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Abstract:
Agoodestimateofthevesselsojourntimeisessentialforbetterplanningandscheduling
ofcontainerterminalresources,suchasberthscheduling,quaycrane(QC)assignment
andscheduling,andfleetsizeplanning. However,estimatingtheexpectedvesselsojourn
timeisacomplexexercisebecausethetimeisdependentonseveralterminaloperating
parameterssuchasthesizeofthevessel,thenumberofcontainerstobeloadedand
unloaded,andthethroughputoftheQCs. ThethroughputoftheQCsinturndepends
onthetypeandnumberoftransportvehicles,numberofstackblocks,thetopologyof
thevehicletravelpath,thelayoutoftheterminal,andseveraleventuncertainties. To
addressthe modellingcomplexity,weproposeatwo-levelstochastic modeltoestimate
theexpectedvesselsojourntime. Thehigherlevel modelconsistsofacontinuous-time
Markovchain(CTMC)thatcapturestheeffectofQCassignmentandschedulingonvessel
sojourntime. Thelowerlevelmodelisamulti-classclosedqueuingnetwork(CQN)that
modelsthedynamicinteractionsamongtheterminalresourcesandprovidesanestimate
ofthetransitionrateinputparameterstothehigherlevelCTMCmodel. Weestimatethe
expectedvesselsojourntimesforseveralcontainerloadandunloadprofilesanddiscuss
theeffectofterminallayoutparametersonvesselsojourntimes.

1 Introduction

Theadoptionofcontainersforsea-freighttransportoffersnumerousadvantagessuchas
effectivehandlingofcargo,easierstorage,reducedcostsoftransport,andfastertrans-
shipment. Theworldcontainerthroughputisestimatedtoreach1billionTEU(20ft
equivalentunit)by2020(www.apmterminals.com),whichisalmosttwotimesthecurrent
containertraffic. Thereisaneedtoimprovetheoperationalperformanceofcontainer
terminalstohandlelargeshipsinashorttime,andatacceptablecosts.

Theoperationsatanew-generationautomatedcontainerterminalcanbebroadly
classifiedintoseasideoperationsandlandsideoperations. Theseasideoperationscanbe
furtherclassifiedintoquaycrane(QC)operations,vehicleoperations,andautomated
stackcrane(ASC)operations. TheQCoperationsbeginafterallocationofberthspace
totheincomingvessels. ThentheQCsareassignedtothebaysofthevesseltounload
andloadcontainers. Thevehiclestransportcontainersbetween QCbufferlanesand
ASCbufferlanes. TheASCsstoreinboundcontainersintothestackbuffersandretrieve
outboundcontainersandloadthemonthevehicles. Thelandsideoperationscomprise
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movementofcontainersbetweenstackbuffersandlandsidetrainsortrucks.Ifoperations
arenotproperly managed,theturnaroundtimeofshipsincreases,leadingtohighcosts
fortheshippinglinersandpenaltiesfortheterminaloperators.

Inordertomanagetheshipturnaroundtime,andguaranteetheshipcanbehandled
withinitsallottedslot,itisimportanttobeabletoestimatetheturnaroundtime,
dependingontheresourcesallocatedtoit. Wedefinethevesselsojourntimeasthetime
takentofullyunloadandloadcontainerstoavessel,whichislargelydependentonthe
numberofcontainerstobeloadedandunloaded,thenumberofQCsassignedtoavessel
andQCproductivity. ThevesselsojourntimeisparticularlyimpactediftheQCshaveto
waitforvehiclestobringortakeawaycontainers. Thiswaitingtimeinturndependson
otherworkattheterminal(othervessels),typeofvehicles,numberofvehicles,topology
ofthevehicletravelpath,andthelayoutoftheterminalingeneral. ThenumberofQCs
thatcanbeassignedtoavesselforunloadingandloadingcontainersdependsonthesize
ofthevessel,thesafetydistancetobe maintainedbetweentwoadjacent QCs,andthe
number,sequence,andlocationofthecontainersonboardtobeloadedandunloaded.

Inliterature,theproblemofdeterminingthenumberofQCstobeassignedtoavessel
isknownasthe QuayCraneAssignmentProblem(QCAP).Theprincipalobjectiveof
allterminaloperationsisto minimizethedurationoftimefor whichavesselstays
attheterminal. Theorderinwhichcontainersareunloadedandloadedbyeach QC
cansignificantlyalterthesojourntimeofavessel. Thus,optimalsequencingoftasks
performedbyeach QCisnecessary. ThisproblemiswidelyknownastheQuayCrane
SchedulingProblem(QCSP).TheearliestworkontheQCSPisbyDaganzo[1989]and
PeterkofskyandDazango[1990]. Theyassumeonecraneperholdisassignedforeach
vessel. Daganzo[1989]formulatesa mixedintegerprogramforthe QCSPconsidering
multiplevesselsandpresentsbothexactandapproximationmethodstosolvetheproblem
forsmallinstances.PeterkofskyandDazango[1990]attempttominimizethedelaycosts
ofthevesselsandproposeabranchandbound methodtosolvetheproblem. Kim
andPark[2004]andLimetal.[2004]alsoaddressthe QCSPby modelingadditional
operationalconstraintssuchasnon-interferenceofQCs,safetydistancebetweenadjacent
QCs,andprecedencerelationshipamongthetasks.StudiesintheareaofQCSPinclude
thoseofBierwirthand Meisel[2010]and MeiselandBierwirth[2011],wheretheauthors
classifyvariousQCSPmodels,assesstheirsolutionmethods,andexaminetheconditions
forthesesolution methods.

Thereareseveralsourcesofuncertaintiesinthequaysideandthestacksideoperations
thataddtothevariabilityinthetimetodischarge(load)containersfrom(to)thevessel.
Forinstance,thetimetounlashthecontainersonthevesselbeforedischargingishighly
variable(typicallyoutsourcedtoathird-partycompany),thetimetoremovethehatch
coversandopenthetwistlocksvaries,thepositionofthecontainerinthevesselaffectsthe
QCoperator’stimetopositionthecrane,orapoorstowageplanattheportoforigincan
increasethenumberofcontainerrestowsbeforethetargetcontainercanbedischargedat
thedestinationport. OtherQCfactorssuchashandlingnon-standardcontainers(suchas
45ftcontainers,reefercontainers,tankcontainers),QCbreak-downs,anddifferencesin
skillsbetweenthecranecrews,addtothedischargetimevariability.Likewise,thereare
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severalsourcesofuncertaintiesinthestacksideareaaswellthataffectthetimetostow
orretrievethecontainersfromthestackblocks,indirectlyaffectingthevesselsojourn
timevariability. Forinstance,therightcontainer maynotbeimmediatelyavailablefor
loading,andreshufflingofcontainersneedtobedone. Furthermore, ASCbreakdowns
mayoccur,whichaffectthestackstorageandretrievaltimevariability.

Adeterministicmodelisclearlyinsufficienttocapturethevariabilityinthecontainer
dischargeandloadingoperationsasitmayleadtosevereunderestimationofthesojourn
time(alsoseeRoyandde Koster[2012]). Wethereforeproposeatwo-levelstochastic
model.Thehigherlevelmodelconsistsofacontinuous-time Markovchain(CTMC)with
asingleabsorbingstatethat markstheendofvesselunloadingandloadingoperations,
andthevesselisreadytodeparttheterminal. Thelowerlevelmodelusesclosed-queuing
network modelstoprovidethetransitionrateinputstothehigherlevel model. Using
this model,wefirstestimatetheexpectedvesselsojourntimesandthenshowtheeffect
ofquayandstackcraneservicetimevariabilityonthevesselsojourntimes.

Therestofthispaperisorganizedasfollows.InSection2,wedescribethearrange-
mentofcontainersinthevesselandvesselhandlingprocess. Theanalytical modelto
estimatethevesselsojourntimeisexplainedinSection3. Theresultsfromnumerical
experimentsareshowninSection4andtheconclusionsfromthisstudyaredrawnin
Section5.

2 Vessel HandlingProcess

Wenowdiscussthearrangementofcontainersonthevessel. Weonlyconsider20ft.
standardsizecontainersandassumethatallcontainersareidenticalinsizeandshape.
Containersarestoredonthevesselinbays,tiers,androws. Baysandrowsdescribethe
locationofacontaineracrossthelengthandwidthofthevesselrespectively(seeFigure
1). Containersareverticallystackedintiers. Therefore,eachcontaineronthevessel
isuniquelycharacterizedbyitsbay,row,andtiernumber. Further,inour model,we
partitionthetotalnumberofbaysintotwozones,namely,Z1andZ2,andassignone
QCtoeachzoneforunloadingandloadingcontainersfrom/tothevessel.

Bays

RowsTiers

Z1 Z2

Figure1: Thelayoutofthecontainervesselconsideredinthisresearch
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Theterminalbroadlyconsistsofthreeareas,namelythequayside,thestackside,and
thevehicletransportarea. Thequaysideareahastwo QCsperformingbothunloading
andloadingoperationsonthevessel.ThestacksideareaconstitutesNsstackblocks,each
servedbyanAutomatedStackingCrane(ASC)forstorageandretrievalofinboundand
outboundcontainers. Thevehicletransportareacomprisesaunidirectionalrectangular
travelguidepathonwhichV AGVstransportcontainersbetweenthequaysideandthe
stackside. Thevehicleguidepathcontainstwoshortcutpathsalongthetwo QCsto
reducethetraveltimefromquaysidetostackside. Automated GuideVehicles(AGVs)
unlike AutomatedLift Vehicles(ALVs),cannotliftthecontainerfromthegroundby
themselves. ThecontainersneedtobeputontheAGVsbybothquayandstackcranes.
Thus,ifthe AGVisnotpresent,acrane waitsforthevehicletoarrivetopickupor
dropoffacontainer.

QCiisassignedtozoneZiforunloadingthecontainersfori=1,2. AQCunloads
thecontainerfromthevesselandplacesitontheAGVstationedatthequaysidebuffer
lane.TheAGVtravelsalongthevehicleguidepathtooneofthestackbufferlaneswhere
thecontainerisliftedfromtheAGVbythecorrespondingASC.TheASCthenstores
thecontainerinthestacksandtheAGVrevertstothequayfornextcycleofoperation.
Similaroperationsareperformedforloadingthecontainerstoavesselbutinthereverse
sequence. Notethatloadingofcontainerstoazoneofthevesselbeginsonlyafterall
containershavebeenunloadedfromit.

Whenallthecontainershavebeenunloadedfrom Zi,QCiimmediatelystartsloading
containerstoit. TheQCwhichfirstfinishesloadingthecontainerstoitszone maythen
choosetoeitherleavethevessel(toattendtoanothervesselofhigherpriority)ortoassist
theotherQC(cooperate)tounload/loadcontainersfromtheadjacentzone.Inthelatter
case,bothQCsjointlyunload/loadcontainersfromonezone. Whenallcontainershave
beenloadedtoeachzone,thevesseldeparts. Weassumethe QCtimestounloadall
containersfromazoneorloadallcontainerstoazonetobeexponentiallydistributed.

3 Model Description

ThevesselsojourntimedependsprimarilyonthethroughputoftheQC.However,the
throughputofthe QCinturndependsontheterminalprocessessuchasthestackside
andthevehicletransferprocess. Toaddressthiscomplexity, weproposeatwo-level
stochastic modeltoestimatetheexpectedvesselsojourntime.

Thehigherlevel modelconsistsofacontinuous-time Markovchain(CTMC) with
singleabsorbingstatethatcapturestheeffectofQCassignmentandschedulingonvessel
sojourntime. Thelowerlevel model, whichisa multi-classclosedqueuingnetwork
(CQN)isdevelopedforeachstatepresentintheCTMC.TheQCthroughput measure
fromthelowerlevelCQNprovidesaninputtoestimatethetransitionrateparameters
presentinthehigherlevelCTMC model. Thevehicletravelservicetimeparameterfor
thetravelqueuescapturestheeffectofthevehicleguidepathandthelocationofthe
QCsand ASCs.Inthis wayour modelcapturestheeffectofterminallayoutonthe
sojourntime. Thehigher-level model,whichisaContinuous-time MarkovChainmodel,
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isdescribedinFigure2. We makethefollowingassumptionsinour model.

•Thetimetakentofinishunloading(loading)taskonzoneZibyQCiisexponentially
distributedwithrateµi(λi)fori=1,2.

•UponfinishingloadingtoZi,QCi(i=1,2) maychoosetoeitherleavethevessel
orassistinunloading/loadingtheotherzonewithprobabilitiesdescribedinTable
1.

•Thetimetakenbythe QCstojointlyfinishunloading(loading)taskon Ziis
exponentiallydistributedwithrateαi(βi)fori=1,2.

Table1: NotationsusedinthehigherlevelCTMC

U UnloadingofcontainersfromZibyQCifori=1,2.

L LoadingofcontainerstoZibyQCifori=1,2.

Uj JointunloadingofcontainersfromZibybothQCsfori=1,2.

Lj JointloadingofcontainerstoZibybothQCsfori=1,2.

∗ QCileavesthevesselfori=1,2.

p1 ProbabilityofQC1leavingthevesselafterloadingZ1whenQC2isstillunloadingZ2.

p2 ProbabilityofQC2leavingthevesselafterloadingZ2whenQC1isstillunloadingZ1.

p3 ProbabilityofQC1helpingQC2toloadcontainerstoZ2afterjointlyunloadingZ2.

p4 ProbabilityofQC1leavingthevesselafterloadingZ1whenQC2isstillloadingZ2.

p5 ProbabilityofQC2leavingthevesselafterhelpingQC1tojointlyunloadZ1.

p6 ProbabilityofQC2leavingthevesselafterloadingZ2whenQC1isstillloadingZ1.

Statespaceofthe CTMC:
WedefinethestateoftheCTMCasatwo-tuple wheretheithcomponentrepresents
thetaskbeingperformedinZiatanyinstantoftimefori=1,2. Forinstance,(U,U)
indicatesthatcontainersarebeingunloadedbybothQCsintheirrespectivezones(QCi

inZifori=1,2).Further,weconsideraCTMCwithasingleabsorbingstate.Thestate
ofabsorptioncorrespondstothestatefromwhichnofurthertransitionsoccur.Inour
model,thestateofabsorptionrepresentsthestatewhenallcontainershavebeenloaded
tobothZ1andZ2andthevesselisreadyfordeparture. ThestatespaceS isthesetof
allpossiblestatesofthesystem.

S ={(U,U),(L,U),(U,L),(∗,Uj),(∗,U),(L,L),(U,∗),(Uj,∗),(∗,L),(L,∗),
(∗,Lj),(Lj,∗),(∗,∗)},wherethedifferentsymbolsidentifyingastateareexplainedin
Table1.

Atthebeginningofthetimeperiod,bothQCsstartunloadingcontainersfromtheir
respectivezones. Therefore,theinitialstateofthesystemisstate1i.e.,(U,U). We
analyzetheevolutionoftheCTMCstatesovertimeuntilitreachestheabsorptionat
state13i.e.(∗,∗). ThestatetransitiondiagramisshowninFigure2.

Weexplainasamplepaththatthesystemfollowstoreachabsorption.Forinstance,
letusconsiderthecasewheretheQC1isthefirsttofinishunloadingcontainersfromits
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zoneZ1. ThiscausestheCTMCtransitionfromstate1tostate2i.e.,(L,U). Next,if
QC1isagainthefirsttofinishloadingcontainerstoZ1,anditsubsequentlychoosesto
cooperatewithQC2inunloadingcontainersfromZ2,thetransitionoccursfromstate2
tostate4i.e.,(∗,Uj). Fromstate4,thesystemwill movetostate9i.e.(∗,L)ifQC1

leavesthevesselafterunloadingcontainersfromZ2andQC2beginsloadingcontainersto
Z2. TheprocessterminateswhenthecontainershavebeenloadedtoZ2andthesystem
reachesabsorptionatstate13i.e.,(∗,∗).

(U,U)

(U,L)

(L,U)

(∗,UJ)

(∗,U)

(L,L)

(∗,L) (∗,LJ)

(U,∗)

(UJ,∗)

(LJ,∗)(L,∗)

(∗,∗)

µ1

µ2

(1−p1)λ1

p1λ1

µ2

µ1

p2λ2

(1−p2)λ2

p3α2

(1−p3)α2

p4λ1 (1−p4)λ1

µ2

µ1

p5α1

p6λ2

(1−p6)λ2

(1−p5)α1

β2

λ2

λ1

β1

1

2

3

4

5

6

7

8

9

10

11

12

13

Figure2:Statetransitiondiagram

Sojourntimesinastate:
Theexpectedsojourntimeinastateisdefinedastheaveragedurationoftimeforwhich
thesystemremainsinaparticularstatebefore movingtothenextstate.Inour model,
theexpectedsojourntimesforeachstate,denotedbySj(j=1,..12)areshowninTable2:

Table2:Expectedstatesojourntimes

StateoftheCTMC: S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

ExpectedSojournTime: 1
µ1+µ2

1
λ1+µ2

1
λ2+µ1

1
α2

1
µ2

1
λ1+λ2

1
µ1

1
α1

1
λ2

1
λ1

1
β2

1
β1
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ToexplaintheexpressionsobtainedinTable2,considertheexpectedsojourntime
instate1i.e.,(U,U).Inthisstate,boththe QCsareunloadingcontainersfromthe
vessel.LetXi(i=1,2)betheexponentiallydistributedrandomvariable(withrateµi)
denotingthetimetakentofinishunloadingbyQCi. Thesystemwillleavestate1only
whenoneofthe QCsfinishesunloadingcontainersfromitszone.Itwillthen moveto
eitherstate2[(L,U)]orstate3[(U,L)]. Thus,thetimespentinstate1willbemin
(X1,X2). Notethatmin(X1,X2)isagainanexponentiallydistributedrandomvariable
withparameter(µ1+µ2)andhencetheexpectedsojourntimeinstate1is1/(µ1+µ2).
Similarly,theexpectedsojourntimesforotherstatescanbeobtained.

A QCtransitionrateintheCTMCisinturndependentontheterminalnetwork
parameterssuchastheQCandtheASCservicetimes(firstandthesecond moments),
numberofvehicles,andvehicletraveltimes. The QCthroughputratescorresponding
toeachstateintheCTMCaredeterminedbylowerlevel models. Alowerlevel model
isa multi-classclosednetworkofqueuesthat modelstheterminalresources,suchas
QCs,ASCs,andAGVs. WededicateAGVstoaQCfortransportingcontainersbetween
quaysideandstackside. TheQCthroughput measurefromtheclosedqueueingnetwork
providesanestimateoftheinputparameterstothehigherlevel model. Forinstance,
considerasituationwherebothQCsareunloadingNicontainerseachfromtheirrespec-
tivezones,i∈{1,2}. ThentheaveragetimetounloadN1containersfromthefirstzone
isTH−1

1 N1,whereTH1isthethroughputrateofthefirstQCfromthelowerlevelclosed
queuingnetwork model. Thetransitionratefromthestate(U,U)tothestate(L,U)is
thengivenbyanexponentialparameter,µ1=TH1N

−1
z .Inthiswayourmodelcaptures

theeffectofterminallayoutandsystemsonthevesselsojourntime.

Expectedvesselsojourn(throughput)time:
Ourobjectiveistoestimatetheaveragetimetakentocompletetheunloadingandloading
ofallcontainerstothevesseli.e.,thetimeittakesthe Markovchaintoreachstate13
fromstate1. Forj∈{1,...,12};letfijdenotethe(i,j)thentryofthefundamental
matrix F,i.e.,fijistheaveragenumberofvisitstostatej,startinginstateiuntil
absorption. Thenf1jgivestheaveragenumberofvisitstostatejfromstate1before
absorption.Sjistheexpectedsojourntimeinstatej. Therefore, 12

j=1f1j∗Sjgives
theaveragetimetoabsorptioni.e.,theexpectedvesselsojourntime(seeViswanadham
andNarahari[1992]foradditionaldetails).

4 NumericalExperiments

Usingthestochastic model,wenowestimatethevesselsojourntimesforbalancedpa-
rametersettingsi.e.,anequalnumberofcontainersthatareunloadedandloadedin
bothzonesofthevessel. Thedimensionsoftheterminallayoutandservicetimeparam-
etersfortheterminalresourcesarebasedonthedataobtainedfromECTterminalin
Rotterdam. Theanalytical modelisimplementedin MatlabR2011software. Thetwo
variationsofthetransitionrateinputvaluesconsideredinthisstudyareasfollows:
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(a)QCsareconsideredtobethebottleneckresource.Inthiscase,wedonot
considertheeffectofstacksideandvehiclepathservicetimesontheexpectedvessel
sojourntime.ThetransitionratesforthehigherlevelCTMCmodel(namelyµi,
λi,αiandβifori=1,2)areobtaineddirectlyfromtheQCservicetimes. The
QCservicetime(forbothunloadingandloadingonecontainer)isassumedtobe
100.8seconds(35cyclesperhour)and50.4seconds(70jointcyclesperhour)for
individualandjointoperationsrespectively.

(b)TheparametersforthehigherlevelCTMCmodelareestimatedbytakinginto
accountallthethreeterminalprocesses(quayside,stacksideandvehicletransport).
TheservicetimeforQCsissameasincase(a).Theaverageservicetimeofthe
ASCis80secondseachforbothunloadingandloadingthecontainerrespectively.
TheAGVtraveltimefromquaysidetostacksideandfromstacksidetoquayside
are100secondsand140secondsrespectively.

FromTable3,weseethattheterminallayoutsignificantlyaffectstheexpectedvessel
sojourntime(inhours)forall12cases.Thevesselsojourntimeisabout10%-18%higher
byconsideringtheeffectofterminallayoutontheQCthroughput.Asexpected,wealso
seethattheexpectedsojourntimedecreaseswhentheQCscooperateforunloadingand
loadingoperations.

Table3:Expectedvesselsojourntime(inhours)underdifferentmodels

Scenario Probabilityof ZoneZi(i=1,2) Analytical model
cooperation(Pi) Niu Nil (a) (b)

1 0 500 500 39.3 43.9
2 0.5 500 500 34.8 40.1
3 1 500 500 30.4 36.4

4 0 700 700 53.9 61.5
5 0.5 700 700 47.8 56.3
6 1 700 700 41.7 51.0

7 0 1000 1000 78.6 87.9
8 0.5 1000 1000 69.5 80.3
9 1 1000 1000 60.5 72.8

10 0 1500 1500 119.6 132.2
11 0.5 1500 1500 105.7 120.8
12 1 1500 1500 91.8 109.5

5 Conclusions

Inthispaper,wepresentatwo-levelstochasticmodeltoestimatetheexpectedsojourn
timeofavessel.Inthehigherlevel model,aCTMCwithsingleabsorbingstateis
consideredtomodeltheQCoperationsonthevessel.Thelowerlevelmodelintegrates
thequayside,stacksideandvehicletransportprocessesinaclosedqueuingnetwork.The
modelisextremelyusefultoanalyzetheeffectofseveralterminaldesignandservice
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parametersonvesselsojourntimes. Forinstance, wecananalyzetheeffectofvehicle
traveltimes,andQCandSCservicetimevariabilityonvesselsojourntimes.
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