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Path Analysis and Monte Carlo Simulation:
Survey and Research Directions
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ABSTRACT

Aircraftgroundhandlingisanintegralpartofairlineoperations.Althoughgroundhandlingoperations
usuallyarestraightforward,itcouldbeverycomplicatedincertainsituations,suchastroublingcargo
loadingandunloadingincidents,weatherconditionsorimproperuseofequipmentandbreakdowns.
Groundhandlersneedtoorchestrateanumberofactivitieswithinaconfinedareaaroundairplane
inashortperiodoftime.Punctualityisimportantforairlinesandresultingincreasedefficiencies.In
thisarticle,schedulingaircraftgroundhandlingoperationswithuncertaindurationsusingthecritical
pathanalysisandMonteCarlosimulationisconsideredwiththeaimofimprovingaircraftground
servicesduringtheturnaround.Havinganaccurateestimateofaircraftturnaroundtimeconsidering
itstypeandload,therecourseswouldbeassignedtothegroundoperationsmoreefficiently.Acase
studyofalong-rangewide-bodytwin-enginejetaircraftisdiscussedindetail.Theresultsindicate
thattheproposedmethodgivesimprovedschedulingrelativetotheroutinesobservedatahubairport.
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INTRODUCTION

Aircraftgroundhandlingrepresentsacrucialprocessamongairportactivitiesasitaffectsdirectly
airlineperformancealsopassengers’servicequalityperception.Groundhandlingaddressesanumber
ofoperationsrequirementsofanaircraftbetweenthetimeitarrivesataterminalgateofanairport
andthetimeitdepartsonitsnextflight.Groundhandlersneedtoorchestrateanumberofactivities,
suchasbaggagehandling,cabinservicing,catering,aircraftfueling,maintenanceandsoon.Indeed,
safety,accuracy,andspeedareimportantingroundhandlingoperationsforaminimumturnaroundand
resultingincreasedefficiencies.Duetothepracticalimportanceofthesubjectmanybooksandarticles
havebeenpublishedonitsvariousaspects(Atkin,2013;Bazargan,2016).The32ndInternationalAir
TransportAssociation(IATA)GroundHandlingConferencetookplaceinMadrid,Spain(IGHC,
2019).However,themajorityoftheresearchfocusedontheclassicalairportairsideoptimisation
problems,suchasgateassignment(Dijketal.,2018;Chaoetal.,2019),aircraftgroundmovement
(Stergianosetal.,2016;Brownleeetal.,2018),andrunwaysequencing(Guépetetal.,2017;Solak
etal.,2018).Inthispaper,schedulingaircraftgroundhandlingoperationswithuncertaindurations
usingthecriticalpathanalysisandMonteCarlosimulationisconsideredwiththeaimofimproving
aircraftgroundservicesduringtheturnaroundingeneral,andequipmentavailability,andthecrew
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assignmentinparticular.Acasestudyofahubairportonalong-rangewide-bodytwin-enginejet
aircraftisdiscussedindetail.

Therehasbeenconsiderableresearchdevotedtoaircraftgroundoperations.KusterandJannach
(2006)conductedaresearchincollaborationwithDeutscheLufthansaAGonhandlingairportground
processesbasedontheresource-constrainedprojectschedulingforreal-timedecisionsupportinthe
disruptionmanagementoftheaircraftturnaround.Abdelghanyetal.(2006)developedanactivity
selectionalgorithmforassigningthebaggageofdepartingflightstoavailablepiersinthebaggage-
handlingfacilityofamajorUSair-carrierhub.Bazargan(2007)proposedaparticularmixedinteger
linearprogrammingmodelforminimisingthepassengerinterferencesinboardingonasingle-aisle
aircraftconsideringvariousstrategiesandaccommodatingneighboringpassengersboardingtogether.
Nugrohoetal.(2012)appliedLeansolutionsapproachtotheaircraftgroundhandlingatPTGaruda
Indonesiaforcategorisingthegroundhandlingoperationsintovalue-addedactivity,avoidablenon-
value-addedactivity,andunavoidablenon-valueaddedactivitywhichresultedsomesuggestionsfor
performanceimprovement.Burghouwtetal.(2014)investigatedtheimpactofEuropeanParliament
amended airport ground handling regulation for competition on the ground handling market, at
AmsterdamSchipholAirport,andconcludedthatanopenmarketwillresultlowergroundhandling
costsforairlinesbutunlikelyanyseriousmarketfailurefortheairports.Gok(2014)proposedamixed
integerlinearprogrammingmodelminimisingtheturnaroundofashort-tomedium-range,narrow-
bodywithbulkcargoholds,twin-enginejetaircraftofaTurkishlow-costairline,anddiscussedthe
criticalpathincertainscenarios.Fitouri-Trabelsietal.(2015)proposedahierarchicalapproachfor
PalmadeMallorcaAirportgroundhandlingresourcesmanagementconsideringbothontimeand
delayedinboundandoutboundflights.Kabongoetal.(2016)developedaforwardmulti-agentplanning
approachtoairportgroundhandlingmanagementunderaunifiedframework.KierzkowskiandKisiel
(2017)simulatedtheaircraftgroundhandlingoperationsatWrocławAirportonacategoryBaircraft
accordingtoInternationalCivilAviationOrganization(ICAO)inordertoevaluatetheoperational
performance.Schmidt (2017)providesan introduction toaircraftgroundoperations focusingon
theaircraftturnaroundandpassengerprocesses,includingcurrentchallengesforairlineoperators,
airportcapacityconstraints,andscheduledisruptions.Studicetal. (2017)consideredasystemic
hybridapproachtosafetyriskmanagementofgroundhandlingoperationsbasedonacombinationof
functionalresonanceanalysis,groundedtheory,templateanalysisandgoals-meanstaskanalysis.Frey
etal.(2017)developedahybridmetaheuristicbasedonacombinationofreedyrandomizedadaptive
searchprocedureswithaguidedlocalsearchandpath-relinking,forschedulinginboundbaggage
handlingatthebaggagecarouselsofMunich’sFranzJosefStraussAirport.Malandrietal.(2018)
consideredadetaileddiscreteeventmodelofinboundbaggagehandlingatalargeregionalItalian
airportinordertoidentifybottlenecks,criticaloperations,andstudyalternativescenariosindifferent
situationsfordynamicallocationofresourcesandpersonnel.SenvarandAkburak(2019)analysed
improvementsforthenon-valueaddingprocessesinairlinegroundhandlingoperationsusinglean
sixsigmamethodology.Zengetal.(2019)developedabranch-and-priceapproachtoahierarchical
skillsformulationforairportgroundstaff,basedontheclassicaltourschedulingproblem,minimising
workforcemixthatsatisfiesatargetcoverageratewithrespecttoagivendemandprofile,thereby
staffwithhigherlevelskillsispermittedtocoverdemandsoflowerlevels.TabaresandMora-Camino
(2019) investigated the challenges of an automated aircraft ground handling operations, such as
dockingofgroundsupportequipmenttoaircraft,andautonomousvehiclesmovingaroundtheaircraft.

Thispaperconsistsoftwomainparts,thefirstpartfocusesondescriptionofschedulingaircraft
groundhandlingoperations,andthesecondpartdemonstratesexperimentalresultsoftheproposed
criticalpathanalysisandMonteCarlosimulation.Theconcludingremarkscontainsomesuggestions
forfurtherresearch.
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GROUND HANDLING OPeRATIONS

Inaviation,groundoperationsdefineallaspectsofaircrafthandlingatairports.Anairport isan
aerodromewithextendedfacilities,installations,andequipment,includingterminals,hangers,aprons,
maneuveringarea,andairtrafficcontroltowers.Anairportterminalisabuildingwherepassengers
transferbetweengroundtransportationforboardinganddisembarkingfromanaircraft,oftenincludes
facilitiessuchasrestaurants,stores,andlounges.Ahangaratanairportisabuildingstructureto
holdaircraftusuallyformaintenanceandrepairment.Arunwayisadefinedrectangularareaonthe
aerodromeforlandingandtakeoffofaircraft.Ataxiwayisapathforaircraftintendedtoprovidea
linkbetweenonepartoftheaerodrometoanother,inparticularconnectingrunwayswithaprons,
hangars,andotherfacilities.Theairportapronsorramps(theterms‘ramp’and‘apron’areoften
usedinterchangeably)arecongestedareasofanairportwhereaircraftsareparkedbetweenflights
forpassengerboardinganddisembarking,cargoloadingandunloading,aircraftcabinservices,and
maintenance.Avarietyofaircraftgroundhandlingoperationsislistedbelow:

• Airconditioning
• Aircraftcabincleaning
• Aircraftwheelchocksplacement
• Airstart
• Cargohandling
• Cateringandcabinfoodservices
• Deicing
• Gatecheckedluggage,strollers,andwheelchairs
• Groundpower
• Lavatorydrainage
• Luggagehandling
• Marshallingtheaircraftintoandoutoframp
• Mechanicalmaintenance
• Passengerboardingbridgepositioning
• Pushback
• Refueling
• Safetyconesplacementaroundaircraft
• Towing
• Watercartage

GROUND SUPPORT eQUIPMeNT

Groundsupportequipment(GSE)isprimarilyusedtoserviceaircraftduringtheturnaround,usually
ontheapronoraircrafthangarmaintenance.ThereisadiversityofGSEtypesatairports(NASEM,
2012),amongstaircrafttoworpushbacktugs,baggagetractors,beltloaders,cargoloaders,power
units,airconditioningunits,fueltrucks,watertrucks,lavatorytrucks,deicingtrucks,andcatering
trucks.Abriefdescriptionofthoseequipmentthatwillbereferredlaterinthispaperareprovided
asfollows.Containerloadersareusedforloadingandunloadingbaggageandcargocontainersand
palletsfromtheaircraft.Beltloadersareusedforloadingandunloadingofbaggagefromtheaircraft
bulkcargohold.Agroundpowerunitisusedtosupplyelectricitytoanairplanewhileparkedonthe
ground.Airconditioningunitisusedtoprovideheatedorcooledairtoanairplanewhileparkedonthe
ground.Passengerboardingbridgeisanenclosed,elevatedandmovablecorridorwhichextendsfrom
anairportterminalgatetoanairplane.Aircraftwheelchocksarewedge-shapeddurablesolidmaterial
placedcloselyagainstanairplane’swheelstopreventaccidentalmovement.Figure1showsatypical
groundservicingarrangementforaBoeing787,along-rangewide-bodytwin-enginejetaircraft.
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THe CRITICAL PATH ANALySIS

Twoofthemostcommonlyusedandcloselyrelatedschedulingtechniquesinprojectmanagement,
CPM(criticalpathmethod)andPERT(programevaluationandreviewtechnique),areconsidered
forschedulingaircraftgroundhandlingoperations.Theoriginalversionsofthesetechniqueshad
somedifferencesbuthavebeengraduallymergedovertimeonwhicheventhetermsCPMandPERT
oftenusedinterchangeably(Hillier&Lieberman,2015).Infact,today’sprojectmanagementsoftware
packages,suchasMicrosoftProject(commonlycalledMSProject)includealltheimportantfeatures
frombothtechniques.

Thegroundoperationsforarrivalsstartsfromthetimethataircraftisstoppedattheterminalgate.
Table1exemplifiesagenerallistofvariousgroundhandlingoperationsrequirementinarrivalsfora
long-rangewide-bodytwin-enginejetairliner,withprecedencerelationships,andestimateddurations
(inseconds).Itshouldbenotedthattheoptimisticestimate(o),themostlikelyestimate(m),andthe
pessimisticestimate(p)reportedinthetablearediscussedfurtherintheexperimentalresultssection.

Activity Description

A. Aircraftwheelchocksplacement;
B. Safetyconesplacementaroundaircraft;
C. Visualandtactilecheckofaircraftsurfaces;
D. Positionpassengerbridge;
E. Providegroundpowertotheairplane;
F. Provideair-conditioningtotheairplane;
G. Gateluggage,strollers,andwheelchairs;
H. Cargoandluggageunloading.

Figure 1. A typical ground servicing arrangement for a Boeing wide-body jet aircraft
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ThePERTestimationformulaearebasedonatransformationofthebetadistribution(Baker&Trietsch,
2018).Theactivity-on-node(AON)networkisusedtorepresentthegroundhandlingoperationsfor
aircraftarrivals,whereeachactivityisshownbyanodeandthearcsdepicttheprecedencerelationships
betweentheactivities.Figure2illustratesthegroundoperationsnetworkaccordingtoeachactivity
anditsimmediatepredecessors.

Becauseactivity‘A’hasnoimmediatepredecessors,thereisanarcleadingfromthestartnode
tothisactivity.Similarly,sinceactivities‘E’,‘F’,‘G’,and‘H’havenoimmediatesuccessors,arcs
leadfromtheseactivitiestothefinishnode.Theestimatedoveralldurationequalsthelengthofthe
longestpaththroughthenetwork(Lester,2017).Thislongestpathiscalledthecriticalpath.Thus,it
iseasytoobservethatthecriticalpathforthenetworkisA-B-Hwiththeduration40+70+1800=
1910seconds.Figure3showsthecriticalpathofthegroundhandlingoperationsschedule.

Table 1. Activity information of aircraft ground handling for arrivals

Activity Immediate 
Predecessors

Optimistic 
Estimate

Most Likely 
Estimate

Pessimistic 
Estimate Mean Variance

o m p µ =
+ +o m p4

6
σ2

2

6
=

−









p o

A - 35 40 55 41.67 100

B A 60 70 80 70 100

C A 45 50 65 51.67 100

D A 90 105 300 135 11025

E D 70 90 120 91.67 625

F B 50 60 75 60.83 156.25

G B,D 120 240 360 240 14400

H B,C 1500 1800 2400 1850 202500

m: The most likely estimate of the duration.
o: Optimistic estimate of the duration under the most favorable conditions.
p: Pessimistic estimate of the duration under the most unfavorable conditions.
µ : The mean of the durations (through the PERT estimation formula).

σ2 : Variance of the durations (through the PERT estimation formula).

Figure 2. Activity-on-node network diagram of aircraft ground handling for arrivals
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MONTe CARLO SIMULATION

Inreality,thedurationofeachactivityinaircraftgroundhandlingisarandomvariablehavinga
probabilitydistribution.ThebasicideabehindMonteCarlosimulationisthattheresultsarecomputed
basedoniterativerandomsamplingtrialsandstatisticalanalysis.AnearlyconceptofusingMonte
CarlomethodforsolvingPERTproblemswasdiscussedinVanSlyke(1963).

Pseudo-randomnumbersamplingalgorithmsareusedtotransformuniformlydistributedpseudo-
randomnumbersintonumbersthataredistributedaccordingtoagivenprobabilitydistribution.The
normaldistributionisaverycommoncontinuousprobabilitydistributiontorepresentrandomvariables
wheredistributionsarenotknown.Inthisexperiment,thevaluesofanormalvariablearesimulated
having the mean µ  and the standard deviation σ  through the PERT estimation formulae. The
confidencelevelissetpriortoexaminingthedata.The95%confidencelevelisusedfortheCPM
durationasfollows:

x
n

±1 96.
σ 

where,x isthesamplemean,σ isthesamplestandarddeviation,andnisthenumberofsimulation
trialsoriterations.Itiseasytoobservethatincreasingthenumberofsimulationiterationsdecreases
thewidthoftheconfidenceinterval.

eXPeRIMeNTAL ReSULTS

Thedatawascollectedpartlybyinterviewingexpertsalsoobservingofeachoperationofrandomly
selectedarrivalsforaBoeing787,along-rangewide-bodytwin-enginejetairliner(applicableto777
and767series),andrecordingdurations(seeTable1).

Thedatacollecteddoesnotnecessarilyreflectanyparticularfirm,airportorairlineoperations.
Itisassumedthateachactivityhasalltheresourcesavailableatthebeginning,includinglabour,
equipment,andmaterials.

TheMonteCarlosimulationoutputwith95%confidencelevelforn=1000trials,indicatesthat
themeanCPMdurationisbetween1950.55±27.34.Table2tabulatesthesimulationexperiments.

Figure4showsthedistributionoftheCPMvaluesasahistogram.Itiseasytoobservethatthe
CPMvalueshaveasymmetricdistributionwhichthemeanisapproximatelyequaltothemedian.

Figure 3. Gantt chart of the aircraft ground handling operations schedule
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CONCLUSION

In this paper, scheduling aircraft groundhandlingoperationswithuncertaindurationsusing the
criticalpathanalysisandMonteCarlosimulationhasbeenconsideredwiththeaimofimproving
aircraftgroundservicesduringtheturnaroundingeneral,andequipmentavailability,andthecrew
assignmentinparticular.Havingaccuratelyestimatingofaircraftturnaroundtimeconsideringits
typeandload,therecourseswouldbeassignedtothegroundoperationsmoreefficiently,reducing
theidletimes,andimprovingthegroundsupportequipmentavailabilityattheairportramp.Acase
studyofalong-rangewide-bodytwin-enginejetaircrafthasbeendiscussed.Theproposedcritical
pathanalysishasthepotentialforapplicationtoothersimilargroundhandlingoperations,suchasthe
aircraftdepartures,theaircrafttowoperations,andtheaircraftcabinserviceandcleaningoperations.
Amajorchallengewouldbealsotodeterminehowtheresourcesshouldbeallocatedtoeachoperation.

Table 2. The Monte Carlo simulation of the CPM duration

Minimum Maximum σ x Median Mode

704.30 3802.80 441.05 1950.55 1948.12 1637.16

Figure 4. The distribution of CPM values
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