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Abstract

Traffic simulationsneedto includeothermodesof transportatiorbesidesar. This
paperexplainshow this canbeimplementedn alarge scalemicro-simulationpack-
age.Themostimportantelements to recognizethattrips startandendon thewalk
network, andto explicitely modelthis mode.

1 Intr oduction

Transportatiomplanningconsidersquestionsof the long-termimpactof infrastructure
or policy changes- suchasan additionalsubway line or anincreaseof gasolinecosts.
Typical questionsare: Wheredoestraffic/congestiorshift to? Will trips be droppedor
addedMight peoplechangewherethey live or work asalongtermresponséo changes
in thetransportatiorsystem?

Traditionalmodelsfor transportatiorplanningtypically put mostof their emphasis
on cartraffic. Othermodesareoftenconsiderediia modalsplit calculationsonly — that
is, oncetransportatiordemanchasbeencalculated someof the demandnay decideto
take othermodesinsteadof the car, usuallyvia a discretechoicemodelbasedon travel
timesanddifferentvaluesof time on thedifferentmodes.

The reasonfor this is that staticassignmenimodelsdo not have a realistic repre-
sentationof the dynamics. For example,time-dependengffectsof cartraffic, suchas
queuebuild-up and spill-back during the rush-houy cannotbe represented Similarly,
morecomplicateceffectsin othermodes suchascongestiorof a pedestriarfacility, or
bus-carinteraction,cannotbe modeled.

The approachs neverthelesgustified aslong asthe othermodesquantitatively do
not play alargerole, andit may be justified undercertaincircumstance# carmodeis
the only congestednode. In mary metropolitanregions, this is not true: othermodes
besidescarsare contributing more than 25% of all trips, and theseother modesare
heavily congested.

As aresultof theseandotherthoughtsthereis currentlya pushtowardsmicroscopic
(or agent-basedyansportatiorplanningmodels.In thesemodels,all entitiesincluding



the travelersthemselesareindividually resohed. This makesis in principle straight-
forward to include arbitrary elementsof reality. The downsideis thatit may be hard
to implement,it may useconsiderable&eomputerresourcesand datafor calibrationof
theseeffectsmaybehardto obtain. Neverthelessmicroscopidransportatiorsimulation
modelsarefeasible,andseveralgroupsareworking onthem.

This paperwill first give anintroductioninto how suchmicroscopictransportation
simulationpackagesredesignedThisis followedby a sectionabouta possibleémple-
mentationof multiple modesinto sucha package.The paperis concludedby a discus-
sionanda summary

2 Largescaletransportation simulations

Oneaspectof ary transportatiorsimulationpackageneedsto be the actualtraffic dy-
namics. Ideally, onewantsto have travelerswalking to the vehicles,enteringthe bus
or the car, thenthosevehiclesdrive throughthetraffic, stopatlights, obey speedimits,
andmalke turnsat intersectiongfter gettinginto the necessarjane. This is the taskof
thetraffic micro-simulationrmodule.

Oneaspecbf suchatraffic simulationis thattravelersneedto know how they nav-
igatethroughthe system.Whendo they entera bus, whendo they make a turn, etc.?
This taskis typically solvedby aroutingmodule.

Any routing moduleneedsasinput the origin andthe destinatiorof thetrip. Tradi-
tionally, one usesorigin-destinatiommatriceshere— thatis, tableswhich containinfor-
mationabouthow mary peopletravel betweenrary pair of destinationsn theregion. A
disadwantageof this methodis thatall informationaboutthetravelersthemselesis lost
atthislevel—andin consequencelecisionscannotbe coupledto suchinformationary
more. For example,a personwho arriveslate at work becausef congestiormay skip
lunchin orderto catchup. An alternatve methodof demandgeneratiorfor travel is
called“activity-based”. This methodis closerto how individual humanghink andplan
—thatis, for eachindividual in the simulationthe modulegenerateindividual plansfor
actuities.

It is not suflicient to run thesethreemodulesin sequencesince,for example,plans
dependn congestiorbut congestiordepend®n plans.In orderto find asolutionwhich
is consistenbetweenthe modules,it is commonto run feedbackiterations,wherethe
agentsslowly adaptto the situationsthey encounter — The next sectionswill describe
themodulesincludingfeedbackn moredetail.

2.1 Demandgeneration

In orderto generatehe demandfor transportationmary of today's projectsarebased
on actwities. Thatis, insteadof usingan abstractorigin-destinatiormatrix, they look
into peoples motivationto travel. This is achieved by having the simulationgenerate
sequencedctivities for the day, for example: Sleepuntil 7am. — Be atwork at 9am. —
Goto lunchat 12:30pmfor onehour. — Leave work after 8 hoursof work. — Go to the



kindemartento pick up achild. — Go shopping— Go homeandstaytherefor therestof
theday Theseactivities comewith locations,thatis, they generatedlemandfor travel.
Two successie activities which take placeat two differentlocationswill generate trip
request.

It is clearthatoneneedso have informationaboutthe network impedancédi.e. the
travel times betweendifferentlocations)when making actiity plans. We will come
backto thisin the sectionaboutfeedbackandin the outlook.

Oncethesimulation*knows” whereandwhenpeopledo their activities, transporta-
tion is generatedsia connectingactuities that take placeat differentlocations. This
includesmodalchoice(walking, bicycle, train, car, etc.) andthe preciserouting.

2.2 Traffic simulation

Sofar, we have generatedplans” of the individuals. The travelersin the simulation
computetheir plansfor the following time period, which may for examplebe a day.
Now theseplansneedto be executedwhichis calledthetraffic micro-simulation.These
simulationscomeat mary differentlevels of resolutionandfidelity, reachingfrom the
traditionalsteady-statow-basecdcostfunctionto very detailedmicro-simulations.

If oneis interestedn time-dependentesultsasfor examplethe queuebuild-up dur-
ing the onsetof rushperiods,the simulationneedgo be suficiently realisticto contain
suchdynamics. Traditional flow-basedcostfunctionsare not ableto realistically deal
with suchdynamicaleffects,at leastnotin a straightforvardway. Thus,theright traf-
fic simulationhasto be chosenaccordingto what aspectof the dynamicsone wants
to have representedbr a givenquestion.Thereare currentlymorethanhundredtraffic
microsimulationg1]. However, in mostof thesetravelersdo notfollow individual plans
aswas explainedabove. Examplesof plan-following traffic simulationsare TRAN-
SIMS[2], DYNAMIT andMITSIM [3], DYNASMART [4], andLEGO[5]. In someof
thesetravelersdo not“know” theirfull routesbut only theirdestinationgandarerouted
via the simulationwhich knows the paths);the practicalimpactof this differenceis not
known.

2.3 Feedback

The traffic simulationneedsinput from the demandgenerationsinceit executesthe
plansfrom the demandgeneration. However, the demandgenerationrdependon the
traffic simulationbecausdor examplecongestioronly shovs up in the traffic simula-
tion, and demandadjuststo suchshortages.In orderto dealwith this situation,one
iteratesbetweendemandgenerationandtraffic simulation. For example,the demand
generatiormoduleis run assumingio congestiontheresultingtraffic simulationis run,
then the demandsimulationis run againnow including the congestionfrom the last
traffic simulationrun, etc.,until a steadystateis reachedThatis, the systemis system-
atically relaxedtowardsa consistenttate.

An importantissuein this contet is the questionof computationakfficiency ver-
susbehaioral realism. Traditionalstatic equilibrium assignmenhas,oncethe origin-



destinatiormatrix andthe network including link-costfunction are specified,a unique
solution (in termsof the pathsflows). This allows oneto concentrateon the fastest
computationahblgorithmto find this solution. In iteratedtransportatiorsimulations this
issueis considerablymore complicated. Although suchiteratedsimulationsrelax to
somekind of reproduciblesteadystate,this stateis stochastic.Also, it is not clearif
this stateis uniqueor if it dependson the path of the computation- in dynamictraf-
fic assignmen{DTA) computationakvidenceindicatesthatit is unique[6, 7] but once
oneincludesotheraspectsuchaspublic transitor actiities reschedulingt is easyto
constructscenariosvherethis is no longertrue! Anotherimportantaspecis thatreal
systemsmay not be at this relaxed stateat all. In that case,transientsmattermuch
more,which meanghattherulesof the synthetictravelerswould have to be muchmore
realisticthanfor justreachingtherelaxedstate.

2.4 Computing

A metropolitanregion easily consistsof several millions of travelers. In orderto get
anideaof the necessargomputinglet us assumehat we wantto simulatea scenario
of 24 hours(= 86400secs)with 1 million travelers. Simulationstypically do second-
by secondupdates.In eachupdate several variablessuchastraveler speedor traveler
locationarecomputedL et usassumehattherearetensuchvariables andthe updateof

eachvariableneedsl00basiccomputercycles. Thisis notalot: For example,asimple
algorithmfor lanechangewill considethefollowing: Do | needto changdanes?Vhere
aremy neighbors?Is thereenoughspacefor me to changelanes?Also, fetchingdata
from RAM typically takesabout10 cycles.A resultof theseassumptionss that, with a

1 GHz-CPU thescenaridakes

24 hoursx 108 x 10 x 100

~24h
1GHz 24 hours

of computingtime. Running50iterationsthuswill take 50 daysof computingtime ona
singleCPU.Usingparallelcomputersill reducethisnumberaccordingly;for example,
usinga so-calledBeowulf of 50 PentiumPCswill leadto acomputingtime of between
oneandtwo days.SeeRefs.[9, 10] for moreinformation.

3 Multi-modal approach

3.1 Conceptualapproach

The arguably beststarting point for getting a clean conceptof a multi-modal trans-
portationsimulationpackages to recognizethatall actiities take placeon thewalking
network. Evenif thecaris parkedin the garagepeoplehave to walk to it. As aresult,

1Proofsof ergodicity [8] for suchsystemsdo not always apply for actualimplementationsandthey are
alsooftennot practicalsincethey imply thousandsf iterationsinsteadof the usualnumberof fifty.
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the simulationneedgo have awalking network, on which all actvities arelocated,and
which hastransferpointsto the othermodesof transportatior{Fig. 1).

In the actualimplementationthe walking network may look similar to the car net-
work, andit may usethe samenodesandlinks, but conceptuallyit is a separatehing.
The walking network doesnot have to be connected;Fig. 2 shavs an exampleof a
actiity locationwhich canonly bereachedsia afreeway.?

2Also, in this construction different lines of public transitare not connected- if onewantsto change
transitlines,onefirst hasto go, via atransferlink, backto thewalking layer In consequencehetransitlayer
consistf anumberof unconnectedines.



3.2 Multi-modal activities

TRANSIMS actwities files comewith a specificatiorof the desirednodehow anactiv-
ity shouldbereachedThisspecificatioris amodestring— asequencef lettersdenoting
the differentmodes Examplesor modestringsare:

wew: walk—carwalk

wbw: walk—bus—walk

wbwbw: walk—hus—walk—hus

wtw: walk—transit—valk (transitincludeswalking)

This modespecificatiorcanbe changediia thefeedbackprocessThatis, atravelercan
try out differentmodesandeventuallysettleon oneaccordingto arbitraryperformance
criteria. Thiswill bedescribedn moredetailon a sectionon feedback.

3.3 Multi-modal router

It is possibleto constructa searchgraphsuchthata generalizedijkstra algorithmcan
be usedto find a “best” multi-modal paththroughthe network [11]. The construction
assumeshatthe modestringis given,for example“wbwbw”, whereagain“w” stands
for walk and“b” standsfor bus. This examplewould involve a route which usestwo
differentbuslines.

The searchgraphfor the algorithmis obtainedas follows (seeFig. 3): For each
additionalentry in the modestring, a separatenetwork layer is assumed.Thatis, for
“wbwbw” we have, from bottomto top, first a walking layer, then a bus layer, then
againa walking layer, etc. The layersare connectedvia the transferlinks aswas al-
readydiscusse@bove. Themaindifferences thatfor the algorithm,network levelsare
replicatedf they appearat morethanonepositionin the modestring.

WhenconsultingFig. 3, it becomeglearthata paththroughthe searctgraphcanbe
foundin an organizedway via a Dijkstra algorithm: Assumethat the startinglocation
is on theleft, andthe travelerwantsto reacha destinationon the right. Sincewe have
“wbwbw” asmodesequenceiven, the algorithmwill constructfive levelsin exactly
thatsequenceascanbe seenin thefigure.

The Dijkstra algorithmwill thenstartin the bottomleft, andexpandsystematically
in its usualway throughthe searchgraph. Transferlinks arelogically treatedthe same
way aslinks for othermodes,thatis, they have a link travel time and possiblyother
attributes. In this way, the algorithmwill deterministicallyfind the fastesipaththrough
the expandednetwork, which will correspondo a pathof the desiredmodesequence.
Notethatit will be possibleto stopthealgorithmif thedestinatiorcanbereachedaster
without changingouslines. For furtherinformation,seeRef. [11].

Therouteralsokeepgrackof caravailability. It will plancartripsonly with available
cars (which are usually parked closeto home),and it will make surethat the car is
returnedat the end of the day. In complicatedsituations(suchas a different family



memberreturningthe car),it is however the microsimulationwhich will find errorsand
notify the selectorto correctthem. For example the microsimulatiorwill, duringa48h
simulation, noticeif a car was not returnedthe previous evening sinceit will not be
availablefor thetrip.

3.4 Router implementation

The above descriptionis conceptual. For efficiengy, the implementationdoesseveral
simplificationsandmodifications:

e Thewalk network andthe streetnetwork sharethe samenodes.This makessense
sincemostof themarethe samearyway. By settingthelinks accordingly it will
still be possibleto have nodeswhich canbe reachedby caronly or by walking
only.

e Activity locationsandtransferpointsaremadethe sameon thewalk network.

e Thereis only at mostoneactiity locationandoneparkinglocationon eachlink.
This meansfor example,thatall parkingalonga link is aggreatedinto a single
location.

e In fact,the walking andstreetlevelsarenot replicatedat all in the actualimple-
mentation.Instead,a counteralongthe “fringe” nodesof the Dijkstra algorithm
keepstrack of wherein the modestring sequenceachfringe nodeis during the
algorithm.

3.5 Multi-modal traffic micro-simulation

As saidabove, the micro-simulationexecutesall planssimultaneouslyn arealisticrep-
resentatiorof thetraffic systemandit is herethatinteractiondetweertravelers.for ex-
amplecausingamsor missedoussesarecomputed As alsosaidabove, TRANSIMS, in
its currentimplementationassumeshatall plans(including routes)are pre-calculated
beforethe simulationstarts.

In principle, the micro-simulationis just a goodrepresentatiownf reality. With re-
spectto multi-modaltravel, this meanghatagainall travel of personseginsat anac-
tivities location,which is locatedon thewalking network. If the travelersuseadditional
modesbesideswalking, the simulationmovesthe travelersto, say the bus stopor the
parkinglot, wherethey enteracar.

Thatmeansfor example thattraffic lights follow schedule®r adaptie procedures
asthey doin reality, anddriverschangdanesaccordingto traffic conditionsor in order
to be in correctlanesfor intendedturns. It also meansthat the simulationlogically
movesthe travelersfrom their startinglocations(usuallyhome)to the bus stop or the
parkinglot, thenletsthementertheir vehicles etc.

A corvenientfeatureof the designasit is describechereis thatthe simulationcan
actually dealwith multi-modal plansevenif the correspondingnodeof travel is not
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implementedin the micro-simulation. For example, walking may not explicitely be
implementedIn suchacasethemicro-simulatiorwill justassumehattheplancontains
completelycorrectinformation, and executethat. For example,the plan may saythat
thetravelerleaveshomeattime ¢, andarrivesatthebusstopattimet,. If walkingis not
explicitely implementedthe micro-simulationwill justassumehatthetravelersleaves
homeatt; andarrivesatthe busstopattime ¢. Corveniently this worksfor arbitrary
modeswhich arenotimplementedsothatthe routerdoesnot have to take into account
possiblelimitations of the micro-simulation,andalsomicro-simulationswith different
capabilitiescanrun on the samesetof plans. It shouldbe clearthatfor suchmodesno



interactionccanbemodeled.For example whenwalkingis notmodeledmissingatrain
becausef crowding atthe subway stationwill not happen.

A differentaspectof the multi-modal implementationis the actualrepresentation
of public transitschedules.In the TRANSIMS traffic micro-simulation,public transit
serviceis generatedhe sameway car traffic is generatedi.e. via drivers picking up
their transitvehicleat the depotandfollowing a prescribedoutewith prescribedstops,
aprescribedscheduleandpossiblyprescribegroceduresor the caseof schedulelevi-
ations.Thisis similar to the modelingof a sharedride, wherea driverin onecarhasto
pick up oneor several passengeranddrop themoff later In thatway, effectslike the
bunchingof bussesor scheduledelaysbecausef congestiorwill comeout naturally
Also, buseshave a capacitylimit, possiblyleaving passengerbehindat the bus stops,
andit is possibleto make theloading/unloadindimesa function of the crovdednessilf
the actualroutesof driversandtransitvehiclesare not available,thensyntheticroutes
canbe generatedrom the schedule.Suchsyntheticrouteswill however obviously not
includecertaineffectsof reality, asfor examplethe effectthata vehiclewhich switches
linesmaynotbeavailablebecaus®f a delay

3.6 Explicit pedestriantraffic in TRANSIMS?

Currently TRANSIMS doesnot explicitely implementpedestriansthey aretreatedas
ary othernon-implementednodeasdescribedabove. It shouldbe clearthat TRAN-
SIMS could benefitfrom the addition of a realistic pedestriarmode, in particularin
cities where pedestriarfacilities suffer from congestion. It shouldalso be clear that
including pedestriartraffic into TRANSIMS would be relatively straightforvard, and
couldbe donevia arbitrarymodelsaslong asthey follow the sameplansformat. This,
however, putsconstrainton the pedestriamtmodeldesign,namelythatis hasto follow
the graph-orientedtructureof TRANSIMS. In particular it mustbe possibleto define
pathsfrom oneactvity locationto anotheyplusfrom activity locationsto transfermoints
andvice versa.Agentsneedto be ableto follow suchpaths,andthe informationmust
be structuredn a way so thatthe routercanwork with it. This excludes,for example,
randomwanderingacrossa wide plazaor throughan old city wherea persononly ap-
proximatelyknows wherehe or sheis. Futureversionsof TRANSIMS may eventually
be extendedin this regard. Also notethat aspectf this canbe includedvia putting
delaysonthetransferinks.

3.7 Feedback

No computationamodulewill be ableto anticipateeverythingwhich can happenin

othermodules.For example,stronglyfluctuatingcongestiorcould leadto missingthe
trainalthoughaccordingo meartravel timeseverythinglooksfine. Similarly, theshared
ride maydepartwithoutmeif | amtoolate,or theparkinglot atthepark-and-ridestation
may be full. In mary casesresearchersnay wantto definenon-optimalbehaioral

decisionmodelsfor humans,which would exclude from the beginning that travelers
take, say thefastespath.



For all theseelements,TRANSIMS providesits feedbackmechanism(also called
“selector”). Insteadof (computationally)dwelling forever on a decisionbetweentwo
differentmodesor arangeof possiblestartingtimes,the simulationcanjust decide“to
try it out”. For example,a transitanda car option canbe tried by an individual, and
the performanceof both be evaluated.In that performancesvaluation,aspectdik e the
numberof stopsigns,or the predictability of the respectie optionscanbe takeninto
account. This allows both the modelingof non-optimizingbehaioral models,andthe
inclusionof non-linearcostswhich cannotbe picked up by Dijkstra-typerouters(also
seebelow). In the secondcase,an “optimal” solutionprobablycannotbe guaranteed,
but anindividualimprovementprocedurecanbeimplemented.

In mary casesthis alsosolvesthe questionof “whereto put” certaindecisions.For
example,a modechoicedecisioncould be madeon the level of the router, via putting
valuesof time andotherthingsondifferentmodesandthenfinding the optimalmodefor
thetrip. It howeveralsomakessensdo look at this duringthe actwities planning,since
modechoiceandactiities chainingareintimatelyrelated.Via thefeedbacknechanism,
neitherof thesemoduleshasto make thedecisionalone—insteadjn critical casesvhere
several solutionsare plausible the selectomwill be ableto make the individualstry out
differentsolutionsandthenpick agoodoneaccordingo heuristic(or optimizing)rules.
Clearly, thereis atradeof betweermodelingeffort for thetrip planningandthe number
of iterationsonemayhave to run.

4 Discussionand Outlook

Any designhasshortcomings.Although the TRANSIMS designseemsrobustin the
sensethat designdecisionsfrom mary yearsago have not gottenin the way of newer
issuesthereare always elementswhich are easierto modelwith a certaindesignand
otherswhich areharderto model. Herearesomeissues:

e The routerwill find a good or the besttransitline for a trip. In mary cases,
however, several alternatve lines could be taken, for exampleat typical transit
mallsin AmericanCentralBusinesistricts. In suchcasestherouterwill pick
oneline which seemsorvenientfrom theschedulebut it mayhapperthat,when
thetravelerarrivesat the stop,anotheiine might be better

Includingtheseeffectsinto therouteris possible but only by definingadditional
“virtual” transitlinesfor eachsegmentof the transitnetwork which is sened by
several lines. For example,if atransitmall is sened alongits entire length by
buslines 1, 3, and9, thena new line with a not yet existing numbercould be
definedalongthelengthof the pathwherethe threelines overlap. Unfortunately
this yieldsa possiblyhigh numberof such®virtual” lines,sinceall combinatorial
combinationsof lines and segmentscould becomenew virtual lines. Also, the
micro-simulationwould have to pick it up in someway, thatis, the route plan
would have to statewhich bus lines are equivalent. — What this still would not
captureis if two differentpathsvia differenttransitlines could bring the traveler



to thenext actiity.

e Dijkstra-typerouterscannotdealwith non-additive costs which areusedby most
publictransitfaresystemsr someroadpricing schemesThe TRANSIMS router
cannotdealwith thisdirectly, but atleastfor simplecaseshefeedbacknechanism
canpick it up. For example,it canforcethe simulationto try out boththetransit
andthecaroption,andaddthe monetarycostsonly atthe pointwhentherelative
performancdetweerbothis evaluated.

5 Summary

This paperexplainsthe concepif theimplementatiorof multi-modaltraffic in TRAN-
SIMS. For this, the paperhastwo parts: A first, explaining the TRANSIMS design
using examplesfrom caronly runs, and a second,which explains the provisions for
multi-modal trips. The emphasisof the paperis on the secondaspect. TRANSIMS
startsby assumingthat all actiities are locatedon the walk network, andin conse-
quenceary trip connectingtwo actuities at differentlocationswill involve walking at
thebeginningandattheendof thetrip. Transitiongo othermodesaremadevia transfer
pointsandtransferinks. Theactuvities generatoof TRANSIMS providesthepreferred
modeto reachan actvity, and the multi-modal router routesthesetrips. The traffic
microsimulationreadstheseplans,executeghemin detailif the correspondingnodeis
implementedand“believes”themif themodeis notimplementedThelattermeandhat
for anon-implementeanodethetraveleris just movedto her/hisdestinatioraccording
to thetiming providedin the plan; no interactionbetweenravelersis computedn this
case.This alsogivesa clearimplementatiorpathto the additionof realisticpedestrian
modules. The TRANSIMS feedbackmechanismprovides an answerto someof the
usualconceptuabuestionsfor exampleof whereto placethe modedecision(into the
activities planningor into therouting) or whatto do aboutnon-additvelink costs.
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