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Abstract 

Deliveryispeediandiaccuracyiinidynamicisupplyinetworksi(SNs)iareitheimainichallengesiaheadiofimanagersidueitoitheishort-timeinatureiofiit.i 

Therefore,iuncertainty,icouldn’tibeiignored.iNetworkistructureiandirelevanticomplexitiesiareioneiofitheimainifactorsiofiuncertaintyiiniSNs.iM

easuringitheiuncertaintyiinitheinetworkiregardingitoitheseicausesiisioneiofitheiissuesicoveredibyithisistudy.iOnitheiotherihand,iitiisiindispens

ableitoiidentifyisuppliersiwithitheihighesticontributionitoitheiuncertaintyiiniorderitoibeiableitoiimproveinetworkiperformance.iTherefore,iinit

hisistudyiaihybridimethodologyiisipresenteditoisolveiandicoveritheseigaps.iWhichiisicreatedibyitheicombinationiofithreeiadaptedimethods.iT

oishowitheiapplicability,iitiappliediinithreeiscenariositoiaccumulateitheiDTUiofitheinetwork. 

Finally,itheivalidationiofithisimethodologyiisiperformedibyithei10-fold cross validation. The results proved the ability, highest accuracy and 

speed. 

 

Keywords:iiLogisticinetwork;icomplexisupplyinetwork;itimeiuncertainty;idynamics 

 

1. Introduction 

Today'sicompetitiveimarketiconditionsiareichangingirapidly.iAsiairesult,imanagersineeditoiuseiinnovativeistrategiesi

inidecisi-on making toisurviveiinitheseidynamicimarkets.i 

Companiesiareiincreasinglyirecognizingitheieffectiveiroleiofisupplyichaininetworksi(SCNs),iinienhancingitheiricompe

titiveiedgeiinitheiglobalimarketplaceiandiitsiimpactionitheieconomy.iSteppingiupitoimaximizeicustomerisatisfactioni

hasibecomeioneiofitheimostiimportantisuccessifactorsiinitoday'sidynamicimarkets.iIncreasingicustomeridemands,ia

siwelliasirisingiexpectationsiandidiversification,ihaveiforcediorganizationsitoiincreaseiflexibilityiiniserviceidelivery,iw

hileisimultaneouslyicontrollingicosts.iOneiofitheseiflexibilities,iforiexample,icanibeitheicreationiofiflexibleistructures

iinisupplyinetworks,ianditheiabilityitoireconfigure,ibasedioninetworkigoals. 
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TraditionaliSCNsiareinoilongericapableiofimeetingitoday'simarketidemandsiandiareidoomeditoifailure.iTherefore,iiti

isiimperativeiforitheiorganizationitoimoveitowardsitheicreationiofidynamiciSCNs,iwithitheiaimiofimeetingidynamici

andishort-termicustomeridemands.(Ari-Pekka & Antti, 2005).iProperiresponseitoitheivariediandishort-

termidemandsioficustomersiinitheishortestitimeiisioneiofitheimainigoalsiofisuchinetworks. 

Inisuchinetworks,idueitoitheiridynamiciandishort-terminature,itraditionalidecision-

makingitechniquesi(usediinitraditionaliSCNs),iandiconsistentiwithicontinuousiimprovement,iareinoilongericapableio

fioperation.iOneiofitheimostiprominentifeaturesitoiconsideriwhenidesigninginewitechniquesiusediinidynamicinetw

orksiisitheihighispeed,itogetheriwithitheihighiaccuracyiinidecisionimaking. 

Aireviewiofitheiliteratureiinithisistudyishowsithatiresearchers'iinterestiiniconsideringitheiuncertaintyifactoriinitheith 

 

reeiparametersiofitime,icost,iandiqualityihasiincreasedi(seeiFig.1).  

 

Fig.i1.iTheimainifocusiareaiofiSCNsimanagement,ioveritimei(Micheli, et al., 2008; Norrman & Jansson, 2004). 

Today,iuncertaintyiiniSCNsicanibeiidentifiediasiaimajorimanagementichallenge.iInidesigningitheinetworkistructure,i

theitwoifactorsiofitheicomplexityiofitheistructureianditheitypeiofirelationshipibetweenisuppliersiareitheifactorsiaffe

ctingitheiuncertainty.iFigurei2ishowsitheibasicistructureiofiainetwork.i

 

Fig.i2.iPossibleitypesiofielementaryinetworkistructures 

TheientireinetworkistructureiisicreatedibyicombiningitheibasicinetworksimentionediiniFigurei2.iThisiisiillustratediini

Figurei3.iAllinetworkistructuresiareiclassifiediasicompleteiandipartialicommunicationsi(Zhao, et al., 2011; Safaei, et 

al., 2014).i 
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Fig.i3.iComplexinetworksiinitwoicategories:icompleteiandipartialicommunication 

Oneiofitheimostiimportanticausesiofiuncertaintyiisitheicomplexityiofinetworkistructuresi(Cheng, et al., 

2013).iMostiofitheimodelsiusediinithisidomainihaveifocusedimoreionicontrollingiandireducingiuncertainty,ibasedio

nitheiinternalivariablesiofimemberifirmsi(machineibreakdownianditheiexternalifactorsilikeidemandiuncertainty,iwhi

chimostiofithemiareicreatedibyitheicustomers),iandiexternalivariablesi(suchiasidemandiflactuationsi(Käkia, et al., 

2013; Subramanian, et al., 2014)),iiniSCNioriinitraditionalilong-

terminetworks.iTheifirstithingitoiconsideriisiadaptingiestablishedimodelsitoitheimethodsirequirediinidynamicinetwo

rksi(Pishvaee, et al., 

2009).iAlso,itheimeasurement,icontroliandireductioniofiuncertaintyiresultingifrominetworkistructureiisistillirecogniz

ediasiairesearchigap. 

Aniimportantiissueithaticanidriveiinnovationiinithisiresearchiisitoifinditheisuppliersithatihaveitheimostipotentialitoii

nfluenceitheiuncertaintyiofitheinetwork.iInithisiway,iaccordingitoiPareto'silaw,ithoseimembersiofitheinetwork,iwhic

hishouldiimplementitheimodelsiofinetworkiuncertaintyireduction,iwillifirstibeiidentified.iThisiwilliincreaseiperforma

nceiandieffectiveness,iasiwelliasispeediupiresponseitoitheimodel.(Safaei & Thoben, 2014; Hu, et al., 2013).i 

Mostischolarsiinitheifieldiagreeiwithitheiroleiofitimeiinienhancingicustomerisatisfaction,ianditheiimportanceiofithisi

issueiinidynamicinetworksiisiundeniable.iThisiresearchihasiputialliitsifocusionithisiissue.i 

Theiuncertaintyiinitheiresponseitimeiiniainetworkiisicausedibyitheiuncertaintyiinitheiresponseitimeiofieachinetwor

kimemberi(Zimmer, 

2002).iIniorderitoicorrectlyiestimateithisiuncertainty,iiniaidynamicienvironment,ioneimustifirstiunderstanditheiissue

iofihowisensitiveitheinetworkiisitoieachimember'sistructuraliposition.iThisiisientirelyirelateditoitheishapeiandistruct

ureiofitheinetwork.iTheileveliofipositioniofieachimemberiinitheinetworkicaniproduceianieffectisimilaritoitheibullwhi

pieffectishowniiniFigurei4. 
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Fig.i4.iTheieffectiofitimeiuncertaintyionitheinetwork,ithanitheitimeiuncertaintyionieachinetworkimember 

1020/5000 

Givenithatimostiquantitativeimodelsihaveiusedicomplexioptimizationimodelsiinitheiresearchiliterature,iasiwelliasia

nalyzingiandisolvingiinianiunknownilocationiforiapplication,iasiairesult,iitiisiveryidifficultiforimanagersitoiunderstan

disuchimodels.iTherefore,itheineeditoiuseiaicomprehensibleimodel,iwhichicombinesibothiquantitativeiandiqualitati

veimethods,ibasedioniexploratoryiresearch,iseemsinecessary.iOtherigoalsiofithisistudyiareitoiintroduceiaihybridimo

del,iusingisimpleimathematical,iprobabilisticiandisimulationitechniques,itoireduceitheicomplexityiofitheinetworkistr

uctureifirst,iandithenicalculateitheifinalinetworkiuncertainty.iFinally,itheiotheriapplicationiofithisimodeliisitheisimpli

cityiofiimplementationibyimanagersianditheisensitivityianalysisiofitheiristructuralistrategiesionitheiuncertaintyiofin

etworkiresponseitime. 

Followingitheiintroduction,iandiaibriefidiscussioniofitheiaimsiofitheiresearch,itheiresearchiproblemiandimodeliexpr

essioniwillibeidiscussed.iThenitheiresearchimethodologyiwillibeiexamined.iNext,itheivalidityiofitheimodeliwillibeiev

aluatedibyithei"10-

foldsicrossivalidation"itechnique.iFinally,itheiperformanceiofitheimodeliwillibeiexaminediiniseveralinumericaliexam

ples. 

2. Mathematicaliexplanationiofiuncertainty 

Inigeneral,iasishowniiniFigurei5,ialliquantitativeiuncertaintyimodesiareiusuallyirepresentedibyioneiofithreeimethod

s,ilineariinterval,ifuzzyimembershipifunctions,iandiprobabilityidensityifunction(Safaei, et al., 2013). 

 

Fig.i5.iPossibleiqualitativeistates,itoishowiuncertaintyi(Safaei, et al., 2011) 
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Inimostiofitheistudies,ibothifuzzyiandiprobabilisticiapproachesihaveibeenifavoredimoreithanilinearidistanceiappr

oachibecauseiofitheirihigheriaccuracyi(Yen, 

2009).iTheifuzzyitechniqueihasiaigreaterierroribecauseiofitheimanyiassumptionsi(suchiasimembershipidegrees),ibut

itheireasoniforiusingithisitechniqueifurtheriisitheicomputationalilimitationsiofitheiprobabilityidensityifunctioni(pdf)i

technique(Montgomery, 

2008).iHowever,itheipdfitechniqueihasicharacteristicsithaticannotibeieasilyiovercome,iandiitiisitheiultimateiadaptat

ionitoireal-

worldisituations.iInithisitechnique,ithereiareinoiestimatediassumptions,iandiallicalculationsiareibasedionireal-

worldidata(Zhao, et al., 2011).i 

Givenitheistrengthsiandiweaknessesiofibothitechniques,iiticanibeiarguedithatiifiaimethod,iotherithaniusingiestim

ationiandihypothesis,iisifounditoisolveitheipdficonstraintsiinidefiningiuncertainty,iiticanibeiconsidereditheibestitech

nique.iForithisipurpose,iinithisistudy,ithisitechniqueiisiuseditoidefineitimeiuncertainty.i 

3. Methodology 

Theithreeimainistepsiforitheimethodologyiofithisiresearchiare: 

1. UncertaintyiDefinitioniPhaseiforiEachiMember:iIdentifyingitheimostiappropriateipdfiforieachimember'sirespons

eitime 

2. PhaseiII,iwhichiidentifiesitheimembersithatiwillihaveitheigreatestiimpactionitheiuncertaintyiofitheinetwork. 

3. FinaliPhase:iCalculateitheiaccumulatediuncertaintyioveritheiwholeinetwork 

Theifirstiphaseiwillibeidoneiusingisampling,iandipastidataiofieachimember,iusingiEasyFitisoftware. 

Initheisecondiphase,iusingitheiPERTi(ProgramiEvaluationiandiReviewiTechnique)itechnique,itheinetworkiwillibeisim

plifiediandireadyiforicalculation. 

Then,iAnd,iusingitheiuncertaintyicalculationimethodsiinilaboratoryiequipmenticalibration,iGUMi(GuideitoitheiExpre

ssioniofiUncertaintyiiniMeasurement),ianditheiMonteiCarloiSimulationiMethodi(MCM),itheiuncertaintyiofitheinetw

orkiwillibeicalculated. 

Thisimethodiisicalleditheihybridimethodibecauseiofitheiuseiofithreeidifferentimethodsifromithreeidifferentiworkiar

easianditheirimatchingitoitheiscientificidomainiofiSCNsimanagement.iThen,iinitheidiscussioniofitheimethodology,ia

niimprovediPERTimethodiwillibeidiscussed,ianditheimethodiofiapplyingiititoitheinetworkiwillibeishown. 

3.1. NetworkiPreparation 

Accordingitoitheigraphitheory,iallipossibleibasesiforigeneratingiproductioninetworksiareicomposediofisixicategories

,ilinear,istar,ipartialirelationiwithiloopiandi"withoutiloop",iandicompleteirelationiwithiloopiandi"withoutiloop"i(seei
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Fig.i6).iTheseinetworksiareiintendediforiupitoifourinodes,ianditheireasoniforinoticountingimoreinodesiisitheiabilityi

toicoveriallipossibleistatesiwithifourinodes,iandiifitheinodeiisiadded,ionlyitheinumberiofiiterationsiisiadded.. 

 

 

Fig.i6.iClassificationiofibasicimanufacturinginetworksi

ItiisinowitimeitoiestablishitheimathematicalirelationshipsiforieachiofitheigroupsishowniiniFigurei6.iAsipreviouslyide

scribed,iallinetworksiareicreatedibyicombiningitheithreeibasicifoundations,iconsequently,iitiisisufficientitoicalculatei

theimathematicalirelationshipsiforitheseithreeibasicigraphs,ibyicombiningithemitoideriveitheirelationshipsiofitheiot

herinetworksigiveniiniFig.i6,iasiwelliasitheirelationshipsiofieachimoreicomplexinetwork,iasiaimathematicalimodel. 

Ini"LineariType"i(Fig.i7)itheiaverageicombinationiofinetworkiresponseitimesitoiOEMi(μc)iisiequalitoitheiaverageires

ponseitimeiofibothisuppliersi(μi)i(μc = μ1 +

iμ2).iAnditheirelationshipifunctioni(f(y))iisiequalitoitheisumiofiallipdfsiofitheinetworkimembersi(Equationi1). 

 

Fig.i7.iLinearitype 

f(y) = f(T) = f(T1) + f(T2) + ⋯+ f(Tn) (1) 

Ini"StariType"i(Fig.i8),itheiaverageinetworkiresponseitimeicomposition,iupitoiOEM,iisitheimaximumiaverageitime

iofibothimembersi(μc =
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max⁡(μ1, iμ2)).iInithisicase,itheirelationifunctioniisiequalitoitheimaximumiofitheitotalipdfsiofitheisuppliersi(Equatio

ni2). 

 

Fig.i6.iStaritype 

f(T) = max⁡(f(T1), if(T2)i) (2) 

AndiinitheiRingitype,ifirstibyiintroducingiaivirtualimember,itheinetworkiwillibecomeiaisimpleilinearitypeiandithenifo

llowiallitheiprinciplesiofilinearirelationshipsi(i′iisiaidummyiofitheinodeii)i (Safaei, et al., 2014). 

 

Fig.i9.iSimplificationiprocessiforiloop 

3.2. iMethodologyioverview 

AsishortlyistatedibeforeitheiintroducedimethodologyiforirecognizingiandianalysisiofiDTUiiniSNsiisiaihybridiprocedur

eioutiofithreeiindividualistatisticalitoolsianditechniques.iTheiPERTiisiaimethodiforisimplifyingicomplexinetworksibyi

definingitheiricriticalipathiaccordingitoiDTU.iTheiguideitoitheiexpressioniofiuncertaintyiinimeasurementiGUMiisiaim

athematicalitooliforicalculatingianiaggregatediuncertaintyiinianientityioutiofiseveralisourcesiofiuncertaintiesiiniaisys

tem.iTheiMCMicanibeiusediasiaisimulationimeansitoimodeliandicalculateiuncertainisystemsi(Calvet, et al., 

2010).iFurthermore,iaicombinationiofitheseithreeitechniquesiisifavourablyidevelopeditoibeiadaptediforisolvingicom

plexiSNs.iHowever,ithisicombinediframeworkioffersitwoialternativeicombinationsiencounteringialternativeiuncertai

ntyidistributionsiwithiniainetwork.iIfiitiisiensuredithatiallidistributionsifollowitheinormaliorit-

studentidistribution,itheiframeworkiemploysitheicombinationiofiPERTiandiGUMiasitheidevelopedisolvingitool.iIfialt

ernativeidistributionsiotherithaninormaliareirecognizediinitheinetwork,ithenitheicombinationiofiPERTiandiMCMihas

itoibeiapplied.i 
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Accordingitoitheiliterature,ithereiareithreeibasicimethodsitoidetermineitheicriticalipathiinitheinetworks.iTheifirstio

neiisiCPM1,itheisecondioneiisiPERTianditheilastioneiisiGERT2.iTheiCPM,iisibasedionitheinetworksiandiprojectsiwithifi

xeditime,itheiPERT,iisibasedionitheinetworksiandiprojectsiwithiuncertainitime,iandifinallyiGERT,iisibasedionitheiunc

ertainiactivityioriprojectsi(Institute standards committee, 

2009).iSinceitheiconsiderediinetworksiinithisiresearchistudyihaveiuncertainitime,ianditheiresearchiproblemiisifocus

edionitheitime,iPERTiisichosen.i 

Toicalculateitheiaccumulatediuncertaintyiinitheinetworkibyiaimathematicalimethod,ithereiareithreeibasicimetho

ds.iTheifirstioneiisiMarkovitheory,ianditheisecondioneiisiBayesianimethodianditheithirdioneiisiGUM.iTheifirstitwoi

methods,iinvolveicompleximathematicaliformulas,iandiareidifficultitoibeiappliediforitheinetworksiwithimoreithanit

hreeinodes.iMoreover,iaiconsiderableinumberioficalculationsiareirequired.iToiavoiditheseishortcomings,iGUMiisiap

plied.iToisupportiGUM,iandiinitheicasesiwhichiGUMiisinotiiusefuliorihasidifficultyiiinicalculatingitheiaccumulatediun

certainty,iaisimulationiprogrammingimethodibasedioniMCMiisiapplied.i 

3.3. Criticalisuppliesiandicriticalipath 

Asiexplainediinitheipreviousisection,itoidetermineitheicriticalipath,iPERTiisichosen.iPERTiisiaistatisticalitooliforicontr

ollingiandimanagingiprojectiactivitiesiinitimeispace.iButiPERTihasitwoilimitationsi(Wiest & Levy, 1974): 

1. Itiisinotiableitoiihandleiloopsiinitheinetwork. 

2. PERTijusticonsidersitheiBetaiprobabilityidistributionifunctioniandiotheridistributioniwilliestimateitoitheiBeta. 

Inithisipaper,itoiremoveitheseitwoilimitations,iadaptediPERTiisiproposed.iTheipurposesiofiapplyingiadaptediPERTiar

e: 

1. Simplifyingitheicomplexinetworkitoiailinearinetwork 

2. iFindingitheicriticalisuppliersiinitheinetwork 

Byiconsideringitheimeaniofieachipdfiasitheiexpectedivalueiofideliveryitimeiandiadditionally,iattachingitheipreparing

inetwork'sisectionitoitheiPERT,itheiadaptedipertiovercomesitheseilimitations.iAsiaibriefidescriptioniofitheiadaptedi

PERT,iitiisidividediintoifiveistepsi(Safaei, 2014): 

1. Prepareitheinetwork 

2. Calculatingitheiexpectedivalueiofideliveryitimeiforieachisupplier. 

3. Calculatingitheiforwardipass 

4. Calculatingitheibackwardipass 

5. Determiningitheicriticalipathiandicriticalisuppliers 

 
1

iCriticaliPathiMethod 
2

iGraphicaliEvaluationiandiReviewiTechnique 
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ToicreateiaibetteriunderstandingiaboutitheiadaptediPERT,itheiinputs,ioutputs,iandiitsiabilitiesiareiillustratediiniFig.i

11.i 

 

 

Fig.i7.iAdaptediPERT:iinputs,ioutputsiandiabilities 

Foridetails,iweireferitoi(Safaei, et al., 2014).i 

3.4. Calculatingiofiaccumulatediuncertainty 

Now,iafterideterminingitheicriticalipathiandicriticalisuppliers,itheiaccumulatediuncertaintyiofitheideliveryitimeimus

tibeicalculated.i 

Oneiofitheimethodiforicalculatingiuncertaintyiinicalibrationifield;iwhichiisiwidelyiappliediinimechanicaliandielectr

icalisystems,iisi“GUM”.iThisiisiaiguidelineiintroducedibyitheiJCGMimemberiorganizationsi(JCGM, 

2008).iGUMiisirecognizediasianiacceptableireferenceiforimeasuringiuncertaintyiinicalibrationilaboratories,iandiitiisi

aimathematicalitooliforicalculatingiuncertaintyiiniaisystem.iWhereasianiSNicanibeiconsiderediasiaisystem,ithisimet

hodiisitransferrediandiadapteditoitheifieldiofiSNimanagement.iToireadimoreiaboutitheialgorithmiandiprocessiofith

eiadaptediGUM,iweireferitoi(Safaei, et al., 

2014).iFig.i12,iisishownitheiinputs,ioutputs,iandiabilitiesiofitheiadaptediGUMiiniaisimpleiway. 
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Fig.i8.iAdaptediGUM:iinputs,ioutputsiandiabilities 

iAsiillustratediiniFig.i12,itheirelationshipifunctioniofitheinetworkiforiDTUimustibeicalculatedibyitheigivenirulesiinise

ctioni4.1,iandiitiisioneiofitheiinputsiofitheiadaptediGUM.iToistartitheiadaptediGUMicalculation,itheipdfsiofiallicritic

alisuppliersimustibeispecified.iAdaptediGUMiisiaipdfibasedimethod,iinitheicasesiwhichitheipdfsiofideliveryitimeifori

allicriticalisuppliersiwhereiasiNormal,ithereiisinoiestimationiinicalculatingiprocess,iandiitihasihighestiaccuracyibyico

mparingitoitheiotherimethods.iBut,iadaptediGUMihasisomeilimitations: 

1. Itiisinotiipossibleitoiconsideriallikindsiofipdfs.iiSomeipdfsiwillibeiiappliediaccordingitoitheiNormalifunctionib

yiconsideringitheicentralilimititheorem.i 

2. Theifinalipdfiisinotisensitiveitoitheientranceipdfs.iAndiasishowniinitheiFig.i12,itheifinalipdfiwillibeiNormalia

ndiitiisinotisensitiveitoitheientranceipdfs. 

3. Theiresultsiareinotiaccurateiwheniatileastioneisupplierihasianotheripdf,ibecauseiitimustibeiestimateditoith

eiNormal.i 

4. ItiisidifficultitoiapplyitheimethodiinicomplexiSNiwithinonlinearirelationshipifunction. 

 

ToibackupiGUM,iweiareiplanningiaisimulationiprogramibasedionitheiMCM.iTheiinputs,ioutputs,iandiabilitiesiofithei

adaptediMCMiisigiveniiniFig.i13. 
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Fig.i9.iAdaptediMCM:iinputs,ioutputsiandiabilities 

Inithisistudy,iMCMiisiaipracticalitechniqueiforisubstitutingiGUMiinicalculatingiuncertaintyibecauseitheiinputsiofithei

MCMiareitheisameiasiGUM.iMoreover,itheioutputsiofiMCMiareitheisameiasiGUM.iIniconsequense,istandardiuncert

ainty,iaitimeframeiforideliveryiofitheiorder,ianditheiaccumulatedipdfiofiDTUiofitheinetworkiwillibeiidentified.iAsiso

meiabilitiesiofitheiMCMioneicanimentionithatiitiisia,ipdfibasedimethodiwhichiisisensitiveitoitheientranceipdfsiwith

outianyiestimation.iMoreover,idifferentipdfsimayibeichoseni(SeeiFig.i12).iThisimethodiisiableitoiconsiderinonlineari

relationshipifunctionsiandiitiisieasyitoiapplyiforihighicomplexinetworks.iBut,ibecauseiMCMiisiaisimulationimethod,i

theiresultsiofiMCMimustibeiqualified.iToiseeitheiqualificationiofiMCM,iandialgorithmiofitheiprocessiofiMCMireferit

oi(Safaei, et al., 2014).i 

3.5. Hybridimethodology 

Inithisisection,itheialgorithmiofitheihybridimethodologyiandiitsiiimplementationiprocessiisidescribed.iAsimentioned

,ithisimethodologyiisigeneratedibyitransferringiandicoordinatingiofithreeidifferentimethods,iandiadaptedithemitoit

heiSNimanagement.iTheiprocessiofihybridimethodologyiisidividediintoifouristepsiillustratediiniFig.i14. 
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Fig.i10.iHybridimethodology 

 

Theiprocedureiofithisimethodologyiisiasifollows: 

1. TheiSNistructure,ianditheipdfsiofideliveryitimeiforieachisupplierishouldibeideterminediforitheispecificiorde

r.i 

Toithisiaim,isamplesiandiobservationsirelateditoitheideliveryitimeiregardingitoitheipastiprojectsimustibeicolle

cted.iTheseidataiareitheideliveryitimeiofipastiprojectsiforieveryisupplieriwhoiareiinvolvediinitheinetwork.iAft

erward,iputiallitheicollectedidataiintoitheiEasyFitisoftware,iforieachisupplieriseparately.iTherefore,itheiEasyFi

tisoftwareibyiusingitheiMLEi(MaximumiLikelihoodiEstimates)imethodifinditheibestifittedipdfiforieachisupplier

i(Mathwave, 

2013).iTheiEasyFitisoftwareihasiaicapacityitoiconformitheisamplesitoi65iexistingipdfsiinimathematicsiandithei

realiworld,ithatiisianiexclusiveifeature,iandithenibyiprioritizingifromi1itoi65,itheinearestipdfifunctionicouldibe

iidentified.i 

2. Theicriticalipathimustibeidetermined.i 

TheiPERTimethodiisiableitoifinditheicriticalipathiofitheinetwork.iThisicriticalipathiisicontainsiofiseveralisupplie

rsiwhoiareibottlenecksiinitheinetwork.iTheseicriticalisuppliersihaveihighestiinfluencesionitheiDTUiofitheinetw

ork,ibecauseieachismallichangeiinitheimeanioristandardiuncertaintyiofithemicanichangeitheimeaniandistanda

rdiuncertaintyiofitheiwholeinetwork.iThen,ibyiusingitheiadaptediPERTimethod,ifinditheicriticalisuppliers.iThei
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linksibetweenicriticalisuppliersiareidrawniandihereafteritheicriticalipathithroughitheinetworkicanibeidetermin

ed.i 

3. Theiaccumulatediuncertaintyimustibeicalculated.i 

Forisomeicasesiofipdfs,ithereiisinoimathematiciformulaitoifinditheisummationiseveralidifferentipdfsi(exceptit

heiNormalipdf).iTherefore,itheiGUMiisiunableitoifinditheideliveryitimeiaccumulationiofiseveralisuppliersiwithi

differentipdf.iForithisireason,iifiallitheimembersiofitheicriticalinetworkihaveiainormalidistribution,iGUMicould

ibeiselectediasitheicalculatingiengine.iOtherwise,iwhenithereiisianotheripdfiisiconsideredioriifitheirelationshi

pifunctioniisicomplexiorinonlinear,itheiMCMiisiaiproperireplacement.iItiisineededitoimentionithat,itheinumb

eriofitrialirunsiofitheiMCMiinitheihybridimethodiisichoseniasi10000. 

4. Theifinaliresultsiofihybridimethodology.i 

Thisihybridimethodologyicanicalculateiandiexpandieveryicomplexinetworkiwithianyinumberiofisuppliers.iInith

isimethodology,iPERTiisipresenteditoichallengeicomplexitiesiofitheinetworks,iandiGUMiandiMCMiareitheialgo

rithmicalculationiengines.i 

TheiqualificationiofitheiadaptediMCM,iandiverificationiofitheihybridimethodologyiareidoneiinitheipreviousipaperi(s

eei(Safaei, et al., 2014)).iInithisipaper,iabilityiofiimplementingiofitheimethodologyiinithreeireal-

lifeicaseistudiesiwillibeidiscussed,iandifinallyithisimethodologyiwillibeivalidatedibyi10-

foldsicrossivalidationimethods. 

4. Applicabilityiofitheimethodologyiinireal-lifeicaseistudiesi 

Thisisectioniintroducesithreeireal-

lifeiSNsiandiappliesitheihybridimethodologyitoithemiiniorderitoimeasureitheiefficiencyiofithisimethodologyiinitheir

ealiworld.iToithisiend,ithreeidifferentinetworksifromithreeiscenariosiareidiscussed.iTheidataiofitheseicaseistudiesia

reitakenifromitheiliterature.iTheseithreeiscenariosiofiSNsiareiasifollows: 

1. CaseistudyiforicustomiproductsiSNsi 

2. CaseistudyiforiSNsiwithimoreithanioneiOEM 

3. CaseistudyiforiSNsiwithimoreithanioneicriticalipath 

4.1. CaseistudyiforitheicustomiproductsiSNsi 

Toichallengeitheiproposedihybridimethodology,itheifirstiSNitoiwhichitheimethodologyiisiappliediisiainotebookiSNie

xtractedifromistudiesiconductedibyiGravesiandiWillemsi(2005)iandiLiiandiWomeri(2008)i(Li & Womer, 2008; Graves 

& Willems, 
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2005).iThisinetworkisupplieditwoitypesiofinotebooksidubbedihereiasinotebooki“A”i(grayicover)iandinotebooki“B”i(

blueicover),ibothiofithemiassembledibyitheisameiOEM.i 

ThisiSNiisiillustratediiniFig.i15.i 

 

Fig.i11.iNotebookicomputeriSN 

iSinceithisiSNihasibeenidesigneditoiprovideitwoiproducts,iitiisinecessaryitoidemonstrateitheiSNiofieachiproductisep

aratelyisoiasitoibeiableitoiimplementitheihybridimethodology.iAccordingly,itheiSNiisiillustratediintoitheiseparateiSN

siforieachiproducti(Fig.i16).iTheinetworkionitheileftibelongsitoitheiblue-

coveredinotebooks,iwhileitheioneionitheirightibelongsitoiGary-coveredinotebooks.ii 
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Fig.i12.iInstanceiSNsiforitwoivariantinotebookicomputers 

TheipdfsiofiallitheisuppliersihaveibeenipresentediiniTablei1ibasedionitheideliveryitimesiforitheisuppliersiinithisicase

istudyiasiwelliasitheideliveryitimeiobservedibyiGravesiandiWillemsi(2005).i 

 

Tablei1.iTheipdfsiofisuppliersiininotebookicomputeriSNi(Gravesi&iWillems,i2005) 

Node Stageiname pdf Meani(𝛍𝐢) =

𝐄𝐗𝐏(𝐃𝐓𝐢)i(Day) 

Variancei(𝐮𝐢
𝟐)(Day) 

Supplieri1 Partsiw/8 Normal 40 6 

Supplieri2 Partsiw/4 Normal 20 8 

Supplieri3 Partsiw/2 Normal 20 4 

Supplieri4 Partsioniconsignment Normal 5 0 

Supplieri5 LCDidisplay Normal 60 3 

Supplieri6 Metalihousing Normal 70 2 

Supplieri7 Circuitiboardiassembly Normal 20 4 

Supplieri8 Battery Normal 60 5 

Supplieri9 Miscellaneousicomponents Normal 30 4 

Supplieri10 Grayicover Normal 40 5 
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Supplieri11 Subassembly Normal 5 2 

Supplieri12 Blueicover Normal 40 5 

Supplieri13 Grayiassembly Normal 1 0 

Supplieri14 Blueiassembly Normal 1 0 

*DT:iDeliveryiTime 

Then,itheihybridimethodologyiisiapplieditoitheiabove-

mentionediSNitoicalculateiitsiDTU.iSinceitheimeaniofideliveryitime,istandardiuncertainty,iandipdfsiareiequaliforisup

pliersi12,i13iandi14,iwhichiproduceitwoidifferentiproducts,itheileveliofiuncertaintyiwillibeiequaliforibothiproducts.i

Hence,icalculateitheiuncertaintyiofioneiofithemionly,inamelyitheiblue-coveredinotebooksiwillibeicalculated.i 

CriticaliSNsiwhoseideliveryitimeifluctuationsihaveitheihighestiimpactionitheiriuncertaintyiareiidentifiediafterithei

E(DT)iandipdfiofieachinetworkiisidetermined.iTheinetworkiisisimplifiediandipreparediforifurthericalculationsibyiide

ntifyingitheseisuppliersithroughitheiuseiofitheiadaptediPERTiandidataiextractedifromiTablei1.iForwardipassiandibac

kwardipassicalculationsiforinetworki(a),iillustratediiniFig.i16,iareipresentediiniTablei2.iSuppliersi1,i2,i3,i4,i5,i6,i8,i9ia

ndi12iareiidentifiediasibeginnerinodesisinceitheyienjoyitheilowestiinputidegreeiandiareinotiprecededibyianyisuppli

ers,iwhileitheiOEMiisiconsidereditheilastinodeiinitheinetwork.iTheiinputidegreeiofieachisupplieriisitheinumberiofisu

ppliers,iwhichiareiprerequisitesiofitheispecifiedisupplier. 

Tablei2.iCalculationiofiforwardiandibackwardiininotebookicomputeriSN 

 

Inithisistage,itheicriticalipathimustibeidetermined.iTheiresultsioficalculationsirelateditoitheicriticalipath,iobtainedith

roughitheiuseiofitheiPERTialgorithmiillustratediini(Safaei, et al., 2014),ihaveibeenipresentediiniTablei3.i 
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Tablei3.iCalculationiofitheicriticalipathiininotebookicomputeriSN 

Node 𝐋𝐒𝐢 − 𝐄𝐒𝐢 

Supplieri1 10 

Supplieri2 30 

Supplieri3 30 

Supplieri4 35 

Supplieri7 10 

Supplieri5 10 

Supplieri6 0 

Supplieri8 10 

Supplieri9 40 

Supplieri11 0 

Supplieri12 35 

Supplieri14 0 

OEMi(15) 0 

 

AsishowniiniTablei3,isuppliersiforiwhichitheidifferenceibetweenitheiearliestiandilatestistartitimesiisizeroiareiconsid

eredicriticalisuppliersiofitheinetwork.iTheipathiofitheicriticalisuppliersihasibeenidrawniiniFig.17. 

 

Fig.i13.iCriticalipathinetworkiforinotebookicomputer 

Atitheinextistage,itheicomputationaliengineiofitheialgorithmishouldibeidetermined.iTheiGUMimethodiisiemployedi

toiconductitheicalculationsisinceiallitheisuppliersiinitheicriticalinetworkienjoyiNormalipdfs,itheinumberiofisuppliersi

isilow,ianditheinetwork'siformiandistructureiareitheilinearione.iRegardingitheiadaptediGUMiillustratediini(Safaei, et 

al., 2014),itheicalculationsiareiasifollows:i 

First,itheirelationshipifunctioniofitheisuppliersiisidefinediasifollowsisinceitheicriticalinetworkiofinotebooksihasibeen

iturnediintoiaisingleiline:i 

f(y) = f(DT6) + f(DT11) + f(DT14)) (3) 
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Iniotheriwords,itheiuncertaintyiforisuppliersi6,i11iandi14,iwillihaveitheihighestieffectionitheiDTUiofitheiwholeinetw

ork.i 

Givenitheirelationshipifunction,itheiassumptionsiandiequation,itheistandardiuncertaintyiforitheinotebookinetwork

i(uc)iisicalculatediasifollowsi(equationi4): 

i 

uc
2(Y) = u(DT6)

2 × (
∂f

∂DT6
)2 +

u(DT11)
2 × (

∂f

∂DT11
)2 + u(DT14)

2 ×

(
∂f

∂DT14
)2=i4idays 

iuc = 2idays (4) 

Whereasi
∂f

∂DT6
=

∂f

∂DT11
=

∂f

∂DT14
= 1. 

Theistandardiuncertaintyiofideliveryitimeiforithisinetworkiisi2i(equationi(4)),inamelyiainumericalirangeiwithitheima

ximumitoleranceiofi2idays.iBecauseiofitheinormalcyiofideliveryitimeiforiallinetworkimembers,itheideliveryitimeiofit

heiwholeinetworkiisialsoinormal,iwithiitsimeaniofideliveryitimeibeingideterminedibyiaddingiupitheimeanideliveryiti

mesiofiallitheimembersisinceitheicriticalinetworkiisiailinearionei(equationi(5)).ii 

iEXP(DTc) = μ
c
= iEXP(DT6) +

EXP(DT11) + EXP(DT14) = μ6 + iμ11 + iμ14 =

76idays (5) 

WhereasiEXP(DTi),iisitheiexpectedivalueiofideliveryitimeiofisupplierii. 

Theiexpandediuncertaintyiwithiaiconfidenceicoefficient=95.4%iandicoverageifactor=2ihaveibeenicalculatediasishow

nibelow.iThisiexpandediuncertaintyiindicatesithatitheimanagersiofitheinotebookinetworksiareiableitoideliverinoteb

ooksiwithinitheipre-determinedideliveryitimeirange,ibyi95%ioficonfidenceiequationi(6). 

U = k × iuc=i2 × 2 = 4 
(6) 

Asiairesultiforiβ = 95.4%itimeframeiofideliveryitimeiupitoiOEMiisi76 ± 4idays.i 

TheifinalidiagramiofitheideliveryitimeipdfiandiitsiuncertaintyihasibeeniillustratediiniFig.i18. 
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Fig.i14.iAccumulatedipdfiofiDTUiininotebookicomputeriSN 

Initheiotheriscenarios,itheidetailsiofitheicalculationsiwillinotibeiconsidered. 

4.2. CaseistudyiforiSNsiwithimoreithanioneiOEM 

Initheirealiworld,inotialliofitheiSNsihaveiaisingleiOEM,iandisomeinetworksiprovideigoodsibasedioniordersiplacediby

iseveraliOEMs.iTheihybridimethodologyiisiapplieditoitheiSNiofiNoramco’sisprayinozzlesihereiiniorderitoiseeihowiiti

worksiforisuchinetworks.iThisicaseistudyihasibeenitakenifromiaistudyiconductedibyi(Kumar, et al., 2001).i 

TheiSNiofitheseiproductsiisiillustratediiniFig.i19.i 

 

Fig.i15.iNoramco’sisprayinozzlesiSNi(Kumari(2001)) 
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Fig.i16.iAccumulatedipdfiofiDTUiiniNoramco’sisprayinozzlesiSN 

Theiresultsiindicateithatitheistandardiuncertaintyiisiequalitoi4.90idaysi(uc =

4.90iday),itheiexpectedideliveryitimeiisiequalitoi190.06idaysi(EXP(DT) =

190.06iday),ianditheibestifittedipdfiforicalculatingiaccumulatediuncertaintyiforithisinetwork,iwhichihasianiErroridis

tributionifunction,ihasitheifollowingifeatures:ik=2.2634,iu=4.935,iandim=189.99. 

4.3. CaseistudyiforiSNsiwithimoreithanioneicriticalipath 

Inithisisection,itheisupply,iassemblyiandiproductioninetworkiofibulldozersipresentedibyiGravesiandiWillemsi(2003)i

willibeiexaminedi(Graves & Willems, 

2003).iGravesiandiWillemsihaveicombineditheismallisuppliersiwithitheimainisuppliersidueitoitheiimportanceiofithei

mainiprocessesiinitheiSNiandiiniorderitoiavoidicomplexityiandiconfusion,iintroducingitheifinaliSNiillustratediiniFig.i2

1.i 
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Fig.i17.iBulldozeriSNi(Nepal, et al., 2012; Wilhelm, et al., 2013) 

Afteritheicalculationiprocessirelateditoitheideterminingitheicriticalipath,itwoicriticalipathiisideterminedi(seeiFig.i22)

.i 

 

Fig.i18.iTwoicriticalipathsiofibulldozeriSN 

Hence,itheistandardiuncertaintyishouldibeicalculatediseparatelyiforibothicriticalipathsiiniorderitoiselectitheimaxim

umiuncertaintyiasitheistandardiuncertaintyiforitheiwholeinetwork.i 

First,itheistandardiuncertaintyiofitheicriticalipathi(a)iwillibeicalculated.iSinceithisicriticalinetworkiisiailinearione,ithe

irelationshipifunctioniofitheisuppliersiwillibeiaisummationiofitheisuppliersipdfs.iTheirelationshipifunctionsiofipathi(

a)iandi(b)iareidemonstratediinitheiformiofiequationi(7)iandi(8).i 

f(y) = f(DT1) + f(DT10) + f(DT15) + f(DT20)

+ f(DT22) (7) 

f(y) = f(DT18) + f(DT21) + f(DT22) (8) 
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Then,itheicalculationiofitheistandardiuncertaintyiforitheicriticalipathi(a)iisiasifollowsi(equationi(9)):i 

 

uca
2 (Y) = u(DT1)

2 × (
∂Y

∂DT1
)2 +

u(DT10)
2 × (

∂Y

∂DT10
)2 + u(DT15)

2 × (
∂Y

∂DT15
)2 +

u(DT20)
2 × (

∂Y

∂DT20
)2 + u(DT22)

2 ×

(
∂Y

∂DT22
)2=i20idays 

iuca = 4.47idays 

 

 

(9) 

TheiaccumulatedipdfiforithisinetworkiisiNormalisinceitheipdfiofiallitheicriticalisuppliersiisiNormal,iandiitsistandardi

uncertaintyiisi4.47idays.iTheiexpectediDTiisicalculatedithroughitheiuseiofitheifollowingirelationi(10): 

 

EXP(DTca) = μ
ca

= iEXP(DT1) + EXP(DT10)

+ EXP(DT15) + EXP(DT20)

+ EXP(DT22) = μ1 + iμ10

+ iμ15 + iμ20 + iμ22

= 59idays 

 

(10) 

Also,itheiexpandediuncertaintyiwithiβ=i95.4%iandik=2iisicalculatediasifollowsi(11):i 

 

U = k × iuca=i2 × 4.47 = 8.94idays  

(11) 

Asiairesultiforiβ = 95.4%itimeiframeiofideliveryitimeiupitoiOEMiisi59 ± 8.94idays.i 

TheifinalidiagramiofitheipdfiforideliveryitimeianditheirelevantiuncertaintyihasibeeniillustratediiniFig.i23.i 
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Fig.i19.iAccumulatedipdfiofiDTUiforiBulldozeriSN,iaccordingitoitheicriticalipathi(a) 

Initheinextistep,itheisameicalculationsiwillibeiapplieditoitheicriticalipathi(b).iToiavoidirepeatingitheiaboveiprocess,i

onlyirelevanticalculationsiandiequationsiareimentionedihere.i 

ucb
2 (Y) = u(DT18)

2 × (
∂Y

∂DT18
)2 +

u(DT21)
2 × (

∂Y

∂DT21
)2 + u(DT22)

2 ×

(
∂Y

∂DT22
)2=i15idays 

iucb = 3.87idays (12) 

EXP(DTcb) = μ
cb

= iEXP(DT18) + EXP(DT21)

+ EXP(DT22) = μ18 + iμ21

+ iμ22 = 59idays (13) 

U = k × iucb=i2 × 3.87 = 7.74idays (14) 

TheiaccumulatedipdfiforithisicriticalipathiisianiInverseiGaussianifunctioniwithimeaniofideliveryitime=i59idaysiandiac

cumulatediuncertainty=i3.87idays.iTheirelevantidiagramihasibeeniillustratediiniFig.i24. 
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Fig.i20.iAccumulatedipdfiofiDTUiforiBulldozeriSN,iaccordingitoitheicriticalipathi(b) 

Sinceitheistandardiuncertaintyiforipathi(a)iisihigherithanithatiofitheipathi(b),iitiisiconsiderediasitheiuncertaintyiofit

heiwholeinetwork. 

5. Validationiofihybridimethodologyibyicrossi–validation 

Cross-

validationiisianievaluationitechniqueithatideterminesitheigeneralizabilityiofitheioutcomeiofiaistatisticalianalysisioni

aidataiset.iThisitechniqueiisiusuallyiapplieditoiestimateitheiaccuracyiofiaipredictiveimodeliinipractice.iInigeneral,ion

eiroundicross-

validationiincludesidividingitheidataiintoitwoisubsetsi(trainingidataianditestidata).iItianalysisionioneiofiitsisubsetsi(t

rainingidata)iandivalidateithisianalysisibyiusingitheitestidatai(Fig.i25).i 

 

Fig.i21.iAidivisioniofitheidataisetiintoisubsetsi(Borovicka, 2012) 

Toireduceivariability,icross-

validationiprocedureiperformsiseveraliroundsiwithidifferentidivisions,isoithatitheivalidationiresultsiareiaveragediov

eritheirounds.iTheicrossivalidationitechniqueiisiappliediwhenitheidataicollectioniisimoreidifficult,icostlyioriimpossibl

ei(Fleet, 2012). 

5.1. K-foldivalidation 

Inithisicaseiofivalidation,itheidataiareirandomlyipartitionediintoiKiequalisizeisubsets.iFromithisiKisubsets,ieachitime,

iaisingleisubsetiisiselectediasitheitestidataiforivalidationiandiotheri(K-
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1)isubsetsiareiusediasitrainingidata.iThisiprocedureiisirepeatediKitimes,iandiallidataiareiusediexactlyionceiforitraini

ngiandionceiforivalidation.iTheiaverageiofitheseiKivalidationsishowsitheifinaliaccuracyiofitheiestimatingimodeli(Bro

wne, 2000). 

AisingleiroundiofiK-foldicrossivalidationiproceedsiasifollows: 

1. Arrangeitheidataiiniairandomiorder 

2. PartitionitheitrainingidataiintoiK-foldsi(Fig.i26) 

 

 

Fig.i22.iK-foldsicross-validation 

3. ForieachiKiexperiment,iusei(K-1)ifoldsiforitrainingianditheileftioneiforitestingiandivalidating.i 

4. Inieachiroundi(i = 1,2,3,… , iK),ifititheimodeliaccordingitoitheiK-

1ifoldsianditestiandivalidateitheimodelibyitheitestidata.iFinditheierroriofieachiroundi(Ei).i 

5. CalculateiErroriofitheimodeli(E). 

E =
∑ Ei
K
i=1

K
 

 

(15) 

5.2. Validationiofitheihybridialgorithmibyicross-validationitechnique 

Toivalidateitheihybridialgorithm,iweiappliedicross-

validationitechniqueitoishowitheiaccuracyiofitheiestimatedipdfiforitheiDTUiofitheiSN.iToithisiend,itheierroriofitheie

stimatedifunctioniforitheiNoramco’sisprayinozzlesiSN,iisicalculatedibyicross-validationitechnique.i 

Initheicalculationsiofitheihybridimethodiforitheipresentedicaseistudy,iafterisimplificationiofitheinetworkitheicriticali

pathiwasiailinearinetworkiofitheisuppliersi3,i7,i8,i9,i10,iandi11.iTheirelationshipifunctioniofithisinetworkiregardingit

heiintroducedistrategies,iisitheisameiasiequationi(16). 

f(y) = f(DT3) + f(DT7) + f(DT8) +

f(DT9) + f(DT10) + f(DT11)iandiY = DT3 +

 

(16) 
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DT7 + DT8 + DT9 + DT10 + DT11 

Accordingitoitheiintroducedipdfiofieachicriticalisupplier,ibyiMCM,i10000irandomidataiareigeneratediandibyirelat

ionshipifunctioni10000itimesiofiYiareicreated.iThen,ibyiusingitheicombinationiofiMCMiandiEasyFitisoftwareitheibes

tipdfi(f(y))iforiYiisiestimated.iThisifunctioniisitheiresultiofihybridimethod,iandialliofitheidecisionsiafterithati(likeicalc

ulatingiofitheiaccumulatediuncertainty)iareimadeibasedioniit.iForithisireason,icalculatingitheierroriofithisicreatedip

dficanishowitheierroriofitheihybridialgorithm.iForidetails,iseeiTablei4.

 

Tablei4.iGeneratedirandominumbersibyiadaptediMCM 

f(Y) = f(DT2) + f(DT3) + f(DT5) + f(DT1) + f(DT4) + f(DT5′)iandiY

= DT2 + DT3 + DT5 + DT1 + DT4 + DT5′ 

Row 

DT2i(Randomi

numberiaccor

dingitoipdf) 

DT3i(Random

inumberiacco

rdingitoipdf) 

DT5i(Randomi

numberiaccor

dingitoipdf) 

DT1i(Rando

minumberiac

cordingitoipd

f) 

DT4i(Rando

minumberiac

cordingitoipd

f) 

DT5′ii(Rando

minumberiac

cordingitoipd

f) 

Y 

1 
Randominum

ber 

Randominum

ber 

Randominum

ber 

Randominu

mber 

Randominu

mber 

Randominum

ber 
Y1 

2 
Randominum

ber 

Randominum

ber 

Randominum

ber 

Randominu

mber 

Randominu

mber 

Randominum

ber 
Y2 

3 
Randominum

ber 

Randominum

ber 

Randominum

ber 

Randominu

mber 

Randominu

mber 

Randominum

ber 
Y3 

 … … … … … … … 

9998 
Randominum

ber 

Randominum

ber 

Randominum

ber 

Randominu

mber 

Randominu

mber 

Randominum

ber 
Y9998 

9999 
Randominum

ber 

Randominum

ber 

Randominum

ber 

Randominu

mber 

Randominu

mber 

Randominum

ber 
Y9999 

1000

0 

Randominum

ber 

Randominum

ber 

Randominum

ber 

Randominu

mber 

Randominu

mber 

Randominum

ber 

Y1000

0 
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Asiintroducedibefore,itheipdfiofiDTUiofitheiproposedinetworkiinitheicaseistudyiwasi“Erroridistributionifunction”iin

dicatedibyik=2.2634,iiuc=4.935,iandim=189.99.iToivalidateitheihybridimethodology,ierroriofifittingitheipdfiisicalcula

tedibyithei10-foldicross-validationitechnique.i 

 

 

Fig.i23.i10iroundsiofidesigningicross-validationiforihybridimethodology 

iInieachiround,iaipdfiaccordingitoitheitrainingidataiisifitted.iAfteritheipdfiisicreatedii(g(yTrain)),iputitheitestidataiint

oitheig(yTrain)iandicalculateitheiamountiofipdfiofitestidataig(yTest)iaccordingitoitheipdf,iwhichiisicreatedibyitraini

ngidataiandicompareithisinumberiwithitheioriginalipdf;if(y),iwhichiisiobtainedibyihybridimodeliforitheitestidata;

if(yTest).iiAfterward,ibyiequationi(17),itheierroriofieachifittedifunctioniforieachiroundi(Eround),imustibeicalculatedii

ndividually.iTheifinalierroriofifittedipdfiforitheihybridimodeliisiobtainedibyitheiaverageiofitheiroundierrorsi(seeiequ

ationi(18)).iiTablei5,iillustratesitheiprocessiofierroricalculationiforieachiround. 

Eround = √
(g(yTest) − f(yTest))

2

1000
  

(17) 

E =
∑ Eround
10
round=1

10
 

 

(18) 

Tablei5.iProcessiofierroricalculationiforieachiround 

Round f(y) g(yTest) Eround 

1 

Errori(k=i2.2634,iu=4.935,iµ=189.99)i 

Generalizediextremeivaluei(k=i-

0.30697,iu=i5.0366,iµ=i188.39) 
0.047504589 

2 Lognormali(k=i0.03749,iu=i4.8678,ia=i59.976) 0.003033689 

3 
Generalizediextremeivaluei(k=i-

0.3244,iu=i5.1739,iµ=i188.33) 
0.002083608 
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4 
Generalizediextremeivaluei(k=i-

0.26428,iu=i4.8419,iµ=i188.11) 
0.002280446 

5 Weibulli3pi(α=3.9331,iβ=i19.331.4,iγ=i172.56) 0.00227037 

6 
Generalizediextremeivaluei(k=i-

0.24507,iu=i4.8015,iµ=i188.03) 
0.003239487 

7 Errori(k=i2.1335,iu=4.9923,iµ=188.33) 0.001314435 

8 
Generalizediextremeivaluei(k=i-

0.23753,iu=i4.9111,iµ=i189.96) 
0.002012467 

9 
Betai(α1 = 3.9979, α2 = 4.4625, ia =

175.69, ib = 205.11) 
0.004332473 

10 Normali(u=i4.8731,iµ=i190.13) 0.003102529 

E =
∑ Eround
10
round=1

10
= 0.00712 

 

(19) 

Theicalculationiofithei10ifoldsicross-

validationishowsithatitheierroriofitheifittedipdfiisiapproximatelyi0.712%.iThisiamountishowsitheifunctioniisifittediw

ithihighiaccuracy,iandiitivalidatesitheihybridimethodologyiresults.ii 

6. Conclusion 

Customer-

orientediproductioniandimanufacturingiflexibilityiareitheimostielementaryiprinciplesiforisurvivaliinitoday'sicompetit

iveimarketi(Subramanian, et al., 

2014).iCustomers’idemandsiandineedsichangeifrequently,imakingitraditionaliSNsiwithifixedistructuresiuneconomica

li(Agus, 

2011).iTherefore,iitiisinecessaryitoidesignianiSNiforieachitypeiofiorderediproductiiniorderitoireduceiproductionicost

s,iincreaseiqualityiandiflexibility,iandiimproveitheiabilityitoimeeticustomers'idifferentirequests.iTherefore,ianiOEMi

mightihaveidifferentiSNsiinitheishortiterm.iToday,imanagersihaveirealizeditheiimportanceiofiSNsiwithidynamicistru

cturesiandiareitryingitoiadaptitheidecisionimakingistrategiesiinitraditionalinetworksitoidynamicioneiwithihighispeed

iandiaccuracy.iHighispeediandiaccuracyiareitheimostiimportantifeaturesiofitheseikindsiofistrategies,iwhichimustibei

adapteditoitheidynamicinetworks,isinceiSNsiareiofishort-terminaturei (Wilhelm, et al., 2013).i 

Asistated,itheiimportanceiofideliveryitimeihasibeeniprovedibyiliterature.iFurthermore,iDTUicouldiinflictiirreparab

leidamageioniOEMs.iUncertaintyiinitheiSNsiwithifixedistructuresihasibeeniexaminedibyimanyiscientists (Cardoso, et 
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al., 2013; Peidro, et al., 2009; You & Grossmann, 

2008).iHowever,itheicurrentistudyihasifocusedioniDTUiinidynamiciSNs. 

Theipresentedimethodologyiisicoordinatingiofithreeimethodsifromithreeidifferentifieldsiandiadaptationiofithemi

toitheiSNimanagementifield.iTheimainiaimiofithisimethodologyiisimonitoringiandimeasuringiofiDTUioficomplexiSNs

.iMoreover,itheiauthorsihaveitrieditoiapplyisimpleimathematicaliformulasitoibeimoreiunderstandableiforiindustriali

managersiandiapplicableiinireal-

lifeistudies.iAdditionally,itheihybridimethodologyiisiableitoiconsideriloop,inonlinearirelationshipifunction,iandiallire

al-

lifeipdfsiinitheinetwork.iThisimethodologyicaniiimplementiinitheitermsiofitheimacroiandimicroiviews.iHowever,ithis

iresearchistudyiisifocusedionitheimacroiviewiability,ithatiisitoicalculateiinternaliDTUiforieveryifactoryiandisupplieris

eparately.iFig.i28iillustratesitheiinternalinetworksiofiaisupplieriwhoiisiaimemberiofianiSN. 

 

Fig.i24.iAniexampleiofisub-sectionsinetworkiinsideiofiaisupplieriinitheiSN 

Theifurtheriapplicationsiofitheihybridimethodologyiareiasifollows: 

1. ToolitoifindiaiproperistructureiforianiSNi 

2. PerformanceiindicatoriforiSNiregardingitheiuncertaintyiofitheinetwork 

3. Assistanceitooliforisupplieriselection 

4. Indicatoritoifindisuppliersiwithihigh/lowiperformance 

5. Toolitoiidentifyicriticaliplacesiofiimplementationiofireducingistrategiesiinitheinetworki 

Theiresearcher'sisuggestionsiregardingifutureiresearchiare: 

1. Proposeiaifuzzyimodeliforithisiresearchiproblemiandicompareiresults 

2. Applyingiproposedimethodologyitoicalculateitheiinternaliaccumulatediuncertaintyiofieachisupplieri 

3. Modifyingiproposedimethodologyitoibeiableitoiconsideridemandiuncertainty 
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