically
notregrettable.

Disadvantages -Whenthedemandhaslittlevolatility,usingrealoptionsapproachtosolvetheproblem
isnotwellworth.
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reducethewastageanddisposalbecause,forexample,inacaseofvirusorbacteriaoutbreak,the
contaminatedproductscanbepinpointedinarapidmanner.

Tofacilitatethemodelingandanalysis,thefollowingassumptionsareproposed.

Assumption 1:Theretailcustomers’demandforasingleperishableagriculturalproductattime
point t ,D

t
(lbataday),followsaGBMprocesswherethetimegranularityisaday:

dD D dt D dz
t t t t
= +α σ  (1)

whereα (%perday;>0)andσ (%persquarerootofday;>0)aretheinstantaneousgrowthrate
andvolatilityofthedemand,respectively.dz

t
istheincrementofaWienerprocess,anddz dt

t
=   ,

 ~ ,N 0 1( ) .

Proposition 1:Supposetheretailcustomers’demandattimepoint0isD
0

,theexpectedvalueof
D
t
isE D D e

t
t( ) = 0
α (Dixit&Pindyck,1994,p.71-72).SeeAppendix1forproof.

Assumption1isbasedontheobservationthattheretailcustomers’demandforaperishable
agriculturalproductincreasesonaverageandfluctuatesovertime.Empiricaldatasupportcanbe
foundinTable3,wheretheauthorsestimatetheconsumptionoffreshlettuce(romaineandleaf)at
adayinHouston,TXfrom2000to2017.AsisshowninFigure2,theconsumptionoffreshlettuce
atadayhasapositivegrowthratewithfluctuationsovertime.

Fortheeaseofreference,therestnotationsusedinthispaperaresummarizedinTable4.
TheunitsellingpriceP andtheunitpurchasepriceC areassumedtoremainunchangedover

time.Meanwhile,thecostsassociatedwithprocessingactivities(e.g.,shipping,storage,disposal)
andthecorrespondinglaborcostsarenottakenintoconsideration.

FortheconventionalSCIMS,theauthorsmakethefollowingassumptions.

Assumption 2:Attimepointt ,w fractionofthedemandD
t
iswastedanddisposedasprecaution

duringrecalls.Hence,thetotalamountoftheperishableproductthattheretailerpurchasesfrom
thewholesaleris 1+( )w Dt (lbataday).

w isaconstantthatcanbeestimatedfromhistoricaldatabydividingthetotalamountofthe
perishableproductwastedanddisposedasprecautionduringrecallsovertheretailcustomers’demand
withinlastyear.Thisassumptionyieldsthefollowingproposition.

Proposition 2: The total amount of the perishable product that the retailer purchases from the
wholesalerattimepointt beforeswitching, 1+( )w Dt (lbataday)alsofollowsaGBMprocess
withthesamegrowthrateandvolatilityasD

t
.SeeAppendix2forproof.

Figure 1. Supply chain of a single perishable agricultural products
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Table 3. Estimated consumption of fresh lettuce at a day in Houston, TX from 2000 to 2017

Year Annual per capita (lb) 
(Shahbandeh, 2019)

Population (million) 
(U.S. Census Bureau, 

2019)

Daily consumption 
(lb) 

(Estimated)

2000 8.4 1.9774 45,507

2001 8.0 1.9943 43,711

2002 9.6 2.0156 53,013

2003 10.8 2.0197 59,761

2004 12.0 2.0174 66,325

2005 9.7 2.0219 53,733

2006 12.0 2.0587 67,683

2007 11.5 2.0651 65,065

2008 10.4 2.0844 59,391

2009 10.0 2.1186 58,044

2010 12.0 2.0993 69,018

2011 11.7 2.1255 68,132

2012 11.9 2.1598 70,415

2013 11.4 2.1982 68,656

2014 10.8 2.2388 66,244

2015 11.9 2.2822 74,406

2016 14.5 2.3045 91,549

2017 15.0 2.3127 95,042

Figure 2. Estimated consumption of fresh lettuce over time (Houston, TX, from 2000 to 2017)
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Assumption 3:ThepaymentforusingtheconventionalSCIMS(i.e.,costsassociatedwithphone
calls,emails,papercopies)areignored.

Assumption 4:Atcertain timepoint, the retailer switches from theconventionalSCIMS to the
blockchainbasedSCIMSataswitchingcostof I $( ) .

ReferringtothedefinitionofadoptioncostsofinformationtechnologyupgradesinMukherji,
Rajagopalan,&Tanniru’swork(2006),inthispaper,theswitchingcost I isdefinedasthecost
associatedwithpurchasingorupgradingnecessaryequipment,aswellastrainingandtransitioning
employeescompletelytotheblockchainbasedSCIMS.

FortheblockchainbasedSCIMS,theauthorsmakethefollowingassumptions.

Assumption 5:Attimepoint t ,theamountofwastageanddisposalasprecautionduringrecallsis
reducedto r r�( )0 1< < fractionofthatamountbeforeswitching.Thatis,thetotalamountof
producttheretailerpurchasesfromthewholesaleris 1+( )rw Dt (lbataday).

Bycollectingtheproductinformationandstoringitonthenetwork,blockchaincreatesamore
transparent supply chain where the source of contamination can be rapidly identified and thus,
unnecessarilybroadrecallsarereduced(Guoetal.,2018).Forinstance,inacaseofdairyproducts
contamination,Marin,MarinandVidu(2019)claimedthatblockchaincantracetheoriginatingfarm
withinseconds,andonlyabatchofdairyproductsneedstoberemovedfromdistribution.Withthe
abovequalitativedatasupport, theauthorsassumethattheblockchainbasedSCIMSreducesthe
amountofwastageanddisposalofperishableagriculturalproductsasprecautionduringrecallsuse

Table 4. Notations and descriptions

Notation Description

P Unitsellingpricethatispaidbyretailcustomerstotheretailer($/lb)

C Unitpurchasepricethatispaidbytheretailertothewholesaler($/lb)

w Theratiooftheamountofthewastageanddisposalasprecautionduringrecallsoverthe
demandattimepoint t

I Switchingcostincurredtotheretaileratthetimeofswitching($)

r Theratiooftheamountofwastageanddisposalasprecautionduringrecallsusingthe
blockchainbasedSCIMSoverthatamountusingtheconventionalSCIMS

C
b PaymentforusingtheblockchainbasedSCIMSthatispaidbytheretailertoIBM($/day)

ρ Discountrateformoney(%perday)

V
1 Projectvaluefunctioninphase1($)

V
2 Projectvaluefunctioninphase2($)

D*
OptimalthresholdofdemandabovewhichtheSCIMSswitchoccurs($/lb)

T *
Expectedtimeofswitching(day)
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acoefficient r todenotethereductionefficiency.Notably,asmaller r indicatesmoreamountof
theperishableproductissavedfrombeingwastedanddisposed.Thisassumptionyieldsthefollowing
proposition.

Proposition 3: The total amount of the perishable product that the retailer purchases from the
wholesalerattimepointt afterswitching, 1+( )rw Dt (lbataday)alsofollowsaGBMprocess
withthesamegrowthrateandvolatilityasD

t
.SeeAppendix3forproof.

Assumption 6:OncetheretailerswitchestotheblockchainbasedSCIMS,theretailerwilluseit
forever.

ThetimelinewithrespecttotheswitchingofSCIMSisdividedintotwophasesbyT * ,namely,
phase1andphase2(seeFigure3).

Theproblemcanbedescribedas amaximizationof the total expecteddiscountedvalueby
choosingT * asfollows:

maxE e PD C w D dt Ie e PD C rw
T

t
t t

T

T

t
t

0

1 1

*

*

*

∫ ∫− − −− +( )



 − + − +(ρ ρ

∞
ρ )) −





















D C dt
t b

 (2)

whereT inf t D D
t

* *= ≥ ≥{ | }0 .

Phase 2: After Switching

Attimepointt inphase2,whenoperating,theretailerhasacashflowofmax PD C rw D C
t t b
− +( ) −



1 0, .

ThisimpliesthatwhenP rw C> +( )1 and:

D D
C

P C rwt min
b> =

− +( )1


theretailermakesprofitfromthesellingoftheperishableagriculturalproduct.Underatechnical
conditionofρ α− > 0 ,theprojectvalueattimepointt ,V D

t2 ( ) ,isequaltotheexpectedvalueof
discountedfuturecashflowsasfollows(Murto,2007).TheproofisgiveninAppendix4:

Figure 3. The timeline with respect to the switching of SCIMS



International Journal of Operations Research and Information Systems
Volume 11 • Issue 4 • October-December 2020

9

V D E e PD C rw D C dx
t

t

x t

x x b2
1( ) = − +( ) −

















∫

− −( )
∞

ρ


=

− +( )





−
−

P C rw D Ct b
1

ρ α ρ
 (3)

Phase 1: Before Switching

Inphase1,whenoperating,thecashflowfunctionattimepointt isgivenbymax ,PD C w D
t t
− +( )



1 0 .

Similarly,inorderfortheretailertomakeprofit,P issupposedtobegreaterthan 1+( )w C ,and
thereisnorequirementforD

t
.Theprojectvalueattimepointt ,V D

t1 ( ) ,mustsatisfythefollowing
Bellmanoptimalityprincipleequation:

ρV D dt PD C w D dt E dV D D
t t t t t1 1

1( ) = − +( ) +

 ( )[ | ]  (4)

Equation(4)meansthatattimepoint t ,thereturnforholdingtheswitchingoptionshouldbe
equaltotheimmediateprofitwhenholdingtheswitchingoptionplustheexpectedappreciationof
theprojectvalueconditioningonthedemandlevel.

ByapplyingIto’sLemmaondV
1

,thefollowingdifferentialequationcanbederived:

1

2
02 2

2
1
2

1
1

σ α ρD
V

D
D
V

D
V P C D CwD

t

t

t
t

t t

∂

∂
+

∂

∂
− + −( ) − =  (5)

Equation(5)issubjecttothefollowingtwoboundaryconditions(Siddiqui&Takashima,2012):

V D V D I
1 2

* *( ) = ( )−  (6)

V D V D
1 2
' '* *( ) = ( )  (7)

Equation(6)andEquation(7)arethevaluematchingconditionandsmoothpastingcondition,
respectively.Thevaluematchingconditionensuresthatatthetimeofexercisingtheswitchingoption,
theprojectvaluebeforeswitchingisequaltotheprojectvalueafterswitchingminustheswitching
cost.Thesmoothpastingconditionguaranteesthattheslopesoftheleft-handsideandtheright-hand
sideofthevaluematchingconditionareequalattheoptimalthresholdofdemand.

Undertechnicalconditionsofρ α− > 0 andα σ
− >

2

2
0 (Dixit&Pindyck,1994),thegeneral

solutiontoEquation(5)isgivenby(seeAppendix5forproof):

V D AD
P C w D

t t

t

1 1
1

1
( ) = +

− +( )





−
β

ρ α
 (8)

where:
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β
σ
σ

α
σ

α ρσ
1 2

2 2
2

21

2 2
2= − + −










+


















,β

1
1> 

Usingthetwoboundaryconditions,thecoefficientA
1
andtheoptimalthresholdofdemandD* 

canbesolved.Thatis:

A
Cw r

D
1

1

1

1

1

=
−( )

−( ) −ρ α β β*


andD* isgivenby:

D

C
I

Cw r

b

* =

+









−( )

−( ) −( )
ρ

ρ α β

β

1

1
1 1

 (9)

Itcanbeverifiedthattheexpectedtimefortheretailertooptimallyswitchis(Appendix6for
proof):

T

C
I

Cw r
D

b

* =

+









−( )

−( ) −( )
−






ln ln
ρ

ρ α β

β

1

1

01 1







−










/ α σ
1

2
2  (10)

extended Model with Subsidies
Next, thebasicmodel is extendedby incorporating two typesofgovernment subsidies.That is,
governmentprovidestheretailerwithaone-timefixedsubsidyofU $( ) ontheswitchingcostto
initiatetheswitchofSCIMS,andavariablesubsidyS ($/lb)perunitdemandforusingtheblockchain
basedSCIMSinthesupplychainoftheperishableagriculturalproduct.

Phase 2: After Switching
In  phase  2 ,  when  ope ra t i ng ,  t he  r e t a i l e r ’s  ca sh  f l ow a t  t ime  po in t  t  i s
max PD C rw D C SD

t t b t
− +( ) − +



1 0, ,  and i t  i s  required that  P rw C> +( )1  and

D D
C

P C rw St min
b> =

− +( )+1
.Given ρ α− > 0 , theproject value,V D

t2 ( ) , is equal to the

expectedvalueofdiscountedcashflowsasfollows(Murto,2007).TheproofisgiveninAppendix7:
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V D E e PD C rw D SD C dx
t

t

x t

x x x b2
1( ) = − +( ) + −













∫

− −( )
∞

ρ 




=
− +( )+





−
−

P C rw S D Ct b
1

ρ α ρ



(11)

Phase 1: Before Switching

Whenoperating,theprojectvalueattimepointt ,V D
t1 ( ) ,remainsthesameasEquation(8)inthe

basicmodel,i.e.:

V D AD
P C w D

t t

t

1 1
1

1
( ) = +

− +( )





−
β

ρ α


butnowV D
t1 ( ) issubjectivetothefollowingtwoboundaryconditions:

V D V D I U
1 2

* *( ) = ( )− −( )  (12)

V D V D
1 2
' '* *( ) = ( )  (13)

Equation(12)isthevaluematchingcondition,whichsuggeststhatatthetimeofexercisingthe
switchingoption,theprojectvaluebeforeswitchingshouldbeequaltotheprojectvalueafterswitching
minustheswitchingcostnetofthefixedsubsidy.Equation(13)isthesmoothpastingcondition,and
itensurestheslopesofbothsidesofEquation(12)areequalattheswitchingtime.

Sequentially, it can be verified that A
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1 1

1
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1
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, and the optimal threshold of

demandD* is:
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Similarly,withthetwotypesofgovernmentsubsidies,theexpectedtimeofswitchingbecomes:
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Analytical Sensitivity Analysis

AmongthetenparametersthatdeterminetheoptimalthresholdofdemandD* ,theauthorsconduct
analyticalsensitivityanalysisonsevenofthem(C ,w ,r ,I ,C

b
,U ,S ),andnumericallyexamine

theimpactoftherestthree(σ , α and ρ )onD* asthepartialderivativeswithrespecttothem
cannotnotexplicitlyobtained.Also,sinceinthestochasticoptimalcontroltheory,theoptimalproject
valuecorrespondstotiming,sensitivityanalysisonT * isincludedaswell.

Corollary 1:Givenρ α> andα σ
− >

2

2
0 , ∂
∂
<

D

C

*

0 , ∂
∂
<

T

C

*

0 , ∂
∂
<

D

w

*

0 ,and ∂
∂
<

T

w

*

0 .

TheproofisgiveninAppendix8.Thiscorollaryindicatesthatwhentheunitpurchasepriceofthe
perishableproductincreasesoralargerproportionoftheperishableproductiswastedanddisposed
asprecautionduringrecalls,theoptimalthresholdofdemandandtheexpectedtimeofswitching
decrease.Insuchcases,theretailerlosesmoremoneyduetothewastageanddisposal.Consequently,
theretailerwillswitchtotheblockchainbasedSCIMSearlierfromaneconomicperspective.

Corollary 2:Given ρ α> andα σ
− >

2

2
0 , ∂
∂
>

D

r

*

0 , �
*∂

∂
>

T

r
0 .

TheproofisgiveninAppendix9.Thepositivepartialderivativessuggestthat,alargercoefficient
of reduction efficiency leads to ahigheroptimal thresholdofdemandand the expected timeof
switching.Thisisbecausealargerr impliesthatlessamountofperishableagriculturalproductis
savedfrombeingwastedanddisposedbytheblockchainbasedSCIMS.Asaresult,itiseconomically
rationalfortheretailertodefertheswitchingoption.

Corollary 3:Givenρ α> andα σ
− >

2

2
0 , ∂
∂
>

D

I

*

0 , �
*∂

∂
>

T

I
0 , ∂
∂

>
D

C
b

*

0 ,and ∂
∂

>
T

C
b

*

0 .

TheproofisgiveninAppendix10.Corollary3suggeststhatastheswitchingcostorthepayment
forusingtheblockchainbasedSCIMSincreases,theoptimalthresholdofdemandandtheexpected
timeofincrease.Thismakeseconomicsensebecause,undersuchcircumstances,theretailerbenefits
lessfromtheSCIMSswitch,sothereislessincentivefortheretailertoswitch.Therefore,theretailer
willwaitlongerbeforeexercisingtheswitchingoption.

Corollary 4:Given ρ α> andα σ
− >

2

2
0 , ∂
∂
<

D

U

*

0 , ∂
∂

<
T

U

*

0 , ∂
∂
<

D

S

*

0 ,and ∂
∂
<

T

S

*

0 .

The proof is given in Appendix 11. The interpretation of Corollary 4 is as follows. When
governmentprovidestheretailerwithhigherfixedsubsidyontheswitchingcostorhighervariable
subsidyperunitdemand,theretailerhasalowerswitchingcostorahighercashflowafterswitching.
Eitherway,theretailerwillbemoreeagertoswitchfromaneconomicperspective,sotheoptimal
thresholdofdemandandexpectedtimeofswitchingwilldecrease.

NUMeRICAL STUDy

Inthissection,theauthorsconductanumericalstudyonromainelettucetofurtherdemonstratethe
findingsintheprevioussection.TheparametervaluesandreferencesaresummarizedinTable5,
wheresomeparametervaluesarehypotheticalduetothelackofnumericaldata.
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ThekeynumericalresultsinTable6showthat,inthebasicmodelwherenosubsidiesareprovided,
theoptimalthresholdofdemandis2,100,161(lbataday)andthecorrespondingexpectedtimeof
switchingis76(day).Withthepresentenceoftwotypesofgovernmentsubsidies,intheextended
model,theoptimalthresholdofdemandisreducedto625,047(lbataday),andcorrespondingly,the
expectedtimeofswitchingisreducedto48(day).Also,theminimumdemandlevelfortheretailer
tomakeprofitfromthesellingoftheperishableproductisreducedfrom238(lbataday)to218(lb
ataday)whenthetwogovernmentsubsidiesareprovided.

Table 5. Parameters and values

Parameter Value References

α 0.0505 Shahbandeh(2019);U.S.CensusBureau(2019);
Method3inCroghan,JackmanandMin’spaper(2017)σ 0.1202

D
0 78,552(lbatday) PopulationUSA(2019);Shahbandeh,2019)

P 0.94($/lb) USDA(2019)

C 0.36($/lb) USDA(2019)

w 0.137 ExerciseBike(2019)

C
b 133.33($/day) IBMCloud(2019)

ρ 0.0543 Damodaran(2019)

r 0.4 Hypothetical

I 1,000,000($) Hypothetical

U 200,000($) Hypothetical

S 0.05($/lb) Hypothetical

Table 6. Numerical results

Notation Value (basic model - no subsidies) Value (extended model - with subsidies)

β
1 1.0653 1.0653

A
1 2.8255 8.2255

D
min 238(lbataday) 218(lbataday)

D*
2,100,161(lbataday) 625,047(lbataday)

T *
76(day) 48(day)
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Next,numericalsensitivityanalysisisconductedon σ , α and ρ ,sincetheirimpactonD* 
andT * hasnotbeenanalyticallyexamined.

Figure4illustratesthatasthedemandbecomesmorevolatile,theoptimalthresholdofdemand
andtheexpectedtimeofswitchingincrease,meaningthattheexerciseoftheretailer’sswitchingoption
shouldbedeferred.Thisisbecause,withahigherdemanduncertainty,theflexibilitytoexercisethe
switchingoptionatanytimepointbecomesmorevaluable.Hence,itiseconomicallyrationalforthe
retailertoholdtheswitchingoptionlongerandwaitformoreinformation.

Intermsofthegrowthrateofdemand,whenitincreases,theoptimalthresholdofdemandand
theexpectedtimeofswitchingdecrease(seeFigure5).Thisisbecausewhentheretailcustomers’
demandfortheperishableproductisrapidlygrowing,theretailer’sbenefitfromusingtheblockchain
basedSCIMSisamplified.Therefore,theretailerpreferstoexercisetheswitchingoptionearlier.

Figure 4. Variation of D*  and T *  with respect to σ

Figure 5. Variation of D*  and T *  with respect to α
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AscanbeobservedfromFigure6,whenthediscountrateformoneyincreases,theoptimal
thresholdofdemandandtheexpectedtimeofswitchingincrease.Thereasonisthat,whenmoney
isheavilydiscounted, theretailer’s lossdue towastageanddisposalduringrecalls is trivial.
Consequently,thereislessincentivefortheretailertoswitchfromtheconventionalSCIMSto
theblockchainbasedSCIMS.

AlthoughthemagnitudeofthepartialderivativeofD* andT * withrespecttoU andS have
beengiveninthesensitivityanalysissection,theauthorsincludeFigure7andFigure8todiscuss
theconvexnessandconcavenessofthesecurves.Intuitively,theoptimalthresholdofdemandlinearly
decreasesas thefixedsubsidyonswitchingcost increases,andconvexdecreasesas thevariable
subsidyperunitdemandincreases.Specifically,whenthevariablesubsidyS increasesfrom0to
0.1($/lb),theoptimalthresholdofdemandD* substantiallydecreasedfrom1 68 106. × (lbataday)
to 0 38 106. × (lbataday).However,whenS increasesfrom0.3($/lb)to0.4($/lb),D* decreased

Figure 6. Variation of D*  and T *  with respect to ρ

Figure 7. Variation of D*  and T *  with respect to U
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from 0 15 106. × (lbataday)to 0 11 106. × (lbataday).Thisimpliesthat,fromaperspectiveofthe
optimaldemandthresholdreduction,asmallamountofvariablesubsidyismoreeconomicallyefficient
thanthefixedsubsidyifthegovernmentexpectsretailerstorapidlyswitchtotheblockchainbased
SCIMS.Ontheotherhand,thefixedsubsidyismoreviablethanthevariablesubsidywhengovernment
anticipatesanevenswitchamongretailers.

Asfortheexpectedtimeofswitching,itisconcavedecreasingwhenthefixedsubsidyincreases,
andconvexdecreasingwhenthevariablesubsidyincreases.Thismeansthat,regardingtheexpected
switchingtimereduction,fixedsubsidyismoreefficientatahigherlevel,whilevariablesubsidyis
moreefficientatalowerlevel.

CONCLUSION

Thispaperconsidersaretailerinasupplychainofaperishableagriculturalproductwhofacesa
volatileretailcustomers’demandanddecideswhentoswitchtoablockchainbasedSCIMSfrom
aconventionalSCIMS.Theauthorsinvestigatedhoweconomicrationaldecisionscanbemadeon
suchaswitchfromarealoptionperspectiveundertheassumptionthattheretailcustomers’demand
forasingleperishableagriculturalproductfollowsaGBMprocess.Specifically,without/withthe
presentenceofafixedsubsidyandavariablesubsidyfromthegovernment,theauthorsconstructed
mathematicalmodelsandobtainedtheclosed-formsolutionsofthedemandthresholdsfortheretailer
tooptimallyswitchandthecorrespondingexpectedswitchingtime.Byanalyticallyandnumerically
examiningtheimpactofkeyparametersontheoptimalthresholdofdemandandtheexpectedtimeof
switching,aseriesofmanagerialinsightsandpolicyimplicationsarederived.Forinstance,theretailer
isrecommendedtodefertheswitchingoptionwhenthecustomers’demandisvolatile.Furthermore,
fromthegovernment’sperspective,asmallamountofvariablesubsidyshouldbepromotedifthe
governmentanticipatestheretailerstorapidlyswitchtotheblockchainbasedSCIMSinashorttime,
whileafixedsubsidyisrecommendedifanevenpaceofswitchamongretailersisexpected.Also,
fixedsubsidyismoreefficientatahigherlevelasopposedtovariablesubsidythatismoreefficient
atalowerlevel.

Thenoveltyofthispaperistoshowunderwhatconditionsaretailercanswitchfromaconventional
SCIMStoablockchainbasedSCIMSaswellastheexpectedtimefortheswitchwhenthedemand
uncertaintyischaracterizedbyaGBMprocess.

Figure 8. Variation of D*  and T *  with respect to S
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LIMITATIONS AND FUTURe ReSeARCH

Thelimitationsofthispaperareasfollows.Tostart,theassumptionthattheblockchainbasedSCIMS
reducestheamountofwastageanddisposalto r fractionofthatusingtheconventionalSCIMS
(assumption5)isbasedonqualitativeinferenceandlacksquantitativedatasupport.Secondly,the
authorsassumethatoncetheretailerswitchestotheblockchainbasedSCIMS,theretailerwilluse
itforever(assumption6).Nonetheless,inreality,technologyinnovationsarecommonlyobserved
andfullofuncertainties.Itislikelythatblockchainwillrequireupdatesorbereplacedbyamore
advanced SCIMS in the future. Thirdly, in this paper, the authors only incorporate the demand
uncertainty,whiletheretailer’sswitchdecisioncanalsobeimpactedbyotheruncertaintiessuchas
theunitsellingprice.

Inthefuture,theauthorsmayincorporatetheuncertaintiesoftechnologyinnovationandunit
sellingpriceinthemodels.Or,withthedevelopmentofblockchain,quantitativedatasupportcan
beusedtojustifyassumption5.Futureresearchdirectionscanalsobefocusedondecisionmodels
forotherstakeholdersinthesupplychainofperishableagriculturalproductssuchasthewholesaler
or the farmcooperative.Finally,discussionscanbeexpanded to thevaluationof theblockchain
basedsystemregardingotherpropertiessuchastransparency,immutability,irrefutabilityinvarious
industries(e.g.,financial,insurance,manufacturingindustry).
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APPeNDIX 1: PROOF OF PROPOSITION 1

Define F D
t t
= ( )ln .ByIto’sLemma,thetotaldifferentialoffunction F

t
isasfollows(Dixit&

Pindyck,1994,p.80):
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where
∂

∂
=

F

t
t 0 (becausethefunctionF D

t t
= ( )ln hasasteadystateregardlessofthevalueoft ),
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2 gotozerofasterthandt asitbecomesinfinitesimallysmall,sotheycanbeignored(Dixit
&Pindyck,1994,p.80).Also:
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Thisimpliesthatoverfinitetimeintervalt ,thechangeinF
t

(thenaturallogarithmofD
t
)isnormally

d i s t r i b u t e d  w i t h  m e a n  α σ−
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2
α σ σ , where D

0
 is the value of D

t
 at time point 0. Stated

otherwise,D
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isalognormalprocessandcanbewrittenasD e
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+

(Luenburger,1998,p.
308-309).
ForarandomvariableX N�~� ,�µ σ2( ) ,themomentgeneratingfunction(MGF)isasfollows(Miller,
Miller&Freund,2014,p.187):
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,  (1-3)



International Journal of Operations Research and Information Systems
Volume 11 • Issue 4 • October-December 2020

22

ForarandomvariableF N t t
t
�~� ,�α σ σ−
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2
2 2 ,theMGFisgivenby(Sigman,2006,p.3):
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Therefore,theexpectedvalueofD
t
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APPeNDIX 2: PROOF OF PROPOSITION 2

DefineG w D
t t
= +( )1 .ByIto’sLemma,thetotaldifferentialoffunctionG

t
isgivenby:
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Hence,G
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,i.e., 1+( )w Dt ,followsaGBMprocesswiththesamegrowthrateα andvolatility

σ asD
t
.
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APPeNDIX 3: PROOF OF PROPOSITION 3

Similarly, define H rw D
t t
= +( )1 . By Ito’s Lemma, the total differential of function H
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APPeNDIX 4: PROOF OF eQUATION (3)

V D E e PD C rw D C dx
t

t

x t

x x b2
1( ) = − +( ) −

















∫

− −( )
∞

ρ




= − +( )


















−∫ ∫

− −( )
∞
−

E e P C rw D dx e
t

x t

x

t

x
∞

ρ ρ
1

−−( )t
b
C dx 

= − +( )



 ( ) −∫ ∫

− −( )
∞
− −( )P C rw e E D dx C e dx

t

x t

x b

t

x t
1

∞
ρ ρ 

= − +( )



 −
∞
− −( ) −( )

∞
− −( )∫ ∫P C rw e D e dx C e dx

t

x t

t

x t

b

t

x t
1

ρ α ρ 

= − +( )



 −

∞
− −( ) −( )

∞
− −( )∫ ∫P C rw D e dx C e dx

t

t

x t

b

t

x t
1

ρ α ρ 

= −
− +( )





−












− −− −( ) −( ) ∞

P C rw D
e

Ct x t

t
b

1

ρ α
ρ α

|
ρρ ρ α ρ

ρ










=

− +( )





−
−− −( ) ∞e

P C rw D Cx t

t

t b|
1

 (4-1)



International Journal of Operations Research and Information Systems
Volume 11 • Issue 4 • October-December 2020

26

APPeNDIX 5: PROOF OF eQUATION (8)

AparticularsolutiontoEquation(5)canbeverifiedtobeV D
P C w D
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technicalconditionof ρ α− > 0 .Also,ahomogeneoussolutiontoEquation(5)canbewrittenas

V D AD AD
t t t1 1 2

1 2( ) = +β β underatechnicalconditionofα σ
− >

2

2
0 ,where:

β
σ

α
σ

α ρσ σ
1 2

2 2
2

2 2

2 2
2

,
/= − ± −










+





















arethetworootsofthefundamentalquadraticequation� = −( )+ − =
1

2
1 02σ β β αβ ρ .Itcanbe

verifiedthat β
1

1> and β
2
0< (DixitandPindyck’s,1994,p.143).So,thegeneralsolutionto

Equation(5)is:

V D AD AD
P C w D

t t t

t

1 1 2
1 2

1
( ) = + +

− +( )





−
β β

ρ α


andA
1
andA

2
areconstantstobedetermined.

ThesignsofconstantsA
1
andA

2
canbediscussedasfollows.AssumingA

1
isnegative,since

β
1

isgreaterthan1,whenD
t
goestopositiveinfinity,thetermAD

t1
1β goestonegativeinfinity.

Thisisagainsteconomicimplicationsaslargerdemandissupposedtobringtheretailerwithmore
profitandthus,contributestoahigherprojectvalue.Therefore,A

1
cannotbenegative.Similarly,if

A
2

ispositive,whenD
t
issmallandapproachestozero,thetermAD

t2
2β goestopositiveinfinity

since β
2
isnegative.Thisalsoviolatestheeconomicsignificationbecausesmallerdemandshould

contributetolowerprofitaswellaslowerprojectvalue.Hence,A
2

cannotbepositive.Conversely,

if A
2

 isnegative,
∂( )
∂

= <−
AD

D
A D

t

t
t

2

2 2

1
2

2 0

β

ββ ,meaning that theprojectvaluedecreasesas the

demandincreases.Thisdoesnotmakeeconomicsensesincetheprojectvalueshouldincreasewith
anincreaseinthedemand,soA

2
cannotbenegativeeither.SinceA

2
cannotbeeitherpositiveor

nega t ive ,  i t  i s  r equ i red  to  be  0 .  The re fo re ,  t he  gene ra l  so lu t ion  becomes

V D AD
P C w D

t t

t

1 1
1

1
( ) = +

− +( )





−
β

ρ α
.



International Journal of Operations Research and Information Systems
Volume 11 • Issue 4 • October-December 2020

27

APPeNDIX 6: PROOF OF THe eXPeCTeD TIMe OF SwITCHING

InAppendix1,theauthorsshowthatthechangein F
t

(thenaturallogarithmofD
t
)isnormally
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APPeNDIX 7: PROOF OF eQUATION (11)
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APPeNDIX 8: PROOF OF COROLLARy 1
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APPeNDIX 9: PROOF OF COROLLARy 2
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APPeNDIX 10: PROOF OF COROLLARy 3
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APPeNDIX 11: PROOF OF COROLLARy 4
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