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Abstract—Instillingresilienceintransportationsystemsisamajor
challengeforourcitiesandcommunities.Inthispaper,theproblem
ofstudyingtheresilienceoftransportationnetworksinfaceof
floodingincoastalcitiesisaddressed.Ananalyticalframework,
basedonthegame-theoreticconceptof Wardropequilibrium,is
introducedto modelthenetworkbeforeandafterflooding.The
proposedsolutionseekstoshiftcapacity,eithertotallyorpartially,
betweenroadsidestodecreasethetraveltimeofsomeflowdemands
whileslightlyincreasingthetraveltimeofotherflowdemands.
Preliminaryresultsshowthattheaveragetraveltimeisshownto
bebetterthanthecaseofflooding.

I.INTRODUCTION

Resilienceisatermusedtodescribeasystem’sperformance
underdisruptiveeventssuchasnaturaldisastersorplanned
attacks.Itisdefinedastheabilityofasystemoracritical
infrastructure(CI)toadapttoorrapidlyrecoverfrompotentially
disruptiveevents[1].Criticalinfrastructurearethosephysical
andcybersystemsthatarevitaltothefunctioningofourmodern
economicandsocieties.Inthe UnitedStates,Transportation
systemsareoneofthemainCIsaccordingtotheDepartmentof
HomelandSecurity(DHS)[2].Transportationsystemshelpmove
peopleandgoodsacrossthecountrythereforetheirfunctionality
andreliabilityshouldbe maintainedespeciallyatemergency
times.
Transportationsystemsarepronetonaturaldisasterssuchas

earthquakesandflooding.Earthquakesusuallyhaveahigheref-
fectontransportationsystemsespeciallyonroadsandbridges[3].
Severalapproachesstudiedtheproblemofrestoringthetrans-
portationnetworksafternaturaldisasters,especiallyearthquakes,
suchthat minimizingtherestorationtimeand/orcost[3]–
[5]. Asearthquakescancausephysicaldamagetoroadsor
bridges,restorationtechniquesusuallyfocusonrestoringspecific
roads/bridges,underalimitedbudget,toachievethemosttraffic
flowintheleastrestorationtime.Ontheotherhand,theproblem
ofstudyingthetransportationnetworkincaseoffloodingdid
notgetmuchattentioninliterature.Thisisbecause,theeffect
offloodinginmostcasesistemporaryandtheproblemaffects
mostlycoastalcitiesnotanycitylikeearthquakes.Recently[6],
[7]studiedtheeffectoffloodingontrafficflow.Theauthors
in[6],proposedtodirectdriverstousealternativeroutesbased
ontheexpectedfloodseverity.Themodelismainlyempiricalthat
directsdriversawayfromroadsthatarehighlikelytohavelow
travelingspeedsduetoflooding.In[7],introducedtheintegration
offloodingmodelsintotrafficsimulatorstomeasuretheeffect
offloodingonplanedtripsthatneedtobecanceledorrerouted.
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Themaincontributionofthispaperistodevelopananalytical
frameworktostudyandimprovetheresilienceoftransportation
systemsinfaceoffloodingincoastalcities.Inparticular,we
areinterestedinimprovingthetotalsystem’straveltimefor
driversincaseoffloodingbypartiallyortotallychanging
someroadstrafficdirection. Weusegametheorytomodelthe
transportationnetworkandcalculatethetotalsystem’stravel
timeunderequilibrium. Weproposetocalculatetheincreased
traveltimeunderfloodingbasedonfloodingseverityandroads’
preparedness. Abi-levelproblemisintroducedtodetermine
changesinroads’directionstomaximizethetrafficflowunder
flooding.Thischangeisconstrainedbytheavailablebudgetand
shouldbetemporaryandendsoncethefloodingisover.

II.SYSTEMMODEL

Weconsideratransportationnetworkdefinedbyadirected
graphG =(V,E),whereErepresentsthedirectededgesor
roadsandVrepresentstheintersectionpointswhichcanbe
sources,destinations,orintermediatepoints.Bi-directionalroads
aremodeledastwodifferentedges,anedgeforeachdirection.
Wewillrefertoedgesaslinksinthefollowing.

Flowbasedtraveltimefunctionforalinkaisgivenby:

ta=ta,0·(1+α·(
xa
Ca
)β), (1)

whereta,0isthefreeflowtraveltimeforlinkadeterminedby
themaximumspeedallowedonlinka,xaistheamountofflow
onthelink,Caisthecapacityofthelinkdeterminedbytheroad
conditionanditsnumberoflanes.αandβaretwoparameters
thataretypicallysetto0.15and4respectively[8].

Weproposetomodelthefloodingeffectasadecreaseinthe
speedwithwhichcarscanusethelink.Thisresultsinanincrease
inthefreeflowtraveltimeforthelinkatthetimeofflooding
ta,fasfollows:

ta,f=ta,0·(1+
γ

P
), (2)

whereγisthefloodingseverityandγ≥ 0,P istheroad
preparednesswhichdependsonhowthelinkiswellprepared
bydrainagesystemsorpumpstowithstandfloodingandp≥1.
Bothγ,Ptakevaluesbasedonpredefinedcategories.

Tostudythetrafficequilibrium,flowdemandsaregiven
betweencertainorigin-destination(O-D)pairsinthenetwork.
Weconsiderallthepossiblepathsbetweenevery(O-D)pair.
Atequilibrium,alldifferentusedpathsbetweenany(O-D)
pair,shouldhavethesametraveltimeaccordingto Wardrop
equilibrium.Wardropequilibriumiscalculatedasfollowsforthe



network:

minZ(x)=
a

xa

0

ta(w)dw (3)

s.t.
k

frsk =qrs,∀r,s

frsk ≥0 ∀k,r,s

where xa=
r s k

frskδ
rs
a,k ∀a,

wherefrsk istheflowonpathkthatbelongstothe(O-D)pair
(r,s),qrsisthetotaldemandbetween(O-D)pair(r,s).Thefirst
constraintiscalledtheflowreservationruleasitensuresthatthe
amountofflowonallpathsbetweenany(O-D)pairequalsthe
totalflowdemandbetweenthispair.Thesecondconstraint,is
thenon-negativityasthereisnonegativeflow.Finally,δrsa,kisan
indicatorthatequals1ifthelinkaispartofthepathkbetween
the(0-D)pair(r,s),and0otherwise.
Thesolutionto(3),givestheequilibriumflowassignmentfor

eachpathintthenetwork.Theamountofflowoneachlink
isthesummationoftheflowofallthepathsthislinkispart
of.Thetraveltimeofeachlinkcanthenbecalculatedfrom
(1)bysubstitutingtheoptimalflowassignment.Finally,the
totalsystem’straveltimeisthetimebetweeneach(O-D)pair
multipliedbythetotalflowonthispath.
Theproblemin(3)isconsideredagainafterupdatingthefree

flowtraveltimeasin(2).Thisgivestheincreasedtotaltravel
timeincaseofflooding.Theproposedapproachisthenapplied
toderivetheoptimalchangeinlinksdirectionthatcanachieve
themaximumpossibletraveltime.Theproposedapproachworks
asfollows:linksthatsharethesameroadbutoppositedirections
arecoupletogether.Acapacityshiftcanoccurbetweencoupled
linkswhichiseitherfullorpartialshift.Infullshift,bothlinksare
assumedtohavethesamedirection,whichmeansthecapacity
ofonelinkistransferedtotheotherlink.Thisisproposedto
occurinpracticalsituationsbydeclaringanyroadasaone-way
roadintimesofflooding.Inpartialshift,afixednumberoflanes
fromonedirectionareassumedtoserveastheoppositedirection.
Thismeanspartialcapacityfromonedirectionistransferredto
theotherdirection.Inpractical,thiscanoccurbyusingtemporary
separatorsbetweenlanesandsignalstoindicatethechange.

III.PRELIMINARYRESULTS

WeappliedtheproposedframeworktothenetworkinFig.1.
Linkcapacitiesareasshowninthefigure.Therearetwo(O-D)
pairs(1,4)and(3,4)withthedemandvalues80,60respectively.
Free-flowlinktraveltimesareassumedtobe30,20,20,30,30
forlinks1−5,6−10respectively.Thesolutionoftheproposed
frameworkwastoshiftthewholecapacityfromlink6tolink1.
Thisresultedinanincreaseinthetravelflowtimeonpath2but
asignificantdecreaseinpath1traveltime.Traveltimeforboth
pathsandtheiraverageareshowninFig.2.

IV.PLANFORTHEFULLPAPER

Inthefullpaper,wewillderivetheanalyticaloptimalsolution
fortheproblemofcapacityshifting.Wewanttosolvetheprob-
lemunderbudgetconstraintwhereshiftingthewholecapacityis
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Fig.1:Asampletransportationnetworktotesttheproposed
framework.

Fig.2:TotalSystem’straveltime.

assumedtocostlessthanshiftingpartofthecapacityasthelater
requiresmorephysicalresourcestobeused.Finally,wewantto
considerthecouplingeffectbetweenedgesrepresentingthesame
roadbutwiththedifferentdirections.Thiscouplingwillappear
in(1)asanextratermpertaininglinkx̄a,wherēaistheopposite
directionasinlinka.Thiscouplingeffect,whilebeingsmall,
canresultindifferentanalysis.
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