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ABSTRACT

This article recapitulates literature research solving transportation problems and these variants,
notablythemultimodaltransportationproblemsvariants.Moreover,theexistingoptimizationmethods
critiquedandsynthesizedtheirefficiencytosolvethetransportationproblem.Thisproblemcanbe
identifiedbyvariouscriteriaandobjectivesfunctionsthatdistinguishedaccordingtothecasestudy.
Basedontheexistingliteratureresearch,ataxonomyisproposedtodistinguishdifferentfactorsand
criteriathatperformandinfluencethemulti-objectiveoptimizationonthetransportationnetwork
planningproblems.Thetransportationproblemsarecitedaccordingtotheseobjectivefunctions,and
thevariantoftheproblembyreferringtothepreviousstudies.Inthisarticle,theauthorshavefocused
theirattentiononarecentmulti-objectivemathematicalmodeltosolvetheplanningnetworkofthe
multimodaltransportationproblem.
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INTRODUCTION

The transportation system defined as the displacement of the goods or passengers between two
terminalsorcitiesintheinternationalornationalnetwork.Thenationalandinternationalnetworks
includetheconveyances,correspondingnetwork,transportationmode,networkspaths,itineraries,
cities,depots,customers,stations,andterminals.Thenetworkdefinedbyasetofnodesconnectedby
oneormoreitinerariesinthetransportationsystem,eachitineraryrepresentsatransportationmode.
Theitineraryisrepresentedbyonlyoneconnectionandonetransportationmodebetweentwonodes.
Thenodesaredescribedasexchangestationsthatcanincludethetransshipment,thedeliveryorthe
loadandunloadofthemerchandise.

Thisarticleprovidesanoverviewoftheliteratureresearchesbasedontheoptimizationoftransport
problemaswellastheoptimizationmethodsappliedtosolvetheseproblemsinmulti-objectiveand
singleobjectivecase.Thegoalistodistinguishtheobjectivesfunctionsoftheoptimizationtransport
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problemtobettersatisfythecustomer’sdemands.Thissatisfactionincorporatesasetofobjectives,
suchasminimizingthetotalcostoftransport,thetotaltimeoftransportormaximizingthequality
ofservice,etc.,inordertotransferthemerchandisefromadeparturenodetoadestinationnode.
Theseobjectivesaremeasuredandevaluateddifferentlyaccordingtothecriteriaandtheparameters
definedbythedecision-makerdependingonthecasestudy.

The optimization methods and operations research play an important role in solving these
problems.Theroleofthedecision-makeristoadopttheoptimizationmethodologyortechniques
tobetteroptimizeandsolvetheproblemafterhavingdefinedandmodeledit.Themodelingstep
consiststodefinetheassumptions,thesets,andsettingsoftheproblem,thedecisionvariablesand
theobjectivesfunctionsthatdefinedbythesetofcriteriaandthesetofconstraintstoberespected.

Theaimofthispaperistorecapitulatetheexistentoptimizationandresolutionmethodsapplied
tosolvetheplanningtransportationnetworksproblem,inordertohelpthedecision-makertoidentify
thetypeofproblemtobesolvedandtoselectthecriteriatobeoptimized.

Thestructureofthispaperisorganizedasfollows:Section2outlinesaclassificationrelyingon
theexistentcharacteristicsoftransportationproblemsandpresentsataxonomyofobjectivesfunctions
basedonoptimizationandtransportationproblems.Section3discussesanoverviewofthemodeling
andresolutionmethodthatsolvesthemostcommontransportationproblemsbymeansofasingle
objective.Section4discussesanoverviewofthemodelingandresolutionmethodsthatsolvethe
principaltransportationproblemsusingmultipleobjectives.Thissectionendswithasynthesisand
criticizesmainliteratureresearches.Section5focusesonasurveyoftheexistentresearchesdealing
withmultimodaltransportationproblemsanddefiningtheirmainextensions.Thissectionissplitinto
threesub-sections,i.e.,thesingleobjectiveoptimizationproblems,themulti-objectiveoptimization
and ultimately, a critical comment, which is discussed. Besides, a multi-objective mathematical
formulationiscited.Correspondingly,thereadersarereferredto(Mnif&Bouamama,2017b,2017a).
Finally,section6concludeswithasummaryandsuggestssomefutureresearchdirections.

TAXONOMy

extensions of Transportation Problems
Taxonomyisbasedonsomeexistingresearchestotransportationissuesandtheirextensions.Infact,the
literatureworksrefertothistaxonomy.Itdistinguishesthevariouscharacteristicsofthetransportation
problems(seeTable1)andthevariouscriteriathatdefinetheobjectivesfunctionsconsidered,inthe
literature,tosolvethetransportationproblems(seeTable2).Theseobjectivesfunctionsaredefined
andexpressedindifferentwaysaccordingtothecriteriafixedbasedonthetypesoftreatedproblem.
However,theseobjectivesaregenerallycontradictory.Themainobjectivesoftransportationproblems
distinguishedinthisstudy,aresummarizedinTable2,includingtheminimizationofthecost,the
minimizationofthedurationofthetransport,themaximizationofprofit,themaximizationofservice
quality,andthesatisfactionofcustomersintermsofthetimewindowswhenvisitedbythecustomers.

Thispaperpresentsataxonomybasedonasampleof50articlesofresearchesworks.This
taxonomydistinguishes thevariousobjectives functionsanddefines theirpossiblecriteriaand
parameters.Theobjectivescanbemeasuredindifferentways.Infact,theobjectivetominimizethe
totaltransporttimecanbedeterminedintermsofthedelaytime,theservicetime,thetransshipment
time,thewaitingtime,etc.Thistaxonomydiscernedvariousobjectivestreatedfortransportation
network problems. The main objectives of transportation problems are summarized in terms
transportationcosts(27articles),traveltime(18articles),risk(3articles),distance(4articles)and
capacity(2articles).Otherarticleswereaddressedtosatisfythedemand,tomaximizetheservice
qualityandtoguaranteetheaccessibilityofdemand(5articles).Themajorityofresearchesdealing
withtheoptimizationoftransportationproblemsareinterestedinminimizingthetotaltransport
costasthemainobjective.
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Themulti-objectivemodelcanbeapplied tovariouscomplex transportoptimization issues.
Inmany real-worldproblems, different goals,whichdependonunder estimator’s consideration,
mayconflictwithothergoals.Somepracticalsolutionsforeachmodelcanberegardedasasingle
goal.Therefore,asetofsolutionsrelatedmulti-objectivemodelneedtofulfillalltheobjectivesat
anadequatelevelwithoutbeinginfluencedbysomeothersolution.Inthissection,wedistinguish
anumberofobjectivesfunctionsandtheircriteriatobesatisfiedforthesakeoftheoptimizationof
thetransportationproblems.

Thevarietyofobjectivesshowthemulti-objectivenatureofthisproblem.Themulti-objective
problemischaracterizedbythecomplexityandthedifficultyofsatisfyingalltheobjectivesatonce.
This complexity reflects the importanceofmakingananalysisof the formulationsdealingwith
transportproblemsintheliterature,inordertogettheoptimalsolutionaccordingtotheobjectives,
constraints,andparameterscharacterizingtheproblemandthecasetreated.Asubstantialnumberof
objectivesfunctions,treatedforthetransportationproblem,weredefinedaccordingtotheproblem
addressed(SeeTable1andTable2).Thesatisfactionofall theobjectivesinthemulti-objective
problemisverydifficultduetotheircontradictions.

Transportationproblemscanbeclassifiedintotwomaincharacteristics,suchasthescenario
problemandthephysicalproblem.Undereachofthesetwoclasses,themostdiscriminatingcriterion
was listed. Each of them is divided into sub-levels. The decisions are distinct from one case to
anotherasalargenumberofextensionsinthetransportproblemofmostcases;eachpossessingits
owncharacteristicrequiredofdifferentdecisiondependingonthecontexttakenintoaccount.These
decisionsarebasedonthecharacteristicsofthetransportationmode,andonspecificconstraints.
Theseconstraintsarespecifiedforeachcustomer,vehicle,mode,roadormeansoftransport,aswell
asthetypeofproblem.

Table1illustratesthevariouscharacteristicsandextensionsofproblemsthatcanbeconsidered
asanoptimizationfortransportationproblems.Theproblemsofphysicalcharacteristicswere
brieflysummarized:

• Vehicles:Havedifferentcharacteristics,whicharerelatedtophysicalrestrictions,environmental
concerns,andspecificlogisticequipmentrelatedtocustomersneed.Thecharacteristicsofthe
vehiclesarelinkedtothetypesofvehicleavailableduringtheplanningperiod.Themostcommon
capacityconstraintsinfreighttransportationareexpressedintermsofweight,volume,ornumber
ofcontainers.Thevehicleshaveseveralcompartmentswithrespecttotheirdifferentcapacities.
Theuseofmultiplecriteriaisrelevantbasedonproductstypesloadedonthevehicles,which
mustremainseparatedduringthetransportationprocess;

• Time-related constraints:The time constraint is oneof themost significant constraints in
distributionandtransportationproblems.Thisconstraintdependsononeormorecriteria;

• Service time: Defined by the time spent to perform a service. The service includes the
deliverytime,theloadingorunloadingofacommodity,thetransshipmentorthechangeof
transportationmode,etc.;

• Waiting time:Whenavehiclereachesthecustomertooearlyorwhenthevehiclestandsbyto
beloadedorunloaded;

• Delay time:Whenthetransportationsystemincludestheloadingorunloadingofacommodity,
thetransshipmentoralargenumberofvisitednodes(customers,citiesordepot,etc.);

• Time Window:Timewindowconstraintrequiresthateachcustomermustbeservicedduring
agiventimeinterval.Inthecaseofthehardtimewindowconstraint,whenthevehiclearrives
beforethespecifictimewindowbeginning,thisvehiclemustwaituntilthecustomerbecomes
available;however,itisnotallowedtoarrivelate.Inthecaseofthesofttimewindow,penalties
areimposedforservicedelaysthatstartafterthetimewindowsplanned.Thisdependsonthe
routingtimesbetweencustomersandnodes,theservicetimesofcustomersandtheloading-
unloadingtimesoffreight.Anothervariantisnoted,whichisthemultipletimewindowswho
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eachtimewindowisassociatedwithacustomer.Frequently,theitinerarydurationislimited
toapredefinedparameterwhichcanbeequaltothetotalworkingdurationofadriverortothe
routingaccesstime.Indeed,aroadsegmentmayhavealimitedaccessgivenbyaspecifictime
intervalwhenthevehicle(conveyance)canarrive.

Thetimewindowistheaddedconstraintoftimeconstraints,relatedtoallowabledeliverytimes
ofcustomersorservicestime.Ingeneral,thetimewindowisdefinedbytheearliestandthelatest
timewhenthecustomerwillallowthestartoftheservice:

• Single Time window:Definedasthelimitorintervaltimetoserveacustomer;
• Multiple time windows:Describedasthemultiplecustomers’case,undertwoassumptions:

(a)theallowabledeliverytimeforeachcustomerafteranitineraryisgenerated.(b)Eachtime
windowforcustomersisnotallowedtooverlap.

Specificconstraints:

• Real Case:Intherealcasesapplications,administratorsmustconsidervariousandnon-standard
challenging constraints stemming from the problem situations. Moreover, decisions may be
constrainedbytheoutsourcingofresources,environmental issues,andtheprioritygivenby
clientsorbytransshipmentrelatedrestrictions;

• Incompatibility constraints:Intherealcasesapplications,manyincompatibilityconstraints
mayoccurbetweentheactorsoftheproblem,morepreciselytransportmode,customer,depot,
vehiclebehavior,producttypes,anddrivers.Theseincompatibilitiescanbeclassifiedintotwo
typesaccordingtothecausingfactor,i.e.physicalincompatibilitiesandtemporalincompatibilities.
Inthedistributionofmulti-commodityloads,eachmeansoftransportcanbeusedtohandle
specifictypesofcargoes.Forexample,thedistributionofgroceries,deliveringdifferenttypes
ofproducts,requirevehiclesatdifferenttemperaturelevels;

• Correspondence constraints: There are several correspondence constraints between two
terminals,byimposingtheuseofdifferenttransportationmeanstoallowaccesstothesecond
transportmode.Thiscorrespondstodifferentrealcasesbasedonmulti-modaltransportation
systems. In the transshipment case, it must satisfy the correspondence on the capacity of
conveyances,themeansoftransport,theitineraries,andthenodes;

• Objectives function: The objectives can be multiple or single to satisfy the problem. The
possibleappliedobjectivesincorporatetheminimizationofthetotaltransportationdistance,the
totaldurationoftransport,thetotaltransportationcost,themaximizationoftheservicequality
andthecollectedprofit,etc.Intermsofamulti-objectiveoptimizationtosatisfythedifferent
objectivesthatareofteninconflict,thebestapproacheshavetoensuresometrade-offsbetween
them.Theseapproachescanincludeartificialintelligenceoroperationalresearchtechniques.

Thisworkwasbasedontheliteraturestudypertainingtodifferenttransportationproblems.These
problemsarerepresentedinthefunctionofthevariousobjectivesexpressedbyvariouscriteriainthe
transportationnetwork.Theaimsofthisliteraturestudycanbesummarizedasfollows:

• Anoutlineofthemainstransportationproblemsvariantsbasedonplanningproblems(seeTable1);
• Anoutlineofthemulti-objectiveoptimizationcriteria,whichdeterminedanddistinguished

inTable2;
• Themulti-objectivemathematicalprogrammingwascitedtomodelforplanningnetworkson

multimodaltransportationproblem.
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Multi-objectiveoptimizationmethodspresentthekeystosolvemulti-objectiveproblems.These
methodsarediscussedinthenextsection.

Multi-Objectives Optimization Methods
Theprevioussectionsummarizesthedifferentobjectivesconsideredinthepreviousresearchesinorder
tosolvethetransportationproblem.Inthissection,theprincipalresolutionandoptimizationmethods
andtechniquesareintroduced.Theresolutiontechniquesaredividedintothreemajorclasses,i.e.
exact,heuristicandmetaheuristicapproachesorhybridalgorithmstosolvetheoptimizationproblem:

1. Exact algorithms: Provide an optimal solution. According to the literature, different exact
solutiontechniquesareusedtosolvethetransportationproblem.Asanexample,branchand
boundareusedaswellascolumngenerationandothermethods,andinsomeresearches,the
authors use some optimization programming languages like CPLEX and AMPL. The exact
algorithmisusedwhentalkingaboutanalgorithmthatalwaysfindstheoptimalsolutionforan
optimizationproblem.Forhardoptimizationproblems,itisoftenthecasethattherearesome

Table 1. Classification according to the characteristics of the transportation problem

Scenario Characteristics Problem Physical Characteristics

InputData Static

Vehicles

Capacityconstraints

Dynamic Driversregulations

Decisionmanagement
components

Routingandlocation Loadingconstraints

Networkplanning AutonomousVehicles

ShortestPath

Time-related
constraints

Servicetime

Routinganddriverscheduling Waitingtime

Productionanddistribution
planning Delaytime

Operationtype Pickupanddelivery
Timewindow

Singletimewindow

Loadingandunloading Multipletimewindows

Dialaride

Specificconstraints

Incompatibilityconstraints

Modeoftransport

Singlemode Realcase

Multiplemodes Correspondenceconstraints

Inter-modal
Objectivefunction

Singleobjective

Maritimemode

Transship Multipleobjectives

Quaysmanagement

ContainersOptimization

Typeoftransport

Singlecommodity

Multiplecommodities

Passenger

Hazardousmaterial

Multi-modalnetwork

Modeselection

Routeselection

Regulation
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polynomial-timeapproximationalgorithms.However,thebest-knownexactalgorithmsrequire
exponentialexecutiontime;

2. Heuristic algorithms:Theoreticallytheyhaveachancetofindanoptimalsolution.Thatchance
canberemotebecauseheuristicsoftenreachalocaloptimalsolutionandgetstuckatthatpoint.
Thus,itisnecessarytohavemodernheuristicscalledmetaheuristics;

3. Metaheuristic algorithms:Thesystematicrulesavoidlocaloptimumorgivetheabilityto
movearoundthelocaloptimum.Thecommoncharacteristicofdifferentmetaheuristicsisthe
useofsomemechanismsoroperation toavoid the localoptimum.Metaheuristicssucceed
inleavingthelocaloptimumbytemporarilyacceptingmovesthatcauseaworseningofthe
objectivefunctionvalue.

Multi-objectiveoptimizationproblem(MOP)iscalledmulti-criteriaoptimization.Theproblem
isdefinedbythevectorofdecisionvariableswhichsatisfyconstraintsandoptimizeasetofobjective
functions in order to get a number of feasible solutions. Mathematically, MOP is modeled and
representedbyasetofparametersanddecisionvariables,asetofobjectivesfunctions,andasetof
inequalityandequalityconstraints.Somecriteriaorobjectivesdecreasewithoutcausingasimultaneous
increaseatothercriteriaorobjectives.Theroleofthedecisionmakeristofindthebestcompromise
solutions.SuchsolutionsaredenotedasPareto-Optimal.

Thispaperinvestigatestheresearchesworksbasedonthetransportationsystemsproblems.The
ParticleSwarmOptimization(Bouamama,2010)isamongtheresolutionmethodsthatcanbecited.
Itisawell-knownsolverforthecombinatorialoptimizationproblem.In(Frieszetal.,1993),authors
havedevelopedaPSO-basedapproach.ThisapproachisadynamicdistributeddoubleguidedPSO.
Therearevariousapproachestosolvemulti-objectiveproblems.Amongtheseapproaches,someof
whichuseknowledgeoftheproblemtosetpreferencesbasedonthecriteriaandotherstakeinto
accountthemulti-criteria.Thereareotherexistingapproachesthatsetallthecriteriaatthesame
levelofimportance.

Table 2. A taxonomy of objectives function in literature-based optimization and transportation problem

Objectives
Minimize Maximize to the 

Minimum Minimize

1. Cost 2. Time and 
duration 3. Quality of services 4. Capacity 5. Risk or 

reliability
6. Distance 

travel

Criteria

1.1.Transportation
1.2.Transshipment
1.3.Delayoverhead
1.4.Movingempty
containers
1.5.Holdingempty
containers
1.6.Penalty
1.7.Allocation(Storage,
reloadingandTransfer)
1.8.Operational
1.9.Construction
1.10.Establishment
1.11.Feeaccordingto
thedemandquantityof
goods
1.12.Usingwagons
1.13.Opportunity

2.1.Transportation
2.2.Transshipment
2.3.Delay
2.4.Storage
2.5.Transfer
2.6.Timewindows
2.7.Waiting
2.8.Handling
2.9.Service/
operating

3.1.Numberof
exchangeofvehicles
3.2.Numberof
exchangeofdrivers
3.3.Numberof
unservedvisits
3.4.Numberof
unservedtransshipment
3.5.Numberofvehicles
used
3.6.Numberofquays
visits
3.7.Ridetimeon
demandoftransport
3.8.Numberofstations
visited
3.9.Theweightedsum
ofpassengercost
3.10.Weight
transportationvolume
3.11.Numberofcranes
tobeused
3.12.Maximizethe
totallengthofcovered
activities

4.1.Bargeused
4.2.Volume
4.3.Localization

5.1.Bound
5.2.Transfer
process
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Indeed, there are three classes of methods for solving the MOP: the transformation-based
approachestoaproblemwithonlyoneobjective,non-Paretoapproaches,andParetoapproaches.The
ParetoapproachesarecharacterizedbytheireffectivenessinsolvingMOP.Thesolutionapproachis
basedonmeta-heuristicsformulti-objectiveoptimization.Thesemethodshaveproveneffectivetofind
satisfactoryapproximatesolutionsfornumerousproblems.However,thesemethodshavetheirflaws,
consistingoftheimpossibilityofjudgingthequalityoftheapproximationcomparedtotheoptimal
Paretofront.Thenon-Paretoapproachesarenotdirectedtosolvethemulti-objectiveproblemofreal
cases.Thistechniqueseekstorestoretheoriginalproblemasasingle-objectiveproblem.However,
Paretoapproachesdonotchangetheobjectivesoftheproblemandtreatthemwithoutanydistinction
duringresolution.Amongthesemethods,theaggregationmethod,theε-constraintmethod,andgoal
programmingmethodarenoted.

TheaggregationmethodconsistsintransformingtheMOPbyaproblemwhichcombinesthe
variousobjectivesfunctionsintoasingleobjectivefunctionasacost.Themethodofaggregationis
oneofthefirstmethodsusedforthereconstructionofoptimalParetosolutions.Thechosenparameters
fortheweightvectorαinfluenceinadirectwaytheachievementoftheresultsintermsofresolving
theproblem(MOPα).Indeed,∝iweightshouldalsobeselectedaccordingtotheuser’sobjectives
preferences.Theaggregationmethodhasthemeritofproducingasinglesolution,whichdoesnot
requireaninteractionwiththedecisionmaker.However,thesolutionprovidedbythismethodmay
notbeacceptable,fortworeasons:(a)thesearchspaceisgreatlyreducedprematurelybythenon-
availabilityofsufficientinformation,(b)thedifficultyofchoosingtheweightvaluesforeachfunction
withoutsufficientknowledgeorparametersoftheproblemtobesolved.

Theε-constraintmethodistooptimizeasingleobjectivefunctionofMOPhavingconstraints,
basedonotherobjectivefunctions.Intheε-constraintmethod,theproblemisformulatedasasingle-
objectiveproblemsubjecttoconstraints,relyingontheothergoals.Inordertoprovidevarious
optimalParetosolutions,differentvaluesofimustbegenerated.Aprioriknowledgeappropriateto
intervalsisgivenforalltheobjectivesofMOPbythevaluesi.Inthegoalprogrammingmethod,
thedecisionmakermustdefinethegoalsvaluestoseteachobjective.Thismethodtransformsthe
multi-objectiveproblemintoasingle-objectiveproblem.Forexample,thecostfunctioncaninclude
aweightednorm,minimizingdeviationreportstothegoals.IntheParetoapproaches,thenotionof
dominanceisusedintheselectionofsolutionsgenerated,unlikeotherapproachesthatuseautility
functionortreatseparatelythedifferentobjectives.Thisapproachhasamajoradvantageoverother
approaches,whichisthepossibilityofgeneratingoptimalParetosolutionsintheconcaveportions
oftheParetofront.TheParetoapproachesareessentiallybasedontheconceptofpopulation.For
thisreason,theAGshaveoftenbeenusedtosolveParetoMOP,sincethesolutionisbasedona
population.Indeed, thisapproachtobeappliedtosolvethemulti-objectiveproblem,twoaims
mustbeconsideredintheresolutionofaMOP,i.e.theconvergencetotheParetofrontandthe
diversificationofsolutionsinthisborder.

Eachobjectivefunctionhasasinglesolutionrelativetoeachminimizedormaximizedobjective.
MOPhasmultipleconflictsolutions.Thesesolutionsareconsideredequivalentintheabsenceof
informationaboutaweightorimportanceofeachobjectivetotheothers.ThesetofallParetosolutions
iscalledthenon-dominatedsetorPareto-front.Thesesolutionsarelocatedontheboundaryofthe
feasiblesolutionspace,showingthetrade-offinformationbetweentheconflictingobjectives.

ThemaingoaloftheMOdecisionistofindsuchParetooptimalsolutions,asmuchaspossible,
inordertorepresenttrade-offinformationamongdifferentobjectives.TheglobalParetoFrontcanbe
obtainedbyusingtheexactmethodsafterahighcomputationaltime.Concerningthisdisadvantage,
thedecisionmakeroptsforapplyingtheapproachesmethods(heuristicsormetaheuristics)toavoid
aprematureconvergencetoalocalParetosetand,sometimes,toaglobalParetoset.

In this study, the modeling step and the definition of the transport problem, especially the
multimodaltransportationproblem,arehighlighted.Additionally,variouscasestudiesandvariants
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on this problem are distinguished. Then, the MOP case study on the multimodal transportation
problemunderlined.

Multi-Objective Transportation Problems
Transportationproblemstandsforthedisplacementofthetotalcommoditiesthatareinitiallystored
atoriginstodestinationsinsuchawaythatminimizesthetotaltransportcostormaximizesthetotal
transportprofit. (Kumar,2018)Mathematically, the transportproblemconsists in transportinga
certaincommodityfromeachofmoriginsI=1,2,3,…,mtoanyofndestinationsj=1,2,3,…,n.
Theoriginsarefactoriespertainingtocapacitiesa1,a2,a3,…,amandthedestinationsarewarehouses
withrequiredlevelsofdemandsb1,b2,…,bn.Eachcommodityisdisplacedbyatransportunityfrom
theithoriginnodetothejthdestinationnode.Thisdisplacementismeasuredbyacostcij.However,
eachitineraryisrepresentedbyxij,i.e.tobetransportedfromalltheoriginsa1,a2,a3,…,amand
allthedestinationsb1,b2,…,bninsuchawaythatthetotalcostisminimized.Themathematical
programmingmodelfortheclassicaltransportationproblemisstatedasfollows:

MinimizeZ c x
ij

j n
ij

i m

=
∈∈
∑∑ 

subjectto:

x a i m
ij

j n
i

∈
∑ ≤ ∀ ∈ (Rowrestriction)

x b j n
ij

i m
j

∈
∑ ≥ ∀ ∈ (Columnrestriction)

x i m j n
ij
≥ ∀ ∈ ∈0    , 

Themulti-objectiveoptimizationproblemexpressesaccordingtothehconflictingobjectives
(Zh),theresolutioncanobtainvariousoptimalsolutions.Thehpresentsthesetofobjectivesfunctions
suchas;thetotalcost,thetotaltime,thecapacity,therisk,andthetotaldistance,etc.Eachobjectives
functionexpressedbyoneormorecriteria(seeTable2)aslinearornon-linearfunctions.Anobjective
vectorconstructedwiththesetofoptimalobjectivesolutionsconstitutesthebestcompromiseofthe
optimalobjectivesvector.Themulti-objectiveoptimizationproblemisdefinedasfollows:

MinimizeZ f x
h h
= ( ) 

subjectto:

x a i m
ij

j n
i

∈
∑ ≤ ∀ ∈ (Rowrestriction)

x b j n
ij

i m
j

∈
∑ ≥ ∀ ∈ (Columnrestriction)

x i m j n
ij
≥ ∀ ∈ ∈0    , 

ThecompromisesolutionistheoptimalobjectivesvectorZ*.Thus,iftheoptimalsolutionfor
thehthobjectivefunctionisthedecisionvectorx*(h)withobjectivefunctionsolutionf*m,theoptimal
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vectorisdefinedby z f f f f
h

T
* * * * *, ,...,= = ( )1 2

.Anobjectivefunctioncanbeexpressedbyoneor
moredecisionvariables,eachvariabledefinesacriterion.Thus,xisthedecisionvariable,according
tothecorrespondingproblemcanbedefinedbybinaryvalues,dynamicsvalues,Integersvalues,etc.
Atransportationproblemmodelalsodefinedandincludedasetofconstraintstobesatisfied,which
representedbyequalityorinequalityequations.Thetransportationsystemsincludetheconstraints
ofcapacity,theflowconservation,thetimewindows,thecorresponding,thetransshipment,theselect
ofthenode,theselectofanitinerary,etc.

Network Planning Problem
The planning transportation network is defined as a selection arc in the network G (N, A).
N n n n

i
= { }1 2

, ,..., representsthesetofnodes,andA∈arcs(ni,nj)representthetransportation
itinerarybetweentwonodesniandnj,andniisavertexatthepointofintersectionoftwoarcs.Thus,
anetworkGisthesetofconnectedarcs,withasetofnodesNandthecorrespondingarcsA,when
eacharcmeasuredbyoneormorevalues.Itcanbemeasuredaccordingtothecost,distance,time,
etc.oftheitinerary.

Intherealcase,eachproblemisdefinedbyaspecificobjectiveinordertooptimizeitsappropriate
criteria.Amodelpresentedat(Frieszetal.,1993)solvesthetransportationnetworkproblemtoreach
a continuousmulti-objectiveoptimaldesign.Themodel explicitly incorporatesuser equilibrium
constraintsandtakestheformofadifficultnon-linearandnon-convexmathematicalprogram.The
authorshaveproposedasingle-levelmathematicalprogramasdifferentfromtheexistentstandard
mathematicalformulation.Initially,theauthorsin(Frieszetal.,1993)havedefinedfourobjectives
accordingtothetableoftaxonomy,takingintoaccount,respectively,the(1.1,1.9,6,and4.3)criteria.
Thesecriteriaaresummarizedby:

Z1=thetotaltransportationcostthatmeasuresthenetwork-widecongestion

Z2=thetotalconstructioncost,whichincludesthecostofdisplacementandrelocationof 
individualsresidingnearthelinksofthenetworkthataretobeimproved

Z3=theminimizationofdistanceinfunctionofthetotalnumberofmilestraveledbyavehicle

Z4=thetotaldwellingunitstakenintermsofthebestwaythataddsaconcernforthephysical 
movementofapassengerresidingnearanimprovedlink

TheZ2andZ4objectivesfunctionsaremergedonthesumobjective.Thisobjectiveisdefinedby
addinganewparameterthatrepresentstheamplitudeoftheuser.Thevectormathematicalprogram
(VMP) isanon-convex representation that includesan improvementcost function.Besides, this
non-convexityofVMPisderivedfromtheconstraintset,whichisindependentofthenumberand
the typeofscalarobjectivesZi.Thescalarmulti-classequilibriumdesignproblemsareobtained
bytheVMP,whichconsidersonlythescalarobjectivefunctionZ1andexpressingZ2asabudget
constraint.Relyingonthenon-linearandnon-convexmathematicalformulation,itisdifficulttosolve
theproblemoptimally.Therefore,asimulatedannealingmetaheuristicisproposedin(Frieszetal.,
1993)inordertoresolvethisproblem.

In(Spichkova,Simic,&Schmidt,2015),theauthorshavesuggestedanewmodelofanintelligent
smartrouteplannerforautonomousvehicles.Theproposedapproachconsistsofanintelligentroute
planningforpublic transportsystemsinthesustainableSmartCity.Theproposedsystemallows
advisingthepassengertobeatthestopbyminimizingthecorrespondingtimeandthevehicleshould
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arrivenolaterthanthecorrespondingtimeatmaximum.Thepassenger’srequestshouldincludethe
route,thepick-upstop,dayandtimeandthedesireddrop-offstopinformation.

Theproblemofmotionplanningofautonomousvehiclesconsistsofselectingthegeometricpath
andvehiclespeedstoavoidobstaclesandtominimizesomecostfunctions,suchastimeorenergy.
Whileextensiveworkhasfocusedoncomputingthegeometricpath,littleattentionhasbeengiven
toselectingtheoptimalvehiclespeeds.Selectingthewrongspeedscancausethevehicletoloseits
path,ortowasteenergytime.

In(Shiller&Gwo,1991),authorshavedevelopedanewmethodtoplanthemotionsofautonomous
vehiclesmovingongeneralterrains.Themethodallowsgettingthegeometricpathandvehiclespeeds
thatminimizemotiontime,consideringvehicledynamics,terraintopography,obstacles,andsurface
mobility.Thetimeoptimalmotionsarecomputedbychieflyobtainingthebestobstacle-freepath
fromallpathsrepresentedbyauniformgrid.Thispathisfurtheroptimizedwithalocaloptimization,
usingtheoptimalmotiontimealongthepathasthecostfunctionandthecontrolpointsofaspline
astheoptimizingparameters.

Authorsin(Frazzoli,2002)havebeenconcernedwiththeproblemofgeneratingandexecutinga
motionplanforanautonomousvehicle.Inotherterms,theyhaveconsidereddevelopinganalgorithm
thatenablestherobottomovefromitsoriginallocationtoanewlocation(presumablytocarryoutan
assignedtasksuchasperforminganobservationordeliveringapayload),whileavoidingcollisions
withfixedormovingobstacles.

Planningthepathofanautonomous,agilevehicleinadynamicenvironmentisaverycomplex
problem,especiallywhen thevehicle is required touse its fullmaneuveringcapabilities.Recent
effortshaveaimedatusingrandomizedalgorithmsforplanningthepathofkinematicanddynamic
vehicles have demonstrated considerable potential for implementation on future autonomous
platforms.In(Frazzoli,2002),theauthorshaveproposedarandomizedpathplanningarchitecture
fordynamicalsystemsinthepresenceoffixedandmovingobstacles.Thisarchitectureaddressesthe
dynamicconstraintsonthevehicle’smotion,anditprovidesatthesametimeaconsistentdecoupling
betweenlow-levelcontrolandmotionplanning.Theproposedalgorithmcanbeappliedtovehicles
whosedynamicsaredescribedeitherbyordinarydifferentialequationsorbyhigher-level,hybrid
representations.Simulationexamplesinvolvingagroundrobotandasmallautonomoushelicopter
arepresentedanddiscussed.

Optimization Problem of Rotation Barges and the Containers Assignments
Assumingthatthereisasetofcontainers,themaingoalistosolveanoptimizationproblembyplanning
thebarriersduringarotationofthebargesandcontainers.Theplanningsolutionmustsatisfyaset
ofconstraintsandobjectiveswhenloadingcontainersandrouting.Themethodofdecisionproposed
in(Yim,Hanafi,Semet,&Korbaa,2005)solvestheproblemofaquaysmanagementandrotation
bargesaswellasthecontainersassignment.Thismethodreliesondataprovidedbyspace-based
andoptimized-basedtechniquessuchasdynamicprogrammingandlinearintegerprogramming.The
workin(Yimetal.,2005)wasvalidatedbyarealcaseintheportofLille.

Theauthorsin(Yimetal.,2005)consideredthreeobjectives:thetotalvolumesofcapacitybarges
used;thenumberofvisitedquays;andthetotaldistance.Thesethreeobjectivesarehierarchically
aggregated,respectively,intoasinglefunction.Theweightsofeachobjectivearerepresentedby
orderofpriorityα1>α2>α3,havinganexponentialpriority.

The objective function is presented as a linear function of three parameters which grants a
weighttoeach:thetotalvolumecapacityofthebargesused,thenumberofquaysvisitedandthe
totaldistance.Accordingtothepresentedtaxonomyofobjectivefunctions,thecriteriacorrespond
to4.1,3.6and6criteria.

In the(Yimetal.,2005)research, therehasbeena lackofoptimizationat thestorage level
ofemptycontainersinthequeueanddeterminingthebargeloadingplatformsaswellasalackof
optimizationinthetotaltransportationtimesuchasthewaitingtime,thetraveltime,etc.,parameters.
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Theproposedmodelin(Yimetal.,2005)canbestrengthenedbytheadditionofvalidconstraints,
particularly,onbargesforcontainerallocationandtheminimalnumberofbargesservingatthequay.
Thecomplexityofthebargesrotationproblemandcontainerallocationallowsalongcalculationby
aconventionalmethod.

Toaddressthisdrawbackinthecaseofaplanningatreal-time,in(Ghoseiri&Ghannadpour,
2010) the authors have suggested a two-phase heuristic, wherein the first phase determines the
compositionofthefleet,i.e.inchoosingthebargesthatwillbeeffectivelyinvolvedintherotation
andthesecondphasesolvesthemodel,however,theyhaveconsideredonlytheselectedfleetinthe
firstphase.Theproblemofthefirstphaseismodeledasamathematicalintegerprogram,namelya
bigpackingproblem.

Theresolutionmethodofseparationandevaluationtechniquessolves,inashorttime,thebarges
rotationproblemwith60containers,however,itisnotcapableofgettingtheoptimalsolutionina
reasonablecalculationtimewhenthenumberofcontainers’exceeds100.Inthiscase,thesolution
isgivenbyahighexecutiontime.Moreover,thereareotherapproachesthataremorepromisingin
termsofallowingliveschedulingrotationbargesandallocationofcontainers.

In (Zaghdoud, 2015), authors have developed a container assignment system for intelligent
autonomousvehiclesinacontainerterminal.Inthefirstcontribution,theyhaveproposedastatic
systemforthemulti-objectiveproblemtooptimizethetotaldurationofthecontainerstransportation,
thewaitingtimeofvehiclesatloadingpointsandtheequilibriumofworkingtimebetweenvehicles.
Theapproachusedisthegeneticalgorithm(GA).Inthesecondcontribution,theyhaveproposedthe
robustnesssysteminadynamicenvironmentwhichhasbeenintegrated.Adelayofthearrivalofa
shipattheportoramalfunctionofoneofanyequipmentoftheportcancauseadelayofoneofthe
operationsoftheloadingorunloadingprocess.Thiswillaffectthecontainerassignmentoperation.
Theideaistoaddnewcontainerstovehiclesthatarealreadyunavailable.

Theauthorsin(Yimetal.,2005)havetreatedrotationbargesandthecontainers’assignments
problembysatisfyingthreeobjectives.These threegoalsaresummedupin theminimizationof
thetotalvolumesofcapacitybargesused,thenumberofquaysvisitedandthetotaldistance.They
useaCPLEX6solverforimplementation.Then,theyapplytheheuristicalgorithmstoresolvethis
problem.Theresolutionmethodisbasedonthetwo-phaseapproachaswellastheseparationand
evaluationmethod.

In (Coslovich, Pesenti, & Ukovich, 2006), the authors deal with a container transportation
problemthatisdividedintothreeseparatesimplersub-problems.Theselatteraredefinedbythe
pairingsthatincludeeveryorder,theresourcestoassigntoeachpairing,andthecontainerspossible
reposition.Theoperatingcostsaregivenastimehorizonwhencarryingonshippers.Then,theyuse
theheuristicalgorithmsbasedonthedecompositionoftheproblemonthreesub-problemsrelated
toacost.TheintegerprogrammingmodelischaracterizedbytheLinearprogrammingrelaxation
basedonLagrangianrelaxation.

The Vehicle Routing Problem (VRP)
TheVRPplaysacentralroleintheareasofphysicaldistributionandlogistics.TheVRPcanbe
describedastheproblemoffindinganoptimalroutingnetworkbetweenoneormorenodes,represented
bygeographicalpositionascity,depotor client, inorder to satisfyanumberof constraints and
objectives.Theselatteraredifferentfromonevarianttoanotherandtheyarespecifictothecase
beingtreated.Thereareavarietyofextensionsofthisproblemclass.

Inthemulti-objectiveframework,(Ghoseiri&Ghannadpour,2010)treattheroutingproblem
bymeansoftimewindows.Theyrespectanodecapacityconstraintandalimitedterminal,which
satisfythecustomer’sneedsonthearrivalofamerchandisebythepredefinedtimewindows.In
(Ghoseiri&Ghannadpour,2010), theVRPwithtimewindows(VRPTW)problemisdefinedas
amulti-objectiveproblem,whileminimizingthedistancetraveledbyvehiclesandminimizingthe
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totalnumberofvehiclesusedandrespectingvehiclecapacityandtimewindowsinordertomeetall
requirementsofacustomer.

Indeed,thedecisionmakermustspecifyoptimisticaspirationlevelsforeachobjectiveofthe
problemtobeachieved,whileminimizingthedeviationsbetweentheachievementofgoalsandtheir
aspirationlevels.In(Yuqiang,Xuanzi,&Guangzai,2013),theauthorsformulatedthisproblemusing
theMOV-GP(II)approachandtheformulationwasbasedongoalprogramming.Theadvantageofthe
proposedMOV-GP(II)formulationisthatitdoesnotneedadditionalconstraintsforeachobjective.
Theydefinedtwoparameterstoindicatetheaspirationlevelsoftheobjectivesthatcontrolthedistance
traveledbyvehiclesandthetotalnumberofvehiclesusedtoservethecustomers.Accordingtothe
taxonomyofobjectivefunction,theyconsideredthe(6)and(3.5)criteria.MOV-GP(II)formulation
takesintoaccountthedefinedgoals,aspirationlevels,andthedeviationsvariablesbytheMOV-GP
(I).TheformulationoftheMOV-GP(I)allowsminimizationofsuctionleveldeviations;thisfunction
willbechangedbymodelingitwiththeGP.Thevehicleroutingproblemforasingledistribution
centerwithdynamicroadcapacityconstraintissolvedin(Yuqiangetal.,2013).Themodelproposed
tosolveasingledistributioncenterandasinglevehicleisdefinedastheRVRPtypeproblemwith
soft timewindowsanddynamicconstraint.The transportation fee iscalculatedaccording to the
demandedquantityofgoods,andthepenalcost,associatedwiththetimewindow.Theobjective
functionproposedin(Pradhananga,Taniguchi,Yamada,&Qureshi,2014)istominimizethetotal
costoftransportaccordingtothedemandquantityofgoods.Thefirstitemofthepolynomialobjective
functionisthetransportationfeeregardingthedemandedquantityofthegoods.Theseconditemof
theobjectivefunctionisthepenalcostwhenitdoesnotrespectthetimewindow.Accordingtothe
taxonomy,authorshaveconsideredthe(1.11)and(2.6)criteriawhileaddingapenaltycost.

A bi-objective Vehicle Routing and Scheduling Problem of Hazardous material with Time
Windows(HVRPTW)ispresentedin(Pradhanangaetal.,2014).Itdealswiththecaseofaroad
networkofOsakacity,Japan.Thisproblemaimstominimizetheriskassociatedwitheachitinerary.
Intheproposedmodelby(Pradhanangaetal.,2014),therisksarerelatedtoanitinerarybasedonan
undesirableHazMatincident.Theserisksaremeasuredbythesumoftheprobabilityofoccurrence
oftheeventtimesanditsconsequencesassociatedwithalllinks.Althoughanumberofconsequences
dependontheHazMatincidentarepossible,theysatisfythehumanneedstakingintoaccountatop
priority.Theconsideredbi-objectiveproblemistominimizethetotaltransportdurationwiththe
totalriskatthetransportationnetwork.TheroutingsolutionsintheParetofrontareacompromise
solutionabout thecostandriskobjectives.Acomparisonofenvironmental impactscanprovide
additionalinformationtothedecisionmakerinordertoselecttheoptimalsolutionaccordingtoa
processofdecision-making.In(Pradhanangaetal.,2014),VRPisdefinedbyconsideringanurban
roadnetworkofnodesandlinks(N,L)wherethesetNincludesthedepotnodes,thecustomernodes
ornon-customernodesandthesetLincludesallpossibleconnectionsbetweenNnodes.Foreachlink
connectingapairofnodes,twoattributes,representingtheaveragetraveltimeandrisk,respectively,
aredefined.TheriskattributeistheproductoftheprobabilityoftheHazMatincidentonalinkand
theexposurepopulationalongthelink.TheHVRPTWisdefinedinadirectedgraphG(V,A)by
verticesandarcs.TheverticessetVincludesthedepot(vertex0)andasetofcustomerverticesC.
ThearcssetAincludesallnon-dominatedpathsbetweentheverticesinVobtainedbasedontravel
timeandriskobjectives.Thenon-dominatedpathsareassumedtobedeterminedbeforehandusing
alabelingalgorithm.Themathematicalformulation,proposedin(Lim,Lim,&Rodrigues,2002),is
definedasabi-objectiveHVRPTWwhichseekstominimizethetotalcostandthetotalrisk.

TheHVRPTWmodelimposeshardtimewindowsconstraintsofarrivingateachcustomer.During
theservice,vehiclesthatarriveaftertheendofthetimewindowarenotallowedtowait,however,
vehiclesthatarriveearlierareallowedtowaitforthestartofthetimewindows.Thearrivaltimefor
thecustomertoservemustbeapositivevalue.Solutionsreachedbyaminimumnumberofvehicles
areconsideredbetterthanthesolutionsgivenbylargernumbersofvehiclesinmeasuringthetotal
emissionscriterion.Theemissionintensitiesaremainlydependentonthenumberoftheuseoflinks
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inatransportationnetworkandtheiraffectationaccordingtotherepetitiveuseoflinks.Theterms
ofcostandriskintheproposedobjectivefunctionarebasedonthetraveltimeandthesizeofthe
population.Themodelcanbeclassifiedinthemostrealisticanddynamicstochasticmodelsforthe
rotationissueandmulti-objectiveschedulinginthetransportationofhazardousmaterialsthattakeinto
accountthestochasticanddynamiccharacteristicsoftraveltimeandmodalitiespopulation.Allthe
routingsolutionsgivenintheParetofrontaretrade-offsolutionsintermsofobjectivesvaluesofcost
andrisk.Thecomparisonofenvironmentalimpactscanprovidethedecision-makerwithadditional
informationtohelpinthedecision-makingprocess.EmissionsofCO2,NOxandSPMcriteriaare
comparedforfourParetooptimalsolutionsselectedbyarealinstanceHVRPTW.

(Asadi-Gangraj&Nayeri,2018)proposeaMulti-objectiveMixedIntegerProgrammingmodel.
Theauthorspointoutthevehiclesroutingproblemwithtimewindows,driver-specifictimesand
vehicle-specificcapacities.Thefirstobjectiveaimstominimizetravelingdistanceandthesecond
objectiveaimstominimizeworkingduration.Constraintsofthemodelincludeassignment,flow
conservation,timewindows,andschedulingconstraints.ThisproblemisconsideredNP-hard.Hence,
theyproposeahybridapproachbasedontheLP-metricmethodandgeneticalgorithmtosolvetheVRP.

The Pickup and Delivery Problem with Time windows (PDPTw)
ThePDPTWproblem isavariantof theVRPTWproblem. In (Kammarti,Hammadi,Borne,&
Ksouri,2005),theauthorsseektominimizethetotalnumberofvehicles,thetotaldistanceofthe
itinerary,thetotaltransportationtimeandthetotalwaitingtime.Theyhavedefinedthismulti-criteria
problemasaproblemofvectoroptimization,whichseekstooptimizeseveralcomponentsofavector
function cost.Theyhave added theobjective function tominimize thenumberofvehiclesused
andtheparametersthatcharacterizeeachindividual.Theyhaveproposedamulti-criteriaapproach
basedongeneticalgorithmstominimizetheweightedsumofthenumberofvehiclesused,thesum
ofthedelaysandthetotalcostoftransportation.ThismethodcanobtaintheParetooptimality.The
selectedsolutionisprovidedbytheParetooptimality,definedbythepointwherethehyperplanehas
acommontangentwiththefeasiblespace.ThePDPTWconsidersandrespectsthetimewindows
constraints.Thisparameterisdefinedbycustomersorsuppliersthataregeographicallyinthespace.
Eachitineraryselectedmustsatisfytheprecedenceconstraints,i.e.customersshouldnotbevisited
beforetheirsuppliers.

In (Kammarti et al.,2005), theauthors solve thisproblemusing thisvariantbymeansofa
singlevehicle(1-PDPTW).Themainaimsaretominimizethecompromisebetweenthetotaltravel
distance,thetotalwaitingtimeandthetotaldelaytime.Theproposedsolutionisgivenbyusingthe
evolutionaryalgorithmwithageneticoperator,andtheTabusearch.Theproposedmethoddenotes
a new approach based on the lower bounds and the Pareto dominance method. In the proposed
formulation(Kammartietal.,2005),eachobjectivehasweights.Themainlimitofthisformulation
isthelackofsub-towersdisposalconstraintstoreducecomplexity.Theobjectivesfunctionsrepresent
acompromisebetweenthetotaldistancestraveled(6)criterion,thetotalwaitingtime(2.7)criterion,
andthetotaldelaytime(2.3)criterionwhilerespectingthetimewindowsforarrivingatthenode.
Eachcriterionoftheobjectivefunctionhasaweighting(Dridi,Kammarti,Ksouri,&Borne,2009).

In(Dridi,Kammarti,Ksouri,&Borne,2010),theauthorssolvethePDPTWproblemwith
severalvehicles(m-PDPTW).Thisproblemisdefinedbyasingleobjectivethataimstominimize
thetotalcostoftransport(1.1)criterionfromthetaxonomytable,toserveallcustomerrequests.
Thiscostdependsoneachvehicleusedandthedistancetraveledbyeachvehicle.Itshouldbe
usingametaheuristicasthegeneticalgorithmtoavoidtheinfeasiblesolutions.Themathematical
formulationpresentedin(Kammartietal.,2005)ischaracterizedbythesameparametersused
in(Zidi,Mesghouni,Zidi,&Ghedira,2012,2011;Zidi,Zidi,Mesghouni,&Ghedira,2011)to
solvetheproblemofPDPTW.Theaimsofobjectivesfunctionsaretominimizethecompromise
betweenthenumberofvehicles(3.5)criterion,therespectofarrivingatthetimewindows(2.6)
criterion,andthetotalcostoftransport(1.1)criterion.
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Dial a Ride Problem (DRP)
The DRP defined when a shipment must be transported between the specified pickup and
delivery locations.Thisproblem isdefinedbya setof transportdemandsand thegoal is to
serve themaccording to thenumberofvehiclesused.Each transportdemand ismodeledby
a request containing information on demand. The aim is to serve it, and it must recover a
passengerorgoodsfromanoriginatadestinationpoint.TheDRPisconsideredasacollective
individualizedtransportstartingondemand.Themainobjectiveistominimizethetotaldistance
traveled.Indeed,thevehicleroutingandschedulingproblemsarethegenericclassofproblem
towhichthedynamicDRPbelongs.ThedifferencebetweenstaticanddynamicDRPisthatthe
transportrequirementsarenotknowninadvance,theywillbeprocessedinreal-timeovertime.
Amulti-objectivemathematicalmodelfortheDRPproblemisdescribedin(Zidietal.,2012;
Zidi,Mesghouni,etal.,2011;Zidi,Zidi,etal.,2011).ThisformulationpresentstheDRPbya
multi-objectivefunctionasfollows:

• Economic criterion (ECO):Minimizetransportcosts(1.1)criterion:thecostperkilometer
ofvehicleuse;

• Service quality (SQ) criterion, which is composed of two major criteria:TheRideTime
(RT)(3.7)criterionandtheNumberofStationsVisited(NSV)(3.8)criterion,(seeTable1).

Theobjectivesfunctionsofthetransportproblemtakeintoaccounttheservicequalityprovided
totravelers.

TheproposedformulationoftheDRPbyZidietal.doesnotattributeaweightateachobjective
functionorappliedfortheaggregatemethodtosolvethemulti-objectiveproblem;althoughthey
useadominationconceptintheresolutionofthemulti-objectiveDRP.Moreover,theyapplythe
conceptsofParetooptimalityanda-efficiencyinordertofindthebestcompromisesolutiontothis
problem.Thus, thisreduces thesetoffeasiblesolutionsfor theconsideredproblem.Infact, this
methodhasadvantagescomparedtotheaggregationmethod.However,alltheobjectivesfunctions
inthisformulationhavethesameimportanceintheoptimizationprocess.

TherearenopolynomialalgorithmstoresolveoptimallywithinreasonabletimeNP-complete
optimization problems. To resolve these problems an approximate method must be applied. In
(Zidietal.,2012;Zidi,Mesghouni,etal.,2011),theauthorsproposeaMulti-ObjectiveSimulated
Annealingalgorithmthatisappliedtosolvethismulti-criteriaproblem.Thecontributionin(Zidiet
al.,2012)istheresolutionoftheDRPinthestaticanddynamiccontexttogiveanoptimalsolution.
TothecomplexityoftheDRPreason,authorsproposeanon-aggregativeapproachbasedonMulti-
ObjectiveSimulatedAnnealing(MOSA)algorithm.Thisalgorithmisappliedtosimulateannealing
metaheuristicwiththeadditionofMulti-Agentsystemsinordertosolvethisproblemindynamic
cases.Theproposedmodelisabletorepresenttheprobleminageneralizedmodel,anditiseasily
adaptedtootheralreadyknownmodels.

Classificationandroutingareperformedbytheprincipalofthedistributionheuristicand
theneighborhoodstructure.Theproposedprogrammingheuristicin(Zidietal.,2012)consists
incalculatingtheappropriatedeparturetimesofthevehiclesfromthedepot.Inaddition,the
proposedheuristicisusedtoreducetheviolationoftimewindowconstraint.In(Zidietal.,
2012),themainideaofthisapproachistoapplytheconceptofdominationandtheannealing
schemealgorithm.Besides,MOSAcanfindasubsetgroupofParetosolutionsinashortperiod
oftime.Afterward,itgeneratesmoresolutionsbyrepeatingthetestsfordetailedinformation
ontheFrontPareto.Someimprovementscanbemadetotheproposedapproachin(Frieszet
al.,1993)suchastheresolutionoftheproblemwithheterogeneousvehiclestoassigneach
customertotheappropriatevehicle,thehybridizationoftheMOSAapproachand,applying
thisapproachonarealcase.
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Berth Allocation Problem
In(Imai,Nishimura,&Papadimitriou,2001),theauthorshavetreatedadynamicberthallocation
problemofthecontainersintheport.Theobjectiveistominimizethetotalofwaitingandhandling
timesforeveryshiptoyieldanoptimalship-berth-orderassignmenttothedynamicberthingplan.
Theyhaveproposedaheuristicalgorithmtoresolvethisproblem.Thisheuristicisappliedtothe
sub-gradientoptimizationprocedurebasedontheLagrangianrelaxationoftheoriginalproblem.

In(Imai,Sun,Nishimura,&Papadimitriou,2005),theauthorshavetreatedtheBerthallocation
problemofthecontainerintheport.Themainaimistogivetheberthallocationinthediscretequay
location(BAPD)inordertosatisfythetotalservicetime.Theyproposeheuristicalgorithmstosolve
thisproblem.Theproposedalgorithmdividestheproblemintotwostepstosolveit:(a)theBAPD
algorithmidentifiesasolutiongiveninseveralpartsberths,(b)theprocedurerelocatestheshipsthat
mayoverlaporbelocatedsparselyintheschedulespacethatisdefinedbythefirstBAPDalgorithm.

In (Imai, Nishimura, & Papadimitriou, 2003), the authors have treated the Dynamic Berth
Allocationproblem.Thisproblemisdefinedbytwo-objectiveberthallocationproblemwhenshipping
servicequality expressedby theminimizationof total delay time in shipdeparture (theweight,
however,isnottakenintoaccount)andtheberthuseexpressedbyminimizingthetotalservicetime.
Theauthorshavedevelopedtwoheuristicsforthesingle-objectiveBAPbasedonthesub-gradient
optimization.ThisheuristicisdefinedbytheLagrangianrelaxationandthegeneticalgorithm(GA).

In(Imai,Zhang,Shimura,&Papadimitriou,2007),theauthorshavedefinedtheberthallocation
problemforcontainertransportationbyconsideringtheservicetimeandthedelaytimescriteria.
Thegoalistosatisfytwo-objectiveinberthallocationproblemssuchastheminimizationofthe
totalservice timeand the totaldelay time.Theoptimizationof the totalservice timeofships is
estimatedfromthedeparturetime.Theauthorshavedevelopedtwoheuristicsalgorithmsbasedon
existingproceduresofthesub-problemoptimizationandthegeneticalgorithm.Thesealgorithms
areimplementedintheClanguage.

Traveling Salesman Problem
Thetravelingsalesmanproblem(TSP)isdefinedbythegivensetoflocationsandthedistancesbetween
twocities.Theoptimizerattemptstofindtheshortestpossibleroutethatvisitseachcity,exactly
onceandreturnstotheorigincity.Mathematically,theTSPformulatedasagraphisrepresented
byaweightedgraph,whereedgesarethecitiesandthearcsareholdingthedistancebetweenthem.

(Sabry,Benhra,&Bacha,2018)havesolvedtheTSPwithgreenconstraints,definedasmulti-
objectivesintermsofemissions,timeanddistanceinthemetropolitanenvironmentofthecityof
Casablanca.Theyhaveincludedtheemissionscriteria(thetotalemittedCO2.Themodeltakesinto
considerationthedistance,totalactivity,modalconfiguration,andothertechnicalandfuel-related
factors. (Sabryetal.,2018)haveproposedanapproachbasedon theantcolonyofoptimization
metaheuristictogreenoptimizationthattakesintoconsiderationthedistance,totalactivity,modal
configuration,andothertechnicalandfuel-relatedfactors.Themetaheuristicconvergesandmanages
toreturngoodsolutions.

Solid Transportation Problem
Thesolidtransportationproblem(STP)isdefinedasaspecialcaseofthetransportationproblem.
Inreal-worldcases,multiplestransportationmodesareusedtoshipthegoodsfromdepartureto
destinationnodes.Eachtransportationmodesandmeanscalledconveyance.TheSTPconsiders
threeconstraintsnamelydeparture,destination,andconveyancecapacity. In (Jalil, Javaid,&
Muneeb,2018),theauthorsmodeledthedecision-makingsystembasedonmultipleobjectives
thatareminimizedinahierarchicalorder.Theobjectivefunctionateachlevelissolvedseparately
toobtainthesatisfactorysolutions.

(Javaid,Jalil,&Asim,2017)contributebydevelopingamulti-objectivefractionaltransportation
planningdecisionmodelviauncertaintytheory.Themodelswithuncertainvariablesareoftencomplex
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todealwith,hencetheconceptofexpectedconstraintprogrammingisappliedtodevelopthemodel.
Fuzzygoalprogrammingtechnique(max-minapproach)isproposedtosolvethemulti-objective
fractionaltransportationmodel.Fractionalprogrammingproblemstakeintoaccountthesituations
wherethedecisionmakerisinterestedtomaximizeorminimizetheratiosofsomefunctionsrather
thanasimplefunction.

TheSTPconsiderstwomainassumptions.Duetoadamageabilityoftheunits,thetransported
damagedamountisconstant,andasingleitemofahomogeneousproductshouldbetransportedfrom
sourcestodestinations.Mathematically,thisproblemisdefinedbymoriginsnodes,ndestinations
andkconveyances,includingdifferentmodesoftransport.(Pramanik,Jana,&Maiti,2013)The
multi-objective solid transportationproblem (MSTP) for adamageable item is formulatedand
solved. The formulation incorporates multiple criteria such as transportation costs, resources,
demandsandcapacitiesofconveyances,whicharerandomfuzzyinnature.TheSTPisformulated
asadecision-makingmodeloptimizingpossiblevalueatriskbyincorporatingtheconceptofvalue
atriskintoapossibleandnecessarymeasuretheory.Thetransporteditemislikelytobedamaged
duringtransportationanddamageabilityisdifferentfordifferentconveyancesalongdifferentroots.
The reduceddeterministic constrainedproblem is solvedusingageneralized reducedgradient
(GRG)method.Themodelisillustratedwithnumericalexamplesandsomesensitivityanalyses
aremadeondamageability.

(Yang&Liu,2007)haveinvestigatedafixedchargesolidtransportationprobleminthefuzzy
environment,byconsideringthatthedirectcosts,thefixedcharges,thesupplies,thedemands,and
theconveyancecapacitiesaresupposedtobefuzzyvariables.Inordertosolvetheproposedmodel,
ahybridintelligentalgorithmisdesignedbasedonthefuzzysimulationtechniqueandTabusearch
algorithm.Theobjectivefunctionimpliesoptimizingtheexpectedvalueofthetotaltransportation
cost,i.e.seekingtheexpectedtransportationplan;thefirstconstraintimpliesthatthetotalamount
transported fromsource i isnomore than theexpectedvalueof its supplycapacity; the second
constraintimpliesthatthetotalamounttransportedfromisourcesshouldsatisfytheexpectedvalueof
thedemandofdestinationj;thethirdconstraintstatesthatthetotalamounttransportedbyconveyance
kisnomorethantheexpectedvalueofitstransportationcapacity.

According to the idea of optimizing the expected value of the objective under expected
constraints, the expected value model is constructed. The construction of chance-constrained
programmingmodelisinaccordancewiththeideaofoptimizingthecriticalvalueoftheobjective
underthechanceconstraints.

Asknown,thetabusearchalgorithmisasuitablemethodtosolvethecomplexcombinational
optimizationproblem.(Yang&Liu,2007)havedesignedaTabusearchalgorithmbasedonfuzzy
simulationtoseektheapproximatebesttransportationplan.Theintroducedmodelsandalgorithm
presentacoaltransportationproblem,andaccordingly,achance-constrainedprogrammingmodel
andadependent-chanceprogrammingmodelareemployedastheexperimentalmodels.Theresults
provethatthedesignedalgorithmisrobust.

Synthesis
Interestingnumbersofstudiesareaddressedtosolvethenetworkplanningproblemofthetransportation
andthemulti-objectiveproblemthatisdefinedonvariousmeansas(Ghoseiri&Ghannadpour,2010).
Thismulti-objectiveproblemissolvedbyminimizingthetotalcost(criteriongivenbytheuser)to
satisfytherequirementsoftheuser.

TheVRPTWproblemissolvedin(Ghoseiri&Ghannadpour,2010)accordingtoamulti-objective
model.Theobjectives are considered tominimize thedistance traveledand the totalnumberof
vehiclesused.Thetimewindowisdefinedasaconstraintofthemodel.TheRVRPisaVRPwith
roadcapacityconstraintanddynamicconstraint,developedin(Pradhanangaetal.,2014).Thefirst
objectiveistominimizethetransportationcostaccordingtothedemandquantityofgoodsandthe
secondobjectiveisthepenalcostoftimewindows.AnothervariantofVRP,definedasHVRPTW
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forthehazardousmaterial,issolvedin(Kammartietal.,2005).Theobjectivefunctionistominimize
thetotalcostandrisk,however,thetimewindowisdefinedasaconstraintofthemodel.

ThevariantofVRPTWissolvedin(Dridietal.,2010)asthePDPTWwithasinglevehicle.The
maingoalsaretominimizethecompromisebetweenthetotaltraveldistancesandtorespectthetime
windowsforthetotalwaitingtimeandthetotaltardinesstimetobeminimized.Thesameproblem
issolvedin(Dridietal.,2009).Theproposedformulationminimizesthenumberofvehicles,the
costoftransportandthedelaystimebyrespectingtimewindows.Inaddition,thePDPTWproblem
withseveralvehicles(m-PDPTW)istreatedin(Zidietal.,2012;Zidi,Mesghouni,etal.,2011;Zidi,
Zidi,etal.,2011).Theproposedformulationofthisproblemsatisfiesonlyasingleobjectivethat
seekstominimizethetotalcostoftransport.Thiscostdependsonthedistancetraveledparameter
ofeachvehicle.

TheDRPisdefinedin(YIMetal.,2005)bythemulti-objectiveformulation.Themulti-objective
functions are concerned with minimizing the transport cost and maximizing the service quality
dependingonthetwocriteria,i.e.theridetimeandthenumberofstationsvisited.Besides,another
relatedproblemofthetransportationproblemisthequays’optimizationproblemofrotationbarges
andthecontainersassignmentspresentedin(Ghoseiri&Ghannadpour,2010).Themathematical
formulationisdefinedbythreeobjectives.Theseobjectivesarehierarchicallyaggregatedintoasingle
functionwiththeweightassociatedwitheachobjective.Respectively,thetotalvolumeofbarges
capacityused,thenumberofvisitsquaysandthetotaldistancetraveled,etc.

MULTIMODAL TRANSPORTATION PROBLeM

Multimodaltransportoffersanadvancedplatformformoreefficient,reliableandflexiblefreight
transport.ThisproblemdefinedasthefusionofasetofnetworksGk(Nk,Ak),eachnetworkassociated
withkthtransportationmode.N n n nk k k

i
k= { }1 2

, ,..., representsthesetofnodes,andA nk
j
k∈ ( ) arcs n

i
k, 

representthetransportationitinerariesbetweentwonodes,anditexistsoneormoreitineraries(arcs)
betweentwonodes.Thus,anetworkGkisthesetofconnectedarcs,withasetofnodesNkandthe
correspondingarcsAk,wheneacharcmeasuredbyoneormorevalues.

Inordertomakesustainableplanninginamultimodaltransportsystem,itisveryinterestingto
usemethodsincludedinthefieldsofoperationalresearch.Theoptimizationofplanninginamulti-
modal transportationnetwork is formulatedby severalmanners in literature.Thispaper reviews
variousworks thatsolve thenetworkplanningproblem,byanalyzing thedifferentmathematical
optimizations on multi-modal transport network problem and their variants. Previous research
identifiedalargenumberoffactorsthatprovetoinfluencetheextentoftheoptimizationproblem
inthefieldoftransport.Therefore, thisstudyofferstwomaincontributions.Infact, theexisting
worksintheliteratureontheoptimizationproblemweresummarizedandaliteraturereviewofthe
multi-modaltransportationnetworkplanningproblemwaspresentedalongwiththetaxonomyabout
theprincipalobjectivestreatedandsynthesized,acriticaldiscussionandthecomparisonofvarious
existingresolutionmethods.

Themultimodaltransportationoffersafullrangeoftransportationmodesanditineraryoptions,
allowingthemtocoordinatesupply,production,storage,finance,anddistributionfunctionstoachieve
themosteffectiverelationshipsusingmultiplemeansof transport.Thegoal is tomovefromthe
startingcitytothedestinationcitythroughotherintermediatecities,knowingthatthereareseveral
itinerariesbetweenthem.Thetransportnetworkismulti-modalwithvariousmeansoftransportsuch
astrain,boat,airplane,truck,bus,metro,orothers,usedtoreachadestinationinaccordancewith
customer’srequirementsandtheconstraintsoftheproblem.Ingeneral,theobjectiveofamultimodal
networkplanningproblemistooptimizereliabletransportchainsforapassengerorfreight.Thereare
variousmeasurestocheckamulti-modalpath,suchasthetravelcost,in-vehicletime,waitingtime,
length,traveltime,transfertime,thenumberoftransfers,etc.Themainobjectiveofthisproblemis
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tofindtheshortestandthemostefficientwayofsatisfyingasetofobjectives,andasetofoperational
constraintsaccordingtocustomerdemands.Eachcasetreatedisdefinedbythespecificparameters
specifictothetreatedproblem.Sinceeachvariantpossessesitsowncharacteristics,severalforms
of theformulationordefinitionsofproblemsaredistinguished toreflect thepresenceofseveral
decisionsvariables.Thesedecisionsvariablesarebasedonthespecialcharacteristicsofthegoals
andconstraintsofthetreatedproblem.Theseconstraintsarespecifiedforeachcustomer,vehicle,
mode, roadormeansof transport,aswellas the typeof treatedproblem.Basedon theexisting
literatureworks,itcanbefoundthatthemajorityofworkshavesolvedthisproblembyusinglinear
programminginspiredmethodssinceitisamethodthatsolvestheproblemoftheexactmannersin
ordertomostlyoptimizeasetofobjectivesandsatisfyasetofconstraints.

Thispaperisinterestedchieflyintheliteraturereviewsthatsolvethemultimodaltransportation
problems.Theprinciple is to find the shortestpathand themost efficientwaybyusing several
transportationmodesinordertoprovidecustomers’demandswhilesatisfyingseveralobjectivestoa
largesetofoperationalconstraints.Amongtherequirementsoftheclientsaimedtobesatisfiedwiththe
minimizationofthetotaltransportationcost,thetotaltransportationduration,thetotaltransportation
riskorthemaximizationofthequalityofservicehavebeenquoted.Theoptimizationbyoperation’s
researchprovestheirefficiencyintheresolutionstepoftheseproblems.Thecomponentsofthemulti-
modaltransportationsystemarethemodeoftransport,theitinerary,andtheinfrastructurecondition.
Theintersectionsofthesecomponentsbringabouttheconceptsofassignmentandtransportation.
Themulti-modaltransportproblemisdefinedbytheuseofseveralmodesoftransportwhereineach
modeisidentifiedbytheseappropriatenodesandpathsandtheirconnectionnodestochangethe
mode.Figure1showsagraphicalrepresentationofamulti-modaltransportnetwork.Theproblem
isdelineatedbychoosingthebestpathandtheoptimalmodeaccordingtothecase-studytakeninto
account.Thisproblemcontainsseveralsystemconstraintsthatinvolveusingtheoptimizationmethods
tosatisfyalltheconstraintsandobjectivesoftheproblemfixedbythedecision-makertorequestthe
customer’srequirements.

Inordertosolvethemulti-objectiveproblem,thedecision-makerischargedwiththeselectionof
thebestitinerary,whilesatisfyingasetofobjectivesthatpresentthebestcompromisebetweenthese
objectives,suchastransportationcostandtransportduration,etc.Theselectionofthetransportation
modetooptimizethetransportitineraryinthemultimodalnetworkisamajorconcernfortheshippers,
carriers,andcustomers.Theliteratureonmulti-objectiveoptimizationofmultimodaltransportation
networksshowsavarietyofresolvingmodelsbyusingthemathematicalformulation.Eachmodelis

Figure 1. Multi-modal transportation network
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characterizedbythespecificparametersthatdefinethetreatedproblem.Inrealcases,eachproblem
willbedefinedbyoneormoreobjectivesinordertooptimizetheirappropriatecriteria.

Inthemulti-objectiveframework(Yuqiangetal.,2013)havesolvedthevehicleroutingproblem
withthetimewindow.Theobjectivesaretominimizeboththetraveleddistanceandthetotalnumber
ofvehiclesused,andthetimewindowthatisdefinedasaconstraintofthemodel.In(Wan&Lo,
2003),theauthorshavesolvedRVRPwithroadcapacityandadynamicconstraint.Theobjective
istominimizethecostoftransport.Thetransportationfeeismeasuredaccordingtothedemanded
quantityofthegoods,andthepenaltycostaccordingtothetimewindow.

Themathematical formulationof the transportationnetworkdesign isusually intractableby
exactapproaches.In(Verga,Silva,Yamakami,&Shirabayashi,2013),theauthorshavedevelopeda
MILPformulationinordertominimizetheoperatingcost,respectingabuscapacityconstraintinthe
publiccontext.Theobjectiveistominimizetheoperatingcostswhilerespondingtotheconsidered
capacitysystemconstraintsandboundingtheexchangeactionfrequency.Thecharacteristicoftheir
formulationallowsgeneratingimplicitlythestructureoftheroutes.

In(Gédéon,Florian,&Crainic,1993),theauthorshavetreatedanothervariantofthemultimodal
transportnetworkproblemcharacterizedbytheuncertaincostsoftheedges.Thisproblemhasbeen
modeledbasedongraphtheory,whereeachtransportmodeisrepresentedbyasub-graph,andthe
wholegraphisthesumofallsub-graphs.Theproposedmathematicalformulationdescribesnon-linear
constraints,inordertodevelopanalgorithmthatreachesasetofParetosolutionsandtofindthe
bestroutesbetweentheoriginandthedestination.Eachsub-graphrepresentsonetransportmode.In
addition,thissub-graphwillbeconnectedinordertorepresentthetransferedges.Theparametersof
costandtimeareuncertainsincetheyarerepresentedbyfuzzynumbers.Eachnoderepresentsaplace
wheretheuserchoosesthepreferredmode.Theselectedoptionsaretobecontinuedintheselected
mode.Onlytheuncertaintiesoftraveltimeareconsideredduringtheformulationtobeoptimized,
nevertheless,theyneglectedothergoals,liketotaltransportationcost,thequalityofservice,etc.In
(Liu,Mu,&Yang,2014;Liu,Yang,Mu,Li,&Wu,2013),theauthorshavesolvedatransshipment
problemoffreightflowsoveramultimodalnetwork.Theyhaveoptimizedtheflowcostsbyminimizing
theconvexcostinordertodeterminetheorigin-destinationmatrixwhichcorrespondstotheminimal
costflows.Theyassumethatthecostisthesameforallproductsregardlessoftheirorigin.

Themultimodalshortestpathproblem(M-SPP) isdefinedby the researchofapath froma
specificorigintoaparticulardestinationinagivenmultimodalnetworkwhileminimizingthetotal
transportationcosts,thetotaltransportationtime,orthedistanceofitinerary.In(Liuetal.,2014,
2013), theauthorshave treated themulti-criteriamulti-modal shortestpathproblem(MM-SPP).
Theaimsaretooptimizethetransferdelaysandtorespecttime-windowatthearrivalnode.This
problemisincludedintheclassofanNP-hardproblem.(Cai,Zhang,&Shao,2010)havedeveloped
anexactalgorithmtosolvetheMM-SPPbyminimizingthetotalitineraryduration,minimizingthe
totaltransportationcostandminimizingthedelaystimeinthetransferparkingwhilerespectingthe
timewindowinthearrivalatthedestination.TheyhavesolvedtheMM-SPPswithtransferdelayby
animprovementoftheexactlabel-correctingalgorithm(LCA).Then,theyaddedthetime-window
constrainttorespectthearrivaltimeoftheclient.

In(Caietal.,2010),theauthorshavedevelopedamathematicalmodeltosolvethemulti-modal
transportproblemwiththefullloadsandtimewindows.Thisisconsideredasacomplexproblem.
The(L.Zhang&Peng,2009)and(Wan&Lo,2003)presentthesamemodel.Theyhaveconsidered
thisproblemwithtwoobjectives:(a)minimizingthetotalcostoftransport,whichincludestransport
costs, change cost and time overhead, (b) minimizing the total time of transport, including the
totaldurationoftransport,thetimeoftransshipmentandthedelaytime.Theproposedmodeldoes
notprovideafeasiblesolutiontotheproblem.Inordertoresolvethisproblem,theauthorshave
implementedamulti-objectivegeneticalgorithmwithrandomweighting.Thisalgorithmisadopted
asanoptimizationprocedure,combinedwithMATLAB.
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Thereareseveraloptimizationmeasurestoevaluateamulti-modalpath,suchasthetransportation
cost,durationoftransport,waitingtime,thelengthofitinerary,traveltime,transfertime,thenumber
oftransfers,etc.Themultimodalcontextofthemajorityofthepreviousworksisdividedintotwo
majorobjectives,namely theminimizationof transportationcostorof thedurationof transport.
Eachobjectiveismeasuredaccordingtooneorseveralparametersthatarespecifictothecaseofthe
problemtreated.Itshould,also,becitedasanexamplethattransportcostscanbemeasuredbythe
costoftransportation,operatingcosts,transfercosts,costdependingonduration,thecostofloading
thegoods,orthecostoftheassignmentResources,etc.

Multimodal Transport Optimization Problem with Single Objective
Multimodal Network Planning
TheconceptofIntegratedMulti-modalNetworkPlanningmeansthat:

• Thepublictransportnetworksshouldprovideagoodservicetoaccessanentireregion;
• Thekeytoagoodsystemiswell-organized,legiblerouteswithfast,effectiveandeasyinterchanges

betweenservices;
• Differentitinerariesmustbeplannedtocomplementeachother(mustbecontinuous)anddonot

compete(whichusuallymeanshavingaregulatoryauthorityoverstrategicplanningresponsibility
andauthorityoverthenetwork);

• Themechanismallowingquicktransfersbetweenlines;
• Ticketingsystemsforthenetworkshouldsupporteasytransfersbetweenlines,andtreatallmodes

inthesamewayasmuchaspossible.

Ingeneral,theobjectiveofamulti-modalnetworkplanningproblemistooptimizethecontribution
ofreliabletransportchainswithpublicorfreighttransportation.In(Wan&Lo,2009),theauthorshave
developedamathematicalformulationMILPtominimizetheoperator’scostsubjecttothecapacity
oftransportmeansconstraint.Themaincharacteristicofthisformulationistogenerateimplicitly
thestructureoftheitineraries.However,thisrequiresspecifyingamaximumnumberofroutesin
thesolution.Theproposedobjectivefunctionminimizestheoperatingcostsandtheconstraintsof
thesystemconsideredthecapacityandboundedfrequency.Theroutesaregeneratedimplicitlyby
speciallyintroducedvariables.Inparticular,anon-trivialproblemistoexcludecycliclinesfromthe
solution.TheimplementationofthismodelisrealizedbyCPLEX.

In(Wan&Lo,2009),theauthorshavetreatedthecongestioninthemulti-modaltransitnetwork
designplanningproblemoftransitservices.Thisproblemisformulatedasamulti-routetransitnetwork
designproblem.Theobjectiveofthisformulationistominimizethesumoftheoperatingcostsofall
transitlines.Theformulationispresentedasamixedintegerprogram.Throughtheintegervariables,
theyfollowthepathofeachlineandthetrafficvolumealongitsalignment.Thus,thisallowsobtaining
abetterefficiencybyspecifyingtherequiredlinefrequenciesandthecapacitieswhicharenottaken
intoaccountinthepreviousapproaches.

Wanetal.describeaformulationtodeterminemultipletransitlinesonanetwork,providing
directioninthevehicleservicesforalltraveldemands(Vergaetal.,2013).Throughtherepresentation
ofnodelabels,theroutestructureandtheflowoneverysegmentofaroutearerepresentedexplicitly.
Someinformationisusedtospecifytheappropriatelinefrequenciesinordertomeetallthedemands
inaccordancewithminimumcost.Theauthorshaveextendedtheformulationasthemulti-objective
modeltocapturethecomplicatedinteractionsbetweenserviceprovisionsandpassengerchoices.

In(Vergaetal.,2013),theauthorshavetreatedanothermulti-modaltransportnetworkproblem
withuncertaincostsontheedges.TheyhaveappliedtheproposedapproachintherealcaseofSioux
Fallnetwork.Theauthorshavedevelopedanewapproachtosolveamulti-modaltransportproblem.
The proposed algorithm is an adaptation of a classic Ford-Moore-Bellman algorithm and does
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transformtheuncertaintyintoaclassicalnumber.Theuncertaincostvaluesofeachedgearedealt
withusingthefuzzysettheory.Theuncertaininformationispreferred,i.e.themissinginformation
toobtainasatisfactorysolution,whichcanbeclosertotheoptimalsolution(Liuetal.,2014).

In(Castelli,Pesenti,&Ukovich,2004),theauthorshavesolvedtheschedulingprobleminthe
multimodaltransportationnetworksystemsbymainlybeingdevotedtocommuters.Theobjectiveof
theproposedmodelistominimizetheoperatingcosts.Themathematicalmodelisintegratedintoa
heuristicprocedurebasedonLagrangianrelaxation,decomposedintoasetofsinglelineproblems.
Theproposedalgorithmdefinesthebestschedulesandsolvesthetransfercoordinationproblem.

Multi-Modal Shortest Path Problem (M-SPP)
Inthecaseofmulti-modaltransport,changingfromonemodeoftransport,ithastogofromone
correspondencenodetoanother.Thepassagetimebetweenthesenodeswillbepenalizedbyacost.
Theaimistosolvethemulti-modaltransportationnetworksproblembygettingtheOrigin-Destination
oftheshortestpath.Thegoalsaretominimizetheoverallcost,timeandusers’flowcommodity
associatedwiththerequiredpaths.Inthemulti-modalnetwork,thetransfertimeincludesthetotal
waitingtimeattransferstops,thetotalwalkingtimebetweentransferstopsandthestoppingtime
atthetransferredstop,andthetraveltimeincludestheoverallin-vehicletimeandthetotaltransfer
timeinthenetwork.

TheM-SPPaimstofindtheshortpathfromanorigintoadestinationnodeinamulti-modal
networkwhileminimizingthetotaltransportationcosts.Thecomplexityoffindingthemulti-modal
routeisobviouslyhigherthanasinglemodalone.Onthemulti-modalnetwork’slevel,severalmodes
oftransportationoperateconcurrentlyunderthechangingconditions.Themulti-criteriamulti-modal
shortestpathproblembelongstothesetofNP-hardproblems.TherelatedM-SPPisoneofthemost
importantandpracticalproblemsinseveralfieldssuchasurbantransportationsystemandfreight
transportation.Inordertoreachthedestination,thepassengersorthegoodswillalternatebetween
differentmodes.Thetime-windowisusuallyassociatedwiththeM-SPPasaspecialdemand.

In(Jing,Liu,&Cao,2012),theauthorshavedevelopedanewmedializationwhentheM-SPP
satisfiesthedelayandthearrivingoftimewindows,presentedbyasimpleform.Existingmethods
donotsupplyanexactsolutionoftheM-SPPwithdelays,bydesigningatripletlabelateachnode.
Theproposedformulationsatisfiesthemainobjective.Thisobjectiveistominimizethetotaltravel
duration, includingthe transferdelays thathappenwhichmustcomplywitha timewindow.The
runningtimewillbeincreasedbythenumberofmodesoftransportused.Theyareconsideredthe
wayservicetime,andtheyalsoimprovetheconvergencebyanexactalgorithm;however,theydo
notincludeasimilarpath.

Route Selection Problem
Inordertosolvetheselectionproblemofmodesandroadsinmulti-modaltransportation,thedecision
makerischargedwithselectingthebestitinerary,knowingthatthereareseveralroutesbetween
twocities.Thisitinerarypresentsacompromisebetweenobjectivesasthetotaltransportationcost
andthetotalcost.In(Jingetal.,2012),theauthorshaveproposedamathematicalformulationto
solveandoptimizethevirtualtransportnetworkprobleminmulti-modaltransport.Theobjective
functionof theformulationaims tominimize the totalcostof transport (1.1)criterionand the
transfercost(1.2)criterion.Eachroutehasacost,atransittimeandasinglemode.Thegoalisto
selectapathbetweentwoneighboringsitestominimizethecostofmovingasitetoawriterand
thetotaldurationmaynotexceedatime.(Jingetal.,2012)suggestahybridgeneticalgorithm
basedonchromosomecoding,geneticoperators, and restrictioncontrollingmethodaswell as
populationdiversitycontrollingmethod.Thisapproachisinspiredbyacombinationoftechnical
knowledge.However,thetotaltimeoftransportobtainedin(Lee,Chew,&Lee,2006)islarger
thanthesolutionfoundintheliterature.



International Journal of Operations Research and Information Systems
Volume 11 • Issue 1 • January-March 2020

22

Multi-Commodity Flow
Thenetworkdesignproblemsariseindifferentapplicationareas,mainlyusingthemulti-commodity
flowstructure.Fixedchargecapacitatedmulti-commoditynetworkdesign(CMND)problempresents
themajorproblemclassofmulti-commoditynetworksdesignproblems.TheCMNDformulation
representsagenericmodelfortheplanningproblemsintheconstruction,improvement,andoperations
oftransportation,logistics,production,andtelecommunicationsystems.In(Leeetal.,2006),the
authorshavedevelopedascientificandsystematicapproachtotheflowofcontainersfortheAsia-
Pacific region. In this case, strategicplanningproposes a decision support that satisfies various
objectivessuchasterminalhandlingcostsandturnaroundtimes.

Amulti-commodityflowmodelisproposedin(Leeetal.,2006)totreatthesensitivityofthecargo
flowbetweenportsintermsofefficiency,portcharges,andfreightcosts.Theproblemisformulated
asamulti-commoditynetworkmodel.Theobjectivefunctionisdefinedbythetransportcostand
theopportunitycostthatisattributedtothetimespentbythecargoonthelinks.Thefirsttermin
theobjectivefunctionrepresentsthetransportcostcorrespondingto(1.1)criterionandthesecond
termrepresentstheopportunitycostthatcorrespondsto(1.13)criterion,whichisattributedtothe
timespentbythecargoonthelinks.Theconstraintsrespecttheconservationofflowandtheannual
capacityforeachlink,alsotheannualcapacityoftheport(Leeetal.,2006).Themodelsatisfiesan
optimizationattheleveloftransportcostandopportunitycost.Nevertheless,thismodelneedstobe
improvedinordertoevaluatetheattractivenessofaportusingotherqualityfactors.Thereisstilla
needtoimproveorreviseeconomicparameterssuchastransportcosts,delays,andcapacityconstraint.

In(Luo&Grigalunas,2003),authorshaveformulatedanewmodeltosolvethemulti-modal
networktransportproblemwithflexibletimeandscheduledservicesarisingfromtheoperationsof
alogisticscompanyinItaly.Theyhavecombinedseveralfeatures,suchasscheduling,flexibletime
transport,andconsolidationoptions.Besides,theyhaveproposedanetworkrepresentationofthis
problem.Then,theyhavedevelopedanapproachthatexploitsspecificproblematicfeaturessuchascost
functionpropertiesandrealisticupperlimitsonfeasiblepaths.Theyhaveperformedcomputational
experimentsbasedondecomposition,andtherepresentationofthevirtualnetworkcansometimes
giverisetoverylargedigraphs.

A multi-modal container transportation model is developed in (Le Thi, Ndiaye, & Pham
Dinh,2008)foroptimizationeconomic.Thismodelisproposedtoestimatetheannualcontainer
transportationdemand formajorcontainerportsand toevaluate the impactonportdemandsby

Figure 2. Network representation for the port (Lee et al., 2006)
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changingportfees.Themodelisdesignedtoestimateportdemandbyoptimizingthetotalcostof
thecontainertransportationprocessthroughamulti-modalnetwork,includingports,rails,highways
andshippinglines.

Synthesis
The multi-modal transportation problems in the majority of the literature works are solved by
satisfyingtwomajorobjectives,namelytheminimizationoftotalcostandtheminimizationofthe
totaltime.Thissectionpresentsarecapofthevariousproblemsmetinmulti-modaltransportcontext
thataddressestheoptimizationproblemwithasingleobjective.Mostoftheresearchworkismetto
consistinminimizingthecost,likethecostoftransport,operatingcost,transfercost,thecostand
thedurationofgoodsloading,orresourceassignmentcost,etc.Theobjectivesaredefinedaccording
tothespecificparametersofthetypeofproblemtreated.

MULTI-OBJeCTIVe OPTIMIZATION

Theproblemofrotationtransportofcontainershasamarketpotential,conditionedbytherefinement
ofitsqualityofservice(improvementofthesystemandservices).Multimodaltransportofcontainers
hasaniterativeofrotationtransportthatrequirescompetitivenessintermsofservicequality,cost
andothercriteria.

The multi-modal transportation has become a key platform for containerized transportation
solutions.Moreover,themulti-modaltransportationprocessconsidersvariouscriteriaandobjectives
accordingtothevarianttreated.Theseobjectivesmightbeconflictingwitheachother,requiring
multi-objectivemethodologiestosolvethisproblem.Thecriteriasuchasthelimitednumberand
capacity, additional regulations (e.g. regulations ofworking hours of drivers), and simultaneous
planningofmultipleresources(e.g.vehiclesanddrivers)shouldbeincorporated.Inthisrespect,
thedynamicdataorthestochasticdataalsoremainamajorresearchchallenge.Thissectionquotes
themajorworksofliteraturethatfurnishamulti-objectiveoptimizationsolutiontothemulti-modal
transportationproblem.

Multi-Modal Transport of the Container
In(LeThietal.,2008),theproposedoptimizationaimstominimizethefrequencyoftransferstothe
yardsfortheloadingofcontainersproblemontrainsintherail-railtransshipmentsite.Depending
ontheirfinaldestination,thecontainersareunloadedfromtheirfirstoriginaltrainbyautomated
handlingsystems,toberechargedonatrainleavingatadefinedlocation.

Theeffectiveoperationalmanagementcanbedescribedbytwomainproblemsofoptimization:

1. Thedeterminationoftheloading-reloadingpointsofcontainersondifferenttrains;
2. Planningofhandlingequipmentthattransferscontainersfromatrainofarrivaltoatrain

ofdeparture.

Themaingoalistooptimizethesitemanagementfromthetotalprocessingtimeoftrains.The
mainproblemistoinitiallyloadandallocatetheavailablesitecontainerswhileminimizingtheir
movementduringtransferandminimizingthenumberofcranesused.Therefore,thetransfertasks
aretakenwhenthetrainarrivesatastation.Theoperationsareplannedtominimizethetotalduration
andtolimittheimmobilizationoftrains.Theauthorsin(LeThietal.,2008)areonlyconcernedwith
determiningcontainersitesontrainsundervariousconstraints.Theobjectiveistominimizethetotal
allocationcostofcontainersaboutasetoftransferringtrainstoasetofcorrespondingtrains,which
referstothe(1.7)criterion(seeTaxonomyTable1).Theproblemisdefinedasa0-1linearprogram.
ThankstoexactpenaltytechniquesinDCprogramming,theproblemistransformedintoapolyhedral
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DCprogram.Authorshaveproposedin(LeThietal.,2008)anoptimizationsolutionfortheload
andtransferofcontainerwithexplicitstorageconstraint.Theproposedmodelimprovestheupper
boundandthetotaltimeoftravel.Theprincipleofoptimizationistojointheinitialloadingandthe
transfer.Theyhavecomparedtheoptimizationoftheloadalongtransfer,aswellasthechoiceofthe
correspondingtrainforthetransferofcontainers.However,thedatasetsareclosetoreal-data.The
aimconsistsofimprovingtheoptimalvalueoftheobjectivefunctionandthenumberofmovements
ofcranesgenerated.Theresultspresentedin(Choong,Cole,&Kutanoglu,2002)showthatit is
possibletoremoveallthechangesinthezonesandtoimprovegloballytheperformanceoftheyard.

TheresultsexhibittheeffectivenessofDCAinthemethodthatimprovestheupperboundand
thetotaltraveltime.ThemethodofDCAdefinedbycombinationwithBBgivesaworkablelocal
solution.ThiscombinationismoreinterestingthantheBB.Theobtainedresultsfoundappreciablythe
sameupperbound,buttherunningtimeandthenumberofiterationsofCPLEX9.1remainverylarge.

An integerprogrammingmodel isproposed inplanninghorizoneffectsonemptycontainer
managementformulti-modaltransportationnetworkproblems(Choongetal.,2002).Althoughthe
appropriatelengthoftheplanninghorizondependsonthenetworkunderconsideration,alonger
planninghorizoncangivebetteremptycontainerdistributionplansfortheearlierperiods.Thelonger
horizonallowsbettermanagementofcontainersoutsourcingandencouragesusingtheslowerand
cheapertransportationmodes(asthebarge).However,theadvantagesofusingalongrotationhorizon
mightbesmallforasystemthathasasufficientnumberofcontainers,sincesuchasystemhassmall
end-of-horizoneffects.Foranetworkwithabargetransportationmode,theplanninghorizonshould
haveenoughlengthforthemodeltohaveachancetoconsiderusingtheslowercheaperbargemode.

Theproposedmodelin(Aifadopoulou,Ziliaskopoulos,&Chrisohoou,2008)isbasedonaninteger
programmingmethodthatminimizesthetotalcostsdependingontheemptycontainersmoved,in
ordertomeettherequirementsformovingloadedcontainers.Theproposedmodelaimstominimize
thetotalcostoftheemptycontainerandtoplanitoveragivenhorizon.Thetotalcostincludesthe
costoftransportingemptycontainersbetweenlocations(1.4)criterion,thecostofholdingempty
containersatcontainerpools(1.5)criterion,andthecostofbringingincontainersfromoutsidethe
system(leasing,buying,orborrowingcontainers).Atcontainerpools,holdingcostisincurredonly
onnon-movingemptycontainersthatstayattheendofaperiod.Topreventcontainersfrombeing
movedaswellastoavoidstayingatthecontainerpoolovertheperiodandbeingchargedforholding
cost,themodelmustbemodified.Thismodificationisconcernedbytheaddingofholdingcostabout
themovingcostofthemovingcontainers.

Thebargeisameansthatcanbeusedtocarryloadedcontainers.Itismoreprofitabletocarryas
manyloadedcontainersaspossible.Iftherearefreespacesonthebarge,theymaybeusedformoving
emptycontainersatverylowmarginalcost.In(Choongetal.,2002),theauthorshaveproposeda
mathematicalmodeltosolveanetworkflowproblem.Thisproblemisdefinedastheplanningand
managementofemptycontainersforamulti-modaltransportationnetwork.Theimpactofchoosing
aplanninghorizonthatistooshortdependsonthreeconditions:

1. The concentration of the activities in the network:Iftheperiodsimmediatelyaftertheshort
planninghorizonareveryactive,alongerplanninghorizonmightgiveabettersolution;

2. The transit time of the container movements:Asystemthathaslongtransittimesmayneed
alongerplanninghorizontoallowthemodeltoselectslow,cheapmodesthatworkwellinthe
real-world’sinfinitehorizon;

3. End-of-horizon effects:Asmallend-of-horizoneffectmayreducethesignificanceoflengthening
theplanninghorizon.

Thetestcasesrevealthattheend-of-horizoneffectissmallerwhentheaveragetraveldistancein
thesystemisshortortheinitialinventoryateachcontainerpoolishigh.Theycanintegratetheloaded
andemptycontainerflowdecisionsinasinglemodel.Sincethelocationandnumberofcontainer
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poolscanhavealargeimpactonthesolution,itmightbeworthwhiletolookatlocation-allocation
modelsalongwiththeplanninghorizonconsiderations.Theuncertainnatureofdemandandsupply
inthecontainermanagementproblemcanalsobeconsidered.

Network Planning
The multi-modal of the transportation system must consider the representation of Multi-modal
NetworksPlanningasfollows:

• Multi-modalnetworkplanningshouldbeintegratedintolong-rangecomprehensiveplansthat
addresslanduse,transportation,andurbanform;

• Networkplanningshouldaddressmobilityandaccessneedstobeassociatedwithpassenger
travel,goodsmovement,utilityplacementoremergencyservices;

• Reservingright-of-wayfortheultimatewidthofthoroughfaresshouldbebasedonlong-term
needsdefinedbyobjectivesforbothcommunitycharacterandmobility.

Amixedassignmentproblemofatransshipmentproblemisconsideredin(Aifadopoulouetal.,
2008).Authorshaveproposedanalgorithmthatidentifiesfeasiblyconnectedroutesforpassengertrip
planninginanationalnetworkwithcompetitivemodesbasedoneachuser’srequest,whichextracts
theoptimalpathbasedontheprioritiesandtargetvaluesofthedurationandthecostofthetrip.This
algorithminspiredbythemathematicalformulationusesthe“GoalProgramming”.Theprinciple
ofGoalProgrammingistominimizedeviationsfromafixedgoalintroducedbythedecisionmaker
foreachobjective.

Themathematicalprogrammingmodelisdefinedasamixed-useandtransshipmentproblem.
Themathematicalmodel isamulti-objective linear integerprogram(LIP) thataims to take into
considerationthetotalityoftheobjectivefunctions.Inthelinear,aswellasinthemulti-objectiveLIP,if
thesetconstraintsarenotcompatible,therewillbenofeasiblesolutionsfortheproblem.Nevertheless,
inthemulti-objectivelinearprogramming,acertainlyfeasiblesolutionthatsimultaneouslyaccounts
forallcompetingobjectivesisnotalwaysexpected.Theaimistofindasolutionthatsatisfiesthe
system’sconstraints,beingascloseaspossibletotheoptimum.Thus,theeffortfocusesonaparticular
goal’sprogrammingmethodology.Allobjectivefunctionsareturnedtosystemconstraintsintroducing
thedeviationvariablesfromthegoalssetbytheuser,andtheproblemobjectiveistominimizethe
deviations.ThegoalProgrammingmethodistotransformallthefunction’sobjectivestotheconstraints
ofthesystembyintroducingthedeclinationvariabletargetssetbytheuser,inordertominimizethe
variationsoftheobjectivefunction.Theproposedmodelin(Aifadopoulouetal.,2008)isdefined
bythreetypesofconstraints:

1. Time Compatibility of Links Constraints:Incaseofanoriginnode,thearrivaltimeofthe
selectedrouteshouldliebetweenthedesiredtimewindowssetbytheuser.Incaseofahubnode
constraintthatwouldallowtransit;

2. Either at the same terminal or selecting terminal, the change should be considered:
Waiting timecausedby transit shouldnotexceed theacceptablemaximumwaiting time
givenbytheuser;

3. Network Constraints: Between two distinct cities (origin and destination city), only one
itineraryshouldbeselected.Therefore,thesumoftheinputstothecityshouldbeequalto
thesumofitsoutputs;

4. Transforming the Objectives to Constraints:Theseconstraintsinvolveintroducingthedeviation
variables thathavethepositiveandnegativedeviationtoeachobjective(totalcostandtotal
durationoftransport)setbytheuser.Theobjectivesfunctionsofthemodeltackledtakeinto
accountthetotalcostoftheroute(1.1)criterionandthetotalduration(2.1)criterion,defined
asalineargoalprogrammingproblem.
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They solve this problem by using a new algorithm since the proposed GP model is very
complicated.TheproposedalgorithmprovidesaWeb linkcomponent,whichaimsatdisplaying
informationfortheuserthroughtheInternetfortravelinginpublictransportappliedinGreececase.
Thepresentationofanidentificationprocesspathtakesintoaccountdelaysofdifferentmodes.The
ideaistosupplyasystematicprocessthatidentifiespossiblepathsbasedonthecompatibilityofthe
differentmodes,linksanduserpreferences.

TheauthorshaveusedtheLexicographicGoalProgrammingwhichisbasedonconventional
preemptiveprioritystructureinwhichthedecision-makerisrequiredtoclassifytheobjectivesso
thatthemostimportantobjectivesarethefirstpriorityleveluntiltheobjectivesareclassifiedfrom
themosttotheleastimportant.Thishierarchicalstructureisintendedtoensurethattheobjectivesof
lowerlevelsareconsideredonlyiftheobjectivesofthehigherlevelsarealreadyoptimized.However,
theweightedlexicographicalGPhasmultipliedthenumberofparameterstobesetandthenumber
ofvariablestobedetermined(Tuzkaya,Onut,&Tuzkaya,2014).

In(Tuzkayaetal.,2014),theauthorshavedefinedmultileveloptimizationmodelsasahierarchical
structure to reach the solution of the problem. They have proved that multilevel programming
(MLP)canbeappliedtodifferentareasorfieldssuccessfully.Theproposedisamodeldefinedby
theobjectivefunctionthatmaximizesthesatisfactiondegreeoftheworstobjectiveandthedecision
variablevalueswithrespecttotheirtolerancegaps.Theprincipleoftheprocedureistosolvethe
problembysatisfyingeachobjectiveatalevelseparately.Theproposedmodelin(Liuetal.,2014,
2013)usesnewparametersliketheweightofthetransportationmodeanddemandvolumeofproduct
fromdemandpoint,etc. theauthorshaveused theMax-Minof thefuzzyoperators to transform
theproposedmodelintoamulti-objectivemodelatone-level.Bythismodel,theobtainedsolution
satisfiesalllevels,however,themodelremainsverycomplicated.

Inordertosolvethisproblem,manyresearchershaveproposedavariousformulationofthe
multimodalproblemaccordingtodistinctobjectivesas(Mnif&Bouamama,2017a,2017b).Ina
recentpaperby(Mnif&Bouamama,2017a,2017b),theauthorshavesuggestedamulti-objective
mathematical model in order to optimize the multimodal and multi-objective transport network
planningproblem.Theyhaveproposed amulti-objective formulation. In fact, the first objective
istominimizethetotalcostoftransportinamultimodalnetwork,includingthecostoftransport,
transshipmentcost,thecostimposedonchangingthetransportmodeandtheoverheadcoststhatare
imposedondelays.Thesecondobjectiveistominimizethetotaldurationofthemultimodaltransport
network,includingtheitinerarytime,thedurationofachangeinthetransportmode,thetransshipment
duration,andthedelaysduration.Thethirdgoalistoensuretherespectofarrivalatthedestination
nodeintheplannedtimewhichisincludedinthepre-establishedtimewindow.Nevertheless,theexact
methodmayhavenotfoundanysolutionsinsomesituations.Moreover,ittakesalotofexecution
time in a real-time computing system. However, the approaches methods can achieve very fast
executiontimeandcanevenachieveacceptablerunetimestosolveanNP-hard.Besides,theycan
getanefficientsolutionformulti-objectiveproblems.IntheresolutionstepoftheNP-hardproblem
throughthecompletemethod,thefailureincreasesandasolutiontothisproblemcannotbefound
becauseoftheconflictingobjectives.Awiderangeofmathematicalprogrammingtechniquestosolve
multi-objectiveproblemsareavailableintheliteraturework.However,mathematicalprogramming
techniqueshavecertainlimitationswhentacklingmulti-objectivesproblems.Themaindisadvantage
ofthemathematicalprogrammingmethodsisthattheyaresusceptibletotheshapeofthePareto
frontandtheymaynotbeexecutedwhentheParetofrontisconcaveordisconnected.Besides,most
ofthemonlygenerateasinglesolutionforeachrun.

However,in(Mnif&Bouamama,2017c)theauthorshaveintroducedanewapproachcalled
multi-objectivefireworkalgorithm(MFWA).Theproposedapproachallowssolvingthemultimodal
transportation network problem. The main goal is to develop a decision-system that determines
themultimodalshortestpath.Theoptimizationinvolvesreachingtheefficienttransportmodeand
multimodalpath,inordertomovefromonecountrytoanotherwhilesatisfyingthesetofobjectives.
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Moreover,thefireworkalgorithmhasdistinctadvantagesinsolvingcomplexoptimizationproblems
andinobtainingasolutionbydistributedandorientedresearchsystem.Thisapproachpresentsa
searchwaythatisdifferentfromtheswarmintelligencebasedstochasticsearchtechnique.Foreach
firework,theprocessstartsbyexplodingafireworkinthesky.Thesearchspaceisfilledwithashower
ofsparkstogetdiversesolutions.Thisnewapproachprovesitsefficacyinsolvingthemulti-objective
problem,shownbytheexperimentalresults.

Thefixed-chargenetworkdesignproblemisavariantofthenetworkplanningproblemdefined
onanundirectednetwork.Thisproblemisalsodefinedbydistributionproblemsorshipmentof
commodities.Moreover,eachshipmentbetweenagivenoriginandagivendestinationhasafixed
cost(Sun,Aronson,Mckeown,&Drinka,1998).Thefixedchargecriteriontakestwotypesofcosts
intoconsideration,i.e.thedirectioncost(perunittransportationamount)andthefixedcharge(fixed
costwhenthetransportactivityoccursfromanorigintoadestination)byconveyance.(Sunetal.,
1998)haveproposedaTabusearchapproachforthefixedchargetransportationproblemusingtwo
strategies for eachof the intermediate and long-termmemoryprocesses.Tabu searchprocedure
obtainsoptimalornear-optimalsolutionsinareasonablyshorttime.

Thefixed-chargenetworkplanningproblemmayincludemulti-commoditycapacitiesversion.

Multi-Objective Multi-Modal Shortest Path Problem (MM-SPP)
(Liuetal.,2014,2013)haveproposedanexactalgorithmtosolvetheMM-SPPthatassures the
minimizationofthetotaltransportationtime.Thiscriterionincludesthedelayingtimeofstopping
andrespectingofthearrivalatatimewindowofdestination,aswellasthetotaltransportationcostof
UTN.TheUTNiscomposedofmultiplemodese.g.,automobile,bus,subway,lightrail,pedestrian,
etc.Theauthors(Liuetal.,2014,2013)havechieflysolvedtheMM-SPPswithtransferdelayby
improving the exact label-correcting algorithm (LCA).Then, theyhaveproposed theMM-SPPs
withrespecttobothofthetransferdelaycriteriaandthetime-windowcriteriaonthearrivaltime.
Therearevariouscriteria toevaluateamulti-modalpath, suchas the transportcost, thewaiting
time,lengthofitinerary,traveltime,transfertime,thenumberoftransfers,etc.Sometimes,toswitch
betweendifferentmodes,thepassengersorgoodsmustpassthroughotherintermediatenodes.More
specifically,whenitcomestopassengertransportation,changingthemodeoftransportationneeds
anextratimesuchaswalkingtime,formovingfromonestationtoanotherinthemulti-modalpath.

In(Liuetal.,2013)theauthorshaveproposedamulti-criteriaoptimizationbasedonminimizing
thetransferdelayandmustcomplywithatimewindow.Theexecutiontimewillbeincreasedaccording
totheincreaseinthenumberoftransportmodes.Themainobjectiveistominimize,initially,thetotal
traveltimethatincludesthetimeofdelays,thedurationofstopping,therespectofthearrivingatthe
destinationbelongsatthetimewindowdefined,andthenthetotalcostofthetransport.Theyreferred
tothetimewindowasamodelconstrainttorespectthearrivaltimeandtheservicetimeatthestop.

(Liuetal.,2013)haveproposedanexactalgorithmtominimizetransferdelays,thetotaltransport
timeandtotaltransportcost.Thisalgorithmisimprovedbytheconvergencethatconsiderstheservice
timeassociatedwitheachtransportmodeandnottakingintoaccountthesimilarpaths.Theobjective
oftheMM-SPPproblemistheminimizationofthedelayoftransfer,thetransportationtimeand
thetransportationcost.Theauthorshavesuggestedalabelcorrectingapproach.Thisapproachis
denotedviatwoalgorithmstosolvetheMM-SPPbysatisfyingalltheobjectives.Furthermore,both
ofthesetwoalgorithmsareprovedtobeexact.Intheproposedalgorithms,theyconsidernotonly
themulti-modaltransportationinUTNbutalsothefurtherapplicationoftheproposedalgorithms
inotheranalogousproblems.

In(Y.Zhang&Wang,2015),(Y.Zhang,Liu,Yang,&Gao,2015),authorshavepresentedthe
Multi-ModalShortestPathProblemwithFuzzyArcTravelTimesinthemulti-modalnetworkthat
minimizesthetotaltraveltime.Thetotaltraveltimeiscomposedoftwoparts,i.e.thetraveltimeof
travelarcsandtransfertimeoftransferarcs,forthemulti-modalshortestpathproblem,wheretravel
timeoneacharcistreatedasafuzzyvariable.Thechangesbetweendifferenttransportsmodesare
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expressedasakindofarcs,referredtoastransferarcs.Inordertofindapathfortheminimumtotal
traveltimeforthetravelingprocess,theyhaveintendedtoformulateachance-constrainedprogramming
model.In(Y.Zhang&Wang,2015),(Xie,Lu,Wang,&Quadrifoglio,2012),theauthors,motivated
bythefuzzyprogramming,haveproposedthechance-constrainedprogrammingmethodtoformulate
thefuzzymodelaccordingtodifferentdecisioncriteriatodefinetheshortestpathinfuzzysettheory.
Theideaofthechance-constrainedprogrammingaimstooptimizethecriticalvalueoftheobjective
functionunderthechanceconstraintswithagivenconfidencelevelNull.Theshortestpathinthe
multi-modalnetwork,whosetotaltraveltimeistominimize,thetotaltransportationtime,iscomposed
oftwoparts,i.e.traveltimeontravelarcsandtransfertimeontransferarcs.

Route Selection Problem
Therearefourclassesofroutingproblemswhichcanbedistinguished:problemswheregoodsare
eitherdeliveredorpicked-up,problemswheregoodsareloadedandunloaded,problemswheregoods
areloadedattheboardwhenthedeliverypartoftherouteiscompleted,andproblemsofdial-a-
ride.Thegoodsareloadedatthedepotandthenunloadedatcustomerlocations,orpickuptasksare
performedatthecustomersitesandtheunloadingatthedepot.

Therearefourmajorcomponentsintheobjectivefunction,whichaccountforthetotalitinerary
risk,totalitinerarycost,transferyardcapitalandoperatingcosts(1.8)criterion,andtotalriskduring
thetransferprocess(5.2)criterion.

(Xieetal.,2012)haveproposedamodelthatguaranteesasetofconstraintssuchas:

• Flowconservationofhighwaynodes;
• Flowconservationofrailwaynodes;
• Flowconservationforcandidatetransferyards;
• Thetotalriskoneachitinerarymustbelessthanagivenvalue;
• ReflectedeachcandidatetransferyardcanonlyhandlealimitednumberofHAZMATshipments

andtheircapacity.

(Xieetal.,2012)havesuggestedamulti-objectivemodelforamulti-modalproblemthat
cansimultaneouslyoptimizetransferyardlocationsandHAZMATtransportationroutes.This
optimizationsatisfiesthetwoobjectivesbyminimizingthetotalriskandtotalcostoftransport.
TheproposedmodelisformulatedasamixedintegerlinearprogramandcodedbyCPLEXstudio
usingOPL.Ithasbeenimplementedbymeansofextensivetestsontwosamplemulti-modal
networksconsistingofhighwaysandrailways.Fromtheresultsbasedonafirstsamplenetwork,
itisfoundthattheriskandcostweightsintheobjectivefunctioncanhaveasignificantimpact
onthenumberofcandidatetransferyardstobeselected.Railwaystypicallyhavemuchlower
accidentratesthanhighwaysandmanyHAZMATtransportationdemandnodesareconnected
tothehighwaynetworkdirectly.Infact,atlongdistance,theshipmentshavethehighestrisk
probability,andthusalargenumberofcandidatetransferyardswillbeselectedinordertotake
advantageofthelowerriskthroughrailways.

Loading and Allocation Problem
In(LeThietal.,2008),theauthorshavetreatedthemultimodaltransportproblemattheloadingand
allocationproblemofcontainers.Theproposedresolutionisbasedontheexactpenaltytechniques
inDCProgrammingthattransformedintoapolyhedralDCProgram.DCA_BBalgorithmsprovide
asignificantsolutioncomparedtostandardBBapproachesandCPLEXcode.Theaimistooptimize
theyardmanagementfromtheviewpointoftotaltrainprocessingtime.Theobjectivesfunctionsare
summarizedasfollows:
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• Theminimizationofthedisplacementduringthetransferinordertolimitthenumberofcranes
tobeused;

• Theminimizationofthetotaldurationandlimitationoftheimmobilizationoftrainsintheyard;
• The minimization of the total allocation cost of containers. The resolution is based on the

heuristicalgorithms.

ThecombinatorialoptimizationproblemreformulatedasaDCprogramwithanaturalchoice
of DC decomposition and the DCA consists in solving a finite sequence of linear programs. In
(Cappanera&Gallo,2004),theauthorshavesolvedtheairlinecrewrostering(ACR)problemwith
0-1multi-commodityflowsinanairline.Themaingoalistomaximizethetotallengthofcovered
activitiesachievedbyminimizingthedurationofuncoveredactivitiesthatwillbeassignedtothe
extrastafftoguaranteetheserviceneed.Themodelalsosatisfiesthesetofconstraints,suchasthe
flowconservation,themutualcapacity,theworkingdays,theresources,thepreassignedactivities
andtheforbiddenassignments.TheexactpenaltytechniqueinDCProgrammingistransformedintoa
polyhedralDCProgram.TheobtainedresultbytheDCA_BBalgorithmsishopefulthatthestandard
BBapproachesandCPLEXcode.Theirmaincontributionisthedefinitionofalinearprogramming
formulation,acuttingplaneapproach,andtheFlowapproach.

In(Choongetal.,2002),theauthorshavesolvedtheplanningoftheemptycontainermanagement
problemandtheselectionproblemintheinter-modaltransportationnetworks.Theaimsaretosatisfy
thetotalcostofemptycontainermanagementoveragivenplanninghorizon,inordertomeetthe
requirementsofmovingloadedcontainers.Acasestudyisdefinedaspotentialcontainer-on-barge
operationswithintheMississippiRiverbasin,whereinanoptimizationprogramminglanguage(OPL),
basedontheAMPLmodelinglanguageandtheCPLEXsolversformodelingstep,isused.

Planning and Regulation Problem
Thecriteriaofregulationandthequalityofserviceareessentialfortheusersoftransportationsystems.
(BenRabah,Hammadi,&Tahon,2014)selectfivecriteriaofregulation.Thesecriteriaaresummed
upasfollows:regularity,transfer,punctuality,qualityofservice,andcommercialkilometers.The
objectivesaretominimizethepassengerswaitingtimeatthedifferentstops,thecorrespondences
transfertime,thedurationofitinerariesinthenetwork,thedifferencebetweentheoreticalandreal
crossedkilometersforanyvehicle,andtominimizefourtermsfixedbyCISITproject(numberof
stationsnotserved,thenumberofchangesofvehiclesanddriversandthenumberoftransshipment).

Fivecriteriaofregulation:

1. Regularity criterion (expressed by the waiting time of passenger):Theregularitycriterion
isrepresentedbyatimeintervalbetweenthestarttimesoftwosuccessivevehiclesatthe
samestation.Thiscriterionaimstominimizethewaitingtimeofallpassengersatstopsof
anetwork,(2.7)criterion;

2. The correspondence criterion (expressed by the transfer time):Thecorrespondencecriterion
is linkedtothetransfertimebetweenthedifferentnetworknodes.Itcomplieswiththetime
windows(2.6)criterion;

3. The time criterion of the Road:Thiscriterionaimstominimizethetotallengthofembedded
itinerariesbydifferentvehiclesdependingontheircharges,(2.1)criterion;

4. Commercial kilometers:Thiscriterionisrepresentedbythedistanceinkilometersasdesired
bythetransportationcompany.Eachdisturbanceaffectingthenetwork’strafficmaydecrease
orincreasethecommercialdistancecrossed.Accordingly,theminimizationofthedifference
betweenthetheoreticalvalueofkilometersandthevalueofrealkilometersofarouteforeach
vehicle,(6)criterionisadded;

5. Quality of service:Thiscriterionisexpresseddifferentlyfromoneoperatortoanother.The
qualityofserviceismeasuredbythereductionofthemaximumofthreeterms:thenumberof
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unserved, thenumberofchangesofvehiclesanddriversand thenumberof transshipments.
(3.3),(3.1),(3.2)and(3.4)criterion,respectively,correspondingtothetableoftaxonomy,are
takenintoaccount.Severalconstraintsmustbeconsideredinareal-timeregulationoftraffic.
Constraintscanbelinkedtotime(dependingonthevehicle)orrelatedtospace(dependingon
stops)pertainingtothenetworkconfiguration.

Thismodelisformulatedbyfiveconstraints:

1. Compliance:Eachvehiclepassesthroughagivenpoint,fromasinglepointoforigin,andgoes
toanimmediateanduniquedestinationpoint;

2. The safety time:Thisistheminimumtimeintervalbetweenvehiclesatthestop;
3. Parking time:Thisisthelimitofdowntimevehicleatastation;
4. Transfer:Thisisthetime-limitconnectiontimebetweentwomodesortransfertime;
5. The charge:Thisistheloadingtimeofthevehiclethatmustberespected,andwhichmustnot

exceedthemaximumtimeallowed.

Thecontrolproblemisformulatedasamulti-objectiveoptimizationproblem,definedbythe
variationbetweenthetheoreticalstatusandregulatednetworkstatus.In(BenRabahetal.,2014),
authorshavedevelopedtheregulatorymodelusingmulti-agentsystemstosatisfyandoptimize
thefivecriteria.

DISCUSSION AND SyNTHeSIS

Themultimodaltransportationnetworkstudieswerecarriedoutbymeansofseveralproblems
such as planning networks, shortest path, maritime or airline with urban centers, freight
transport,transmissionline,loading-unloadingterminals,schedules,etc.Thefocusofalarge
numberofresearchesworksintheliteraturehasbeenbasedonplanningnetwork.Thegoalis
tomovefromthestartingcitytothedestinationcitythroughotherintermediatecities,wherein
thereareseveralroutesbetweentwocities.Inthemulti-objectiveoptimizationproblem,the
decisionmaker is chargedwithanefficient choiceof existing routes inorder to select the
best itinerary according to a compromise solution between a set of objectives such as the
minimizationofthetransportcostandthedurationoftransport,themaximizationofservice
quality,etc.(Mnif&Bouamama,2017b).

Inordertoevaluateamulti-modalpathvariousfactorsareconsidered,suchasthetravelcost,
in-vehicle time,waiting time, length, travel time, transfer time, thenumberof transfersetc.The
optimizationandoperationresearchplayanimportantroleinsolvingthisproblem.Themainobjective
ofthisproblemistodeterminetheshortestandmostefficientwayofsatisfyingasetofobjectives,and
asetofoperationalconstraintsaccordingtocustomerdemands.Foranoptimalchoiceofatransport
modeoramultimodalnetwork,variouscriteriamustbetakenintoconsiderationdependingonthe
casestudy,althoughthesecriteriaareconflicting.

Arecentresearch(Mnif&Bouamama,2017b)hasproposedamulti-objectivemathematical
modelinordertosolvemulti-modaltransportproblemsthatsatisfymultiplecriteria.Theproposed
multi-objectivemodelisdefinedbythreeobjectives,i.e.theminimizationofthetotalcost,andthe
totaldurationofanitinerarywhilerespectingthearrivalofgoodsatacustomerinthecorresponding
timewindow.Theconsideredassumptionsconsist in initially,onlyonemodeof transport anda
pathcanbeselectedbetweentwonodestocarrythegoods;then,thetransportcostislinearwith
thequantityofcommoditytobetransportedandthecapacityoftransportationunits;eventually,the
transshipmentofcommoditiescanonlyhappenoncemoreateachcity.
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Themathematicalformulationisadeterminantstepintheresolutionstepandtheoptimization
stepofanyproblem.Indeed,itallowsdefiningandcharacterizingthesets,theparameters,thedecision
variables,theoptimizationcriteriaandconstraintsthatwillsatisfythespecificdecisions.

Theproposedformulationby(Mnif&Bouamama,2017b)ispresentedasfollows:

N :Thesetofallnodes
K :Thesetoftransportmode
Q :Thetotalquantityofgoods
P :Themaximumtransfersduration
p
i
:Thedelayperiodatnodeiifadelayoccurred
f
i
:Theoverheadexpensesperhourifadelayoccurredatnodei
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i
k l, :Thetransportcostofaunitquantityfromnodeitonodej,byusingkthtransportmode
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Theequationsthatdescribethismathematicalformulationcanbesummarizedasfollows:Equation
(1)representsthefirstobjectivethatseekstominimizethetotalcostofthemultimodalnetwork,
including the cost of the itinerary, transshipment cost and overhead cost on delay. Equation (2)
definesthesecondobjective,whichseekstominimizethetotaldurationofmultimodaltransportation,
includingtheperiodoftheitinerary,changingperiodanddelayduration.Equation(3)expressesthe
thirdobjectivethatguaranteesthearrivalatthedestinationinthetimewindow.Constraint(4)is
specifictotheselectionoftransportationmode,i.e.onlyonemodeoftransportandoneitinerarycan
beselectedbetweentwonodes.Ifitiszero,itmeansthatthenodeiisnotincludedinthetransport.
Equation(5)tosatisfytheflowconservationconstraintateachnodejthatnormalizestheflowoutand
theflowin.Furthermore,theconservationofflowatoriginnodejthatrequiresthefloworiginatingat
nodejtoequaltheflowenteringthelinkswhichleavenodej.Constraint(6)showsthattheselection
oftherouteshouldbeensuredbyacontinuousitinerary.Equations(7)and(8)arerelativetothe
transshipmentconstraints.Constraint(7)indicatesthatonechangeoftransportmodecanhappenonce
ateachnode.Constraint(8)representsthemaximumtimetoberespectedbythetotaltransshipment
time.Thedecision-makingvariablestakingtheintegerbinaryvaluearedescribedbyEquation(9).

Insummary,theMOPisNP-Hardproblem,highlightingconflictsbetweenvariousobjectives,
and the exact methods may fail when sample sizes are large. The failure is ascribed to their
computational complexity that is exponential (depends on three indexes). The emergence of
conflictingobjectivesgivesrisetotheincreasingdifficultyofachievingafeasiblesolution.Hence,
theoptimizationapproacheshavetakenadvantageofthecomputationaltime.Theycansolvethe
MOPinareasonablyshorttime.
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Theroleofthedecisionmakeristointroducetherobustanddistributesearchonoptimization
approachtoefficientlyovercometheprematureconvergenceofthesearch.Evidently,thechoiceof
optimizationapproachdependsontheproblemtypeandthecasestudy.Therearetwomainclassesof
approaches,basedonindividualsearchandbasedonpopulationsearch.Thepopulationapproaches
are inspiredby theevolutionarysystem,suchasgeneticalgorithm,particleswarmoptimization,
fireworksalgorithm,etc.foroptimization.

CONCLUSION AND FUTURe wORKS

In conclusion, this paper provides a detailed and comprehensive survey of the multi-objective
optimizationmodelonthetransportationproblem.Thispaperdiscussesthedifferentrelatedproblems
totheplanningnetworktransportationproblemwhenfocusedonmulti-objectiveoptimization.It
noticesthatthemultimodaltransportationproblemincludesvarioussub-problems.Thispaperpresents
anoverviewoftheexistingresolutionmethodstosolvetheplanningprobleminthetransportation
network.Moreover,thevariantsofthesestudiedproblemsareclassifiedaccordingtotheirobjectives
andtheirtypeofextensionproblem.Usingthesurveypresentedinthisarticle,itcanbesuccessfully
notedthatadetailedanalysisofthedifferentexistingclassesofproblemshelpstosolvethemin
ordertobetterunderstandanddistinguishthetransportationnetworksplanningproblemaswellasits
extension.Differentdecisionmethodsandmodelingformsintheliteratureresearchesarepresented
tosolvethetransportationproblem.

Themainobjectiveofthetransportationproblemistominimizethetotaltransportationcost
thatcanbeexpressbyvariouscriteriaaccordingtothecasestudy.Furthermore,wedistinguishother
objectivesfunctionssuchastransportationtime,risk,shortestpaths,transportationcapacity,time
window,travelingdistance,etc.Theseobjectivesinafewmodelsareexpressedaccordingtocosts.

Itisnoteworthythatthemulti-objectiveoptimizationproblemisNP-Hard.Therefore,anoptimal
solutionforrealisticinstancescannotbeobtainedwithinareasonablecomputationaltimeusingthe
exactmethods.Hence,thedecision-makerwilloptfortheprospectofdevelopingincompletemethods
orapproachestorobustanddistributedoptimization.Consequently,asthedevelopmentofmodels
andtechniquestodiscussrelevantdecisionproblemsintransportnetworksarefruitful,therearestill
numerousprospectsoffutureworksofresearches,suchasthefollowing:

• Thereare stillopportunities for integratingproblems that are solved separately, endorsinga
multi-criteriaanalysisapproach;

• Thedevelopmentofrobustanddynamicapproachestomulti-objectiveplanningproblems;
• Theintroductionofothercriteriatoevaluatethetotalcost;
• Themergeroftwoproblems,suchasthenetworkplanningproblemwiththeassignmentproblem

ofthecontainerintheport;
• Theintroductionofdynamicconstraints;
• Theactivationordeactivationofobjectivesaccordingtothecustomers’requirements,byaffecting

weightateachobjectivetobesatisfied;
• Themulti-objectivestransportationproblemunderfuzzyenvironment.
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