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Abstract

The TRANSIMS (TRansportatio®NalysisandSIMulation System)projectis alargescaletransportation
systemprojectproducedby Los AlamosNationalLaboratoryfor transportatiorplanning.In TRANSIMS,
all processearerepresentednthemicroscopidevel. Theseprocessesngefrom decisionsf individuals

abouttheir daily activities all theway to signaloperationsandtraffic movements TRANSIMS consistsof
severalmodules someof which arelisted here:

¢ Routeplanner, which generatesravel plansfor eachdriver.

e Micro-simulation which executesall planssimultaneoushandin consequenceomputegheinter-
actionbetweerdifferenttravelers leadinge.g.to congestion.

e Feedbak: The abore modulesare interdependentFor example,plansdependon congestiorbut
congestiondependson plans. This is solved via an iteratve method,wherean initial planssetis
slowly adapteduntil it is consistentvith theresultingtravel conditions.

As part of the eventualgoal of implementingthe TRANSIMS software for all of Switzerland,we are
runningsimulationsonatest-casavith the Switzerlandransportatiometwork. We useasimilar simulation
framawork asfoundin TRANSIMS, but with our own, simplerversionsof thethreemodules.

We discusghe operationandinteractionof thesemodules,andbring to light a combinedflaw in our
routeplannerandfeedbackmodules.This flaw initially causedseveralunrealisticsimulationresults,such
asfreewaysbeingavoidedby vehiclesin favor of lower-capacityroads.We illustrateseveralimprovements
madeto the modelinglogic of themodulesin aneffort to correcttheseproblemsandcomparesimulation
resultsfrom thevariousmethods.

We alsodiscussthe resultsof our mostsubstantiaimprovement,which is the addition of a database
thatgiveseachdriver a “memory” of its pastroutesfrom earlieriterations,plusthe performanceof those
routes.Whena new plan-setis generatedeachdriver chooses routefrom thosein its memory basedn

theirrelative performanceThis solutionappearso bevery robust,becausét doesnotdependnhaving a
routeplannerthatworks perfectlyall thetime.

1 Intr oduction

Thereis an emeging consensushat large scaletransportatiorsimulationsconsistof several cooperating
softwaremodules someof thembeing:

e Traffic simulation module — This is wheretravelersmove throughthe streetnetwork by walking, car,
bus,train, etc.

e Modal choice and route generation module — The travelersin the traffic simulationusually know

wherethey areheaded;t is the task of this moduleto decidewhich modethey take (walk, bus, car,
bicycle, ...) andwhichroute.
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e Activity generationmodule—Thestandaraccausevhy travelersareheadedowarda certaindestination
is thatthey wantto performaspecificactiity atthatlocation,for examplework, eat,shop pick someone
up, etc. Theactiity generatiormodulegeneratesyntheticdaily plansfor thetravelers.

e Life style, housing,land use,freight, etc. — The aborve list is not complete;it reflectsonly the most
prominentmodules. For example,the whole importantissueof freight traffic is completelyleft out.
Also, at the land use/housindevel, therewill probablybe mary modulesspecializinginto different
aspects.

¢ In addition,thereneedto beinitialization modules suchasthesyntheticpopulationgeneratioomodule,
which takescensuglataandgenerateslisaggrgatedpopulationsof individual peopleandhouseholds.
Similarly, it will probablybe necessaryo generategooddefault layoutsfor intersectionsetc. without
alwaysknowing the exactdetails.

Theabore modulesinteract,andtheinteractiongoesin bothdirections:for example,(the executionof) plans
lead(s)to congestionyet (the expectationof) congestioninfluencesplans. Any large scaletransportation
packageneeddo resol\e thislogical deadlockin a meaningfulway.

Realityseemgo approachheissueof feedbaclby a slow system-widdearningprocessPeoplepre-plan
majorpiecesof theirlife (like whenandwherethey work) alongtimein advanceandnormallyonly re-adjust
small piecesof their schedulesvhenneeded1]. More precisely they pre-planandre-adjuston mary time
scaleswherethetime scaleis relatedto the magnitudeof the adjustmentworkplacesandhomelocationsare
re-adjustedn time scalesof several years,while the decisionto make a detourto buy someice creammay
happerwithin secondsin consequence, simulationsystemis facedwith two challenges:

1. Modeling adaptatiorandlearningon all time scales- In principle, a transportatiorsimulationshould
simulateseveral thousanddaysin sequenceandthe decisionsof the individual peopleshouldunfold
on their particulartime scalesas pointedout above. In particular travelersshouldbe ableto replan
while en route. While this soundssimplein principle, it is difficult in practice,becauseone wants
to avoid a large monolithic software packageandthusto separatehe traffic flow simulationfrom the
stratgic decision-makingf thetravelers.This becomeparticularlyrelevantfor paralleltransportation
simulations sincenow the stratgic planningneedgo be separatedrom thetraffic simulationalsofor
performanceeasonsThisis notthetopic of this paper;see[2, 3] for moreinformation.

2. Behavioral realismvs. fastrelaxation— In practice,simulatingseveral thousanddaysin sequences
difficult to do becaus®f computationatesourcdimitations. It is alsoquestionablef this would yield
usefulresultswithoutadeepunderstandingf thelearningdynamics As areactionto this, mathematical
modelingof transportatiorscenariosaswell asof economicdn general,in the pasthasrelied on the
notion of a Nashor User Equilibrium (UE). As is well known, in a UE no traveler canimprove by
unilaterallychangingher/hisbehaior. The advantageis thatthis prescribesa stateof the systemand
it doesnot matterhow the computationakystemfindsit — asopposedo a realistic modelingof the
transientlearningdynamics. Today we however increasinglyrecognizethat socio-economisystems
do not operateat a UserEquilibrium point; for example,for the housingmarlket it is assumedhatthe
systemis permanentlyn thetransient44].

This secondpoint is the focus of this paper Our approachto the problemis to designa framevork which
admitsall the differentviews to the problem. Thatis, the framevork shouldaswell corverge to the User
Equilibrium (assumingt is uniqueandanattractor— this is a difficult discussiorbut againoutsidethe scope
of this paper)asit shouldallow for experimentatiorwith differentbehaioral hypothesesWe entirely con-
centrateon day-to-dayreplanningalthoughour resultswill alsoapplyto within-dayreplanning.In particular
we will demonstratehatthe introductionof an agentdatabasewhich keepstrack of agents’paststratgies
andtheir performancesyill greatlyimprove bothplausibility androbustnesf the system.

Throughouthis papermwe usethetermagentto referto anentity within the simulationcapableof making
decisionaboutits actions(suchastherouteto take from pointa to pointb). Sinceour simulationdoesnotyet



involve land useor othernon-transportatioactvities, anagentis presentlyequivalentto atraveler aperson
usingthe transportatiometwork.

The structureof this paperis asfollows: Section2 describeghe specificmoduleswe areusingin this
study Section3 introducesthe traffic scenariosve are applyingthosemodulesto. Following that, Sec.4
describesomeresultsfrom theday-to-dayreplanningof our feedbaclksystemwhich turnedoutto have some
implausibleimplications. We continuethe sectionby describingsomealterationsve madeto the feedback
mechanisnto try to resole the problems,andthe resultsof thosechanges.Next we presentn Sec.5 the
agentdatabasea completelydifferentand morerobust approacho solvingthe problemsencounteredh the
previous section.We finish with conclusionsn Sec.6. For referencewe have provided AppendixA, which
lists someof the sourcecodeusedin our framevork andwith theagentdatabase.

2 The Modules

The moduleswhich areimportantfor this studyarethe traffic micro-simulation the router andthefeedback
mechanismwhich controlstheinteractionbetweerthe micro-simulationandtherouter

2.1 QueueMicr o-Simulation

As atraffic micro-simulatiorwe useanimprovedversionof a so-called‘queuesimulation”[5]. Theimprove-
mentsrefer to an implementatioron parallel computersandto animproved intersectiondynamics,which
ensures fair sharingof theintersectioncapacityamongincomingtraffic streamg6]. Thedetailsof thetraf-
fic simulationare not particularlyimportantfor this paper;we expectmary traffic simulationsto reproduce
similarresults.Theimportantfeaturesare:

¢ Plansfollowing. ThefeedbackKramewvork generatesndividual routeplansfor eachindividual vehicle,
andthetraffic simulationneedgo have travelers/\ehicleswhich follow thoseplans.

Thisimpliesthatthetraffic simulationneedgo be microscopicthatis, all individual travelers/\ehicles
areresohed. Beyond that, it doeshowever not prescribethe dynamics;everythingis possiblefrom
smoothparticlehydrodynamicsvhereparticlesaremovedaccordingo aggr@atedandsmoothedjuan-
tities (e.g.[7, 8]) to virtual reality micro-simulationge.g.[9]).

¢ Computationalspeed. We needto run mary simulationsof 24-hourdays— usually about50 for a
singlescenario This meanghata computationatpeedf 100timesfasterthanrealtime on a network
with several thousand®f links and several millions of travelersis desirable. Our queuesimulation
demonstratethatthisis feasible.

o Simulationoutput. Theframewnork needsa certaintype of simulationoutputto function. Theseoutputs
aresimpleanddo not requiresophisticategorogrammingskills or a sophisticate@utputsubsystenof
the micro-simulation(asopposedo, say Ref.[9]). Theserequirementsrethatthetraffic simulation
outputs(i) thetime every time a vehicle/traelerleavesalink, and(ii) adumpof the locationsof each
vehicle/traelerin the systemin specifiedntenals of time. Thefirst oneis theinformationfrom which
link travel timesarecomputedthelatteris in factnecessaryor deluggingandvisualizationonly.

e Congestiorbuild-up andqueuespillback. Althoughthis is notarequirementor theframework in gen-
eral, the resultsof the presentpaperdependon the factthat congestiomormally startsat bottlenecks
(i.e.wheredemands higherthancapacity) but thenspills backwardsinto the systemandacrossnter
sectionsOncesuchcongestioris there, it takesalargeamountof time to resol\e it; in fact,if thereare
N vehiclesin aqueueupstreanof abottleneckandthe capacityof thebottleneckis C, thentheamount
of time to clearthe queueis N/C. The modelshouldreflectthis, and it shouldreflectthat physical
spacethatthe queuedvehiclesoccupy in thesystem.



2.2 Router

In addition, we needa router i.e. a modulethat generategpathsthat guide vehicles/traelers throughthe
network from a givenorigin to a givendestinationIn addition,the vehicles/traelershave startingtimes,and
therouterneeddo besensitve to congestiorin the sensehatit tendsto avoid congestedinks.

Therouterwe have usedfor the presenttudyis basedon Dijkstra’s shortest-patlalgorithm, but “short-
ness”is measuredy thetime it takesan agentto travel down alink (road segment)in the network. These
timesdependon how congestedhelinks are,andsothey changehroughoutheday Thisis implementedn
the following way: Theway a Dijkstra algorithmsearches shortesipathis by expanding,from the starting
pointof thetrip, a network-orientedversionof awave front. In orderto make the algorithmtime-dependent,
the speeddf this wave front alongalink is madeto dependon whenthis wave front entersthelink.

Thatis, for eachlink [ we needa function ¢;(t) which returnsthelink “cost” (= link travel time) for a
vehicleenteringat time ¢. This informationis takenfrom arun of thetraffic simulation.In orderto make the
look-up of ¢;(t) reasonablyast,we aggr@ateover 15-min bins, during which the functionis keptconstant.
Thatis, for exampleall vehicles/traelers enteringa link between9am and 9:15amwill contritute to the
averageink travel time duringthattime period.

2.3 Feedback

Finally, we needthe feedbackmechanismnto couplerouterandtraffic simulation. Initially, we planall trips
basedn freespeedravel times,andfeedthetraffic simulationswith thoseplans.Fromthenon, everytime a
traffic simulationrun completestheroute plannerusesthetraffic simulationoutputto updatethe travel-time
(costof utilization) associatedvith eachlink in the network. After the routeplannerupdatests view of the
network, it generatesew plansfor a subseftypically arandomlyselectedl0%) of the drivers,andthe entire
updatedplan-sets fed backinto the micro-simulationfor anotherun. We repeatthis processasmary times
asnecessaryabout50) until the system“relaxes”. Relaxationis asof now not measuredy a quantitatve
criterion, but via judgingvisualizeroutput. This will eventuallychange.

Figurel givesanideaof theimprovementn thesystembroughtaboutby theiteratve schemeThefigure
shavs two snapshotef vehicle positionsin the Gotthardscenariodescribedn Sec.3. Theleft sideof the
figure shavs a snapshobf the vehiclesin the midst of the initial iteration (number0), 2-3 hoursafter alll
vehicleshave left their startinglocations for theircommondestinationln this iterationdemands notknown,
soeachtravelerassume$ree speedravel times,andchooses routeasif it is theonly driverin the network.
Thus,the freewaysareall in use,andno alternatve routeshave beenexplored. The right side of the figure
shavs the samesituation,but 49 iterationslater Here,the driverstake into accounthe congestiorcausedy
othervehicleson the roadways,so mary moreroutesareexplored. In the 49thiteration,fewer travelerstake
the“middle” pathsthroughthe Alps (suchasthe Gotthardtunnel)thanin the Oth iteration,insteadelectingto
take the westernor easterrpaths.

3 The Scenario

Thegoalof ourwork is afull 24-hoursimulationof all of Switzerlandjncludingtransittraffic, freight traffic,
andall modesof transportation.This will involve about7.5 million travelers,andmorethan20 million trips
(including shortpedestriaririps etc.). A moreshort-termgoalis a full 24-hoursimulationof all of cartraffic
in Switzerland.For this, we will have about10 million trips.

Our network consistsof 10572 nodesand 28622 links. This network is provided by the Swisstrans-
portationplanningauthorities.Besideshe standardattributesfor geographicalocationandlength,the links
have speedcapacity andtype attributes. As of now, no streetlayout, not even the numberof lanes,is part
of thatinformation; also, no informationabouttraffic signalsis known. This makesusingthe TRANSIMS
micro-simulationdifficult sinceit needsthatinformation. This is one of the reasonsvhy we useour queue
simulationasdescribedabove.



Figurel: Exampleof relaxationdueto feedback LEFT : IterationO at9:00— all travelersassumehe network
isempty RIGHT : Iteration49 at 9:00— travelerstake morevariedroutesto try to avoid oneanother

In orderto testour modulesandour framevork, we usea so-calledGotthard scenaria In this scenario,
50’000 travelers/ehiclesstart, with a randomstartingtime between6amand 7am, at randomlocationsall
over Switzerland andwith adestinationin Lugano/Tcino. Althoughthis scenaridhassomeresemblancwith
vacationtraffic in Switzerland,its main purposeis to testthe congestiordynamicsof the micro-simulation,
andits interactionwith thefeedbackramework. Thiswill becomeclearlaterin thetext.

4 Link Travel Time Feedback

Evenwithin theframewnork asdescribedbore, thereis considerabldéexibility in how to interpretthedifferent
pieces.Oneof thesepieceds how to aggreatethelink travel times: While thetraffic simulationgeneratenk
entryandexit timesfor eachindividual vehicle,therouterneeddink traversaltimesasafunctionof link entry
time. As pointedout abore, theselatter timesalsoneedto be aggr@atedin orderto reducecomputational
overhead.

Oneissueis if to uselink entryor link exit timesasthe basisfor aggrgation. The way the routerworks,
onewould like the averagetravel time of all vehiclesenteringduring a specificperiodof time. In termsof
simulationlogic, this is awkward sinceoneneeddo keepinformationaboutwhenthe lastvehiclebelonging
to suchabatchhasactuallyleft thelink.

As aresult, TRANSIMS averagesover vehiclesleavingthe link during a specificperiod of time. This
hashowever the disadwantagethatnow the averagednformationis no longerconsistentvith the router—for
example,alink travel time for vehiclesexiting alink betweer® and9:15is notthe sameasalink travel time
for vehiclesenteringalink betweerd and9:15.

Thisissuecanbeaddresseby “backdating”[10], thatis, onecalculategsherespectre link enteringtimes.
TRANSIMS doesthat afterthe averaginghastaken place. For example,assumehatthe averagelink travel
time for vehiclesexiting betweer® and9:15is 10 min, andthe averagelink travel time for vehiclesexiting
between9:15and 9:30is 15 min. By backdating,one would arrive at the resultthat all vehiclesentering
between8:50 and 9:05 need10 min, and all vehiclesenteringbetween9:00 and 9:15 need15 min. This
clearly leadsto gapsandoverlaps; TRANSIMS usespiece-wiselinear functionsto interpolatebetweenthe
periods.

In our approachwe decidedto completelyseparatehe aggregationfrom the micro-simulation. Thatis,
themicro-simulationis askedto outputeventinformationeverytime avehicleleavesalink (thisis information
thatalsothe TRANSIMS traffic simulationcangenerate).A post-processingtepthenaggrgatesthis data
into theinformationneededy therouter

For the post-processingye usea pair of AWK scripts.Thefirst script, (seeSec.A.1 for listing), readshe
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Figure2: A freeway andsideroadswith the original travel time feedbackstratgy at 19:00 (left) and20:00
(right). Thesideroadscontainmary vehicleswhile thefreevay containsvery few or none.

eventsfile producedby the micro-simulation filters the eventsmarkingvehiclesexiting links, andcompiles
themtogetherinto anintermediatdfile thatlists, for eachvehicle,thetime it enteredandexited eachlink in

its plan. It alsocreatesa secondfile that lists the arrival times of eachvehicle at its destination. Coupled
with the (alreadyknown) startingtimesof the travelers’ routes,this secondoutputfile enablesachtraveler
to calculatethetotal travel time of its plan. The secondscript (seeSec.A.2 for listing), aggr@atesthe output
of thefirst script, to determinethe averagetravel-time on the links. For eachlink in the network, this script
keepsarunningcountof thenumberof vehicleswho enteredhelink duringeachtime bin of theday;aswell

asarunningsumof the total amountof time thatgroupof enteringvehiclesspenton thelink. Dividing the
sumby the countfor eachlink andtime bin combinationgivestheaveragetravel time for thatlink duringthat
time bin.

4.1 |Initial Results

We ranthe above setupwith the Gotthardscenario.ln this sectionwe presentheinitial resultsof thatsimu-
lation.

For the following, we concentrateon an about50 km x 100 km sectionnorth of Lugano. For better
exposition,theorientationof theplotswill berotatedby 90 degrees sothatLuganonow is to theright andthe
Alps areto theleft. Fig. 2 shavs snapshotsf thesituationat 19:00andat20:00. Theseandall othersnapshots
areafter 49 feedbackiterations.In generalthe vehiclesarejammedup becauseherearebottlenecksnside
Luganofor thevehiclesto reachtheir destination.

Theimplausiblefeatureof theseplotsis thattherearetraffic jamson the sideroadswhile the freeway is
empty Notethatthereis no en-routereplanningandsothe plan-folloving vehiclesarestuckwith their plans
for thewholedurationof theirtrips.

After furtherinvestigationwe foundthatthe problemwascausedy thefactthattherouterwill notreact
“fastenough’if traffic is moving well atthe beginningof thetime bin, but not atits end. Carsthatareonthat
link at the beginning of the time bin will leave soonerthanthe routerexpects,but thoseplacedat the endof
thetime bin will leave laterthanexpected.

As anexample,supposealink L hasafree-speedravel-time of 3 minutes,andtherouteris considering
routingtwo agentsA and B onthatlink duringthetime bin from 7:00to 7:15. Supposdurtherthat L is close
to free-floving at 7:00, but getscongestedby 7:15. Its averagetravel-timeduringthis time bin is calculatedo
be5 minutes.

If agentA startsouton thelink nearthebeginning of thetime bin, say7:03,it hasa clearride andwill be
off thelink in, say 4 minutes.If agentB startsout on thelink closerto the endof thetime bin, say7:10, it
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Figure3: A freaway andsideroadswith the offsettime bins stratgy at 19:00(left) and20:00(right). The
sideroadscontainmary vehicleswhile thefreewvay containsvery few or none.

getsinto thatcongestiorandhasalongertravel time, say9 minutes.Theresultis thatagentA is oneminute
aheadof therouters scheduldor it, while B is 4 minutesbehindschedule.
Overall, therearefour cases:

e Congestiorbuilding up, andvehicleearly in time bin. Thenthe vehiclewill be fasterthanthe router
thinks. Thevehiclewill befasterandsincecongestioris just building up, it will alsobefasterin other
partsof the system thusamplifying theinitial error.

¢ Congestionbuilding up, andvehiclelate in time bin. The the vehiclewill be slowver thanthe router
thinks. The vehiclewill fall behind,andsincecongestioris building up, it will fall behindfurtherin
otherpartsof the systemthusamplifying theinitial error

e Congestiorgoing away, andvehicleearlyin time bin. Thenthe vehiclewill be slower thantherouter
thinks. The vehiclewill fall behind,but by falling behindwill encountedesscongestionwhich will
limit how muchit falls behind.

e Congestiongoing away, andvehiclelate in time bin. Thenthe vehiclewill be fasterthanthe router
thinks. Thevehiclewill befasterbut by beingfasterit will encountemorecongestionwhichwill limit
how far aheadf schedulet is.

Fromthis descriptionit is clearthatin particularthefirst two casesarea problemsincethe dynamicsendsto
amplify theerrors.In orderto testour hypothesisye describeéwo modificationgo therouterin thefollowing.

4.2 Offsetting the Time Bins

How do we fix this problem? Sincethe problemseemsdo bethe routers reactionto a link’s transitionfrom
free-floving to congestionwe considergiving the router an “early warning” aboutimpendingcongestion
build up. We do this by simply offsettingall thetime bin datasothatit is aheadof reality by onebin. This
causeghe routerto usethe 7:15-7:30time bin informationwhenit is calculatinglink costsbetween7:00
and7:15. Thatway; it will startinstructingagentsto avoid congestedinks befoe thoselinks actually get
congestedThis stratgy will alsocauseaherouterto placemorevehiclesonlinks undegoingtransitiondrom
congestedo free-floving atanearliertime. Basedon thereasoningabore, however, this situationshouldnot
causetoo muchof aproblem.

Figure3 shavs the outcomeof this stratgy. We canseethatthefreeway is still emptyingearlierthanthe
sideroads.This stratgy, by itself, doesnot seento helpusatall in this case.
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Figure4: A freavay andsideroadswith the maximumtravel time stratgy at 19:00(left) and20:00(right).
At 19:00the sideroadscontainsomevehicleswhile the freewvay is mostlyempty At 20:00the sideroadsare
nowv emptywhile the freeway containsa few vehicles.

4.3 Maximum vs. AverageTravel-Time

Anotherissuewith the datausedby the routeris thatit is an averageof the travel timesexperiencedy the
vehicles. As statedabove, if the routerunderpredictsthe travel-time for an agenton a link during a time
bin, thatagentwill be behindschedule But, if the routerover-predicts,thenit is nota big problem. Instead
of giving the routeran early warning,we alterthe routers view of thelinks sothatit paysmoreattentionto
the travel timesof thosevehicleswho experiencedcongestioron the links. In otherwords,we biasthe data
againstcongestedinks. The simplestway to do this is to take the maximuntravel-time experiencedn each
link duringeachtime bin, ratherthantheaverage.

Figure4 shawvs theresultof this stratgy. This stratgy alsodoesnotfix the problembecaus¢hefreevay
still practicallyemptiesearlierthanthe sideroads.In this case however, we noticethata few vehiclesusethe
freewvay afterthe sideroadsareclear But the numberof vehicleson thefreeway is too smallcomparedo the
sideroad.We seemto be gettingsomeimprovement atleast.

4.4 Combining Maximum and Offset

Neither offsetting the travel times data,nor biasingit toward the maximumreportedtravel time seemedo
completelyfix the problemof theimplausibleresults.We now try, asa new stratgy, the combinationof the
two. We take the maximumtravel timesinsteadof the average plus we offsetthe resultingtravel timesdata
by onebin. This shouldimprove the “early warning”to the routergiven by the offsetmethod,sinceonly the
mostdelayeddriverswill bethe onesreportingtheir experiencego therouter

Figure5 shavs the outputfrom this result. As we cansee the sideroadsfinally emptybeforethe freewvay
does,aswe expectedirom the begginning.

4.5 Conclusion

After enoughanalysis,“combining maximumand offset” finally solved the problem. We essentiallyhadto
greatlyexaggerateherouters view of thelinks undegoingtransitionfrom free-floving to congestedegimes,
sothatit couldreactin time to move travelersaway from thoselinks to avoid the congestion.

This solutionwastailoredfor this specificproblem,however. If thereareotherrouting problemsthatwe
discoveratalatertime, we mayhave to adjustour travel timereportingstratgy again.Suchadjustmentsould
conflictwith thecurrentmethod bringingbackthe problemof emptyfreevayswith congestedideroads.We
would like amorerohustsolution,which canwork evenif flaws exist in therouteror thefeedbaclksystem.
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Figure5: A freeway andsideroadswith the combinedoffsettime binswith maximumtravel time stratgy at
19:00(left) and20:00(right). Thesideroadsarefinally empty while thefreevay now containsvehicles.This
is whatis expectedfrom the scenario.

In thenext sectionwe presentinalternatve solutionto themaximumand/oroffsetstratgies,whichmoves
away from adjustingthetravel timesreporting,to adjustingthe behaior of thetravelers.

5 The Agent Database

5.1 Concept

In the above methodsall agentdorgot their previous planswhennew oneswerecreatedpn the assumption
that the nev oneswere always betterthanthe old ones. But, if the routeris flawed, or not obtainingthe
properinformation,this might not (always)betrue. So,we now give the agentsa memoryof their pastplans
(decisions)andthe outcome(performanceof plans)of thosedecisions.We allow themto choosetheir new
planbasednthe performancef theroutesin theirmemory New, untestedoutesfrom therouteriterationare
giventop priority, but if anagenthastried all of his/herplansbefore,thenhe/shechooseneby comparing
their performancevalues. This stratgly meansthat more than our original 10% replanningfraction of the
agentswill changeheir plansat a giveniteration. Thesechangeswill be“informed” decisionsthough— not
randomexploration.

By giving theagentsamemory we mustgive themaway to selecrememberedoutes.For agivenplan—
asawhole—we canfind thetotal time takento traversetheroute. This will bea measuref the performance
of theroute. Agentscancompareperformancef rememberedoutes,andchooseonebasedon performance
information,withoutknowing arything elseabouttheroutes.

Theideahereis thatwe don't needto fix therouterto be perfect,aslong asit generateseasonableoutes
mostof thetime. We canusetheoriginal routerandtravel time reportingstratgies(averagedravel timesand
non-ofsettime bins),andstill getbehaior thatmakessense.

In comparisonTRANSIMS alsousesadatabase;alledthe“lteration Databasé ,which storesnformation
aboutagentsand their experiencedrom previous iterations. This databases meantto be usedto choose
specificsetsof agentsfor replanning,but to our knowledge,doesnot storepreviously discardedroutesfor
laterre-use[9]

5.2 Implementation of the Agent Database

We introducea databasento the iteration framework to give the agentsmemaoryof their plans. Currently
this databasés implementedn MySQL, an open-sourceelationaldatabasenanagemergystem.Eactime
the router generates new (initial or updated)plan-set,thoseplansare addedto the databasealong with



planstable:

agent| plannum | is_.new | starttime plan

1 1 0 25200 text string 1

1 2 1 25200 text string 2

2 1 0 25380 text string 3

travel_timestable: flagstable:

agent| plannum | travel_time agent| plan.num | flag
1 1 462 1 1

1 2 0 1 2

2 1 1047 2 1

Figure6: Exampletablesin the agentdatabase.The “agent” and“plan_num” fields are combinedinto the
primary key for all threetables. The “plan” field of the planstable containsa text string consistingof link
identifiersandotherinformationthattherouterrequires.

the identifying numberof their correspondingagent,and the startingtime of the plan. The databaselso
storesfor eachplan,the mostrecentlymeasuredravel time (performancaneasurementnadeby the agent
for thatplan; anda flag that, whentrue, marksthe planasbeingthe oneusedby its agentin the mostrecent
micro-simulation.For new, untriedplansgeneratedby therouter thetravel-timeis consideredo bezero,and
the agentis forcedto always choosethat plan next. SeeFig. 6 for an exampleof how the databasestores
information,andSec.A.4 for theactualMySQL codeusedto interactwith thedatabase.

Oncethenew setof planshasbeenenterednto thedatabasethetravel_timestableis joinedwith theflags
tableandoutputinto afile. Thisfile is readby a scriptwhich usesthe travel-timesinformationto make the
choicefor eachagentof its next plan. SeeSec.A.3 for the listing of this script. The scriptwrites a new
file with updatego the flagstable,which is thenwritten into the database The flagsindicatethat the plan
is chosenin the currentiteration. Oncethe databasé&nows which plansto choosejt writesthatsetof plans
(only theoneswith flag = 1) to theinputfile for the micro-simulation andthe micro-simulationis executed.

After the simulationis finished, its eventsoutputis parsedinto entry andexit timesfor eachagenton
eachlink of theirroute. Theseentryandexit timesareaggreatedinto the 15 minutetime binnedtravel-times,
whichareusedby therouterto generatdts next 10%planset(PleaseseeSec.4 for amoredetaileddescription
of thesescripts,or SecsA.1 andA.2 for thelistingsof them.) At thistime anotheffile is createdhatindicates
thearrival time of eachagentatits destinatiorlink. Thisfile is readbackinto thedatabasetheplanstarttimes
aresubtractedrom the arrival times,andthe travel-timesareupdated.This only occursfor planswhich are
flaggedin theflagstableashaving beenusedin thelastiteration. In otherwords,only oneplan peragentis
updatedwith thetravel time.

At this point, the databasés readyfor the next iteration,whentherouterwill againgenerate new setof
plansthatmustbe enterednto thedatabase.

5.3 How plansare actually chosenbasedon performance

Theonly detailleft outof theabove explanationis how the performancdtotal travel-time)informationis used
by theagentdo chooseaheir planfor the next iteration.

Eachagentusesthe following modelto comparethe utility functionsof its remembereglans. This
functionis definedastherelative probability , of choosingagivenplan (outof plans)for anagenta:

)= ( tt) (1)
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where is an empirical constant,and¢t s the total travel time known by agenta for its plan . This
resembledotha Boltzmanndistribution in physicsandalogit modelin discretechoicetheory[11].

Equationl is only arelative probability;in orderto have theprobabilitiesfor all  plansof agenta sumto
1, we mustnormalizetheprobabilities.Let  bethenormalizedprobability:

tt ) =———— )

Next, we calculatethe cumulatve probability sums:

¢ = @ ) ®3)

Agenta next dravs a randomnumbey ). It thenchooseplan suchthat C is aslarge as
possibleputis lessthan :

C C (4)

The endresultof thesecalculationsis that agentsare mostlikely to choosethe plan with the highest
performancesecond-modlik ely to choosehe planwith the seconchighestperformanceetc. Sinceaplan’s
performances overwrittenby new triesof thatplan,if the planimprovesits performanceit is morelikely to
bechoserin thefuture. If it's performancaelegradesuponreuseijt will betried lessoftenin thefuture.

Thevalueof determinesow likely it is thata“non-best’planwill bechosenFor theGotthardscenario,
we chosethevalueof sothatabout90% of the agentsjn theinitial iterationsat least,would choosetheir
bestpossibleplan. In otherwords,we allowed only 10% (of the 90% who werenot replannedn the current
iteration)to retry “non-best”plans. Specifically we set to be —. This allows the relaxationto progress
rapidly in the earlyiterations,andgivesagentgshe ability to occasionallygive “non-best”plansthe chanceo
improve.

5.4 Resultsof Agent Databaseon the Gotthard Scenario

Figure 7 shaws the resultsof using the original stratgly from Sec.4 plus the agentdatabasewith plans
selectedasdescribedbove. As onecansee thefreaeway problemis avoidedwhenthe agentdhave memoryof
their plans.If therouterstartsputtingtoo mary agentson the sideroads,somewill eventuallytry outanold
planthatusedthe freavay andfind thatit hasa goodperformancesowill likely usethatplanagain.As long
asthey remembeoneor more plansthatutilize the freeway, the agentscandecidefor themselesto useit,
bypassinghesideroadchoiceof therouter Thus,theagentdatabasgivesanaddedlexibility androbustness
to the systemsothatevenwith aflawedrouteror feedbackmechanismthe resultscomeout satistctorily.

Thisvalueof we choseseemedo work well, but futurework will likely needto explorethe outcomeof
othervaluesfor this constant.

6 Conclusion

The purposeof this paperandthis studyis to demonstratehat for multi-moduletransportatiorsimulations,
not only is the functionality of the single modulesimportant,but alsohow they interact. In particular an
agent-basetimplementatiorof theinterfacesbetweerthe moduless capableof correctingfor artifactsin the
modules.An agent-basedepresentatiomeanghattravelersareconsiderecsagentswhich have amemory
of different stratgies andtheir respectie performances.In general,they chosethe stratgy with the best
performancebut from time to time re-try one of the otherstratgjiesjust to checkif its performancas still
unchangedAlso from time to time, new stratgiesaregeneratedndaddedo the pool.

In this particularexample,we applythis approacho routefeedbackor dynamictraffic assignmentThe
problemwasthat the routerusesaggregatedfeedbackinformation from the micro-simulation,andthat this
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Side Roads Side Roads
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Figure7: A freavay andsideroadswith theagentdatabasetratgy at 19:00(left) and20:00(right). As with
the “max andoffset” stratgy, the sideroadsareemptying,while the freevay containsvehicles. This shavs
theagentdatabaseés a solutionto the freewvay problem.

aggrgationwith most plausiblealgorithmsleadto artifactsin the resultingtraffic. Specifically the router
underestimatedong distancdravel times,leadingto thefactthattherouterassumedheexistenceof conges-
tion for later partsof thetrip while in factthe congestiorwaslong gone. This resultedin travelersusingthe
sideroadswherethefreevay would have beenmuchbetter Theuseof theagentdatabasesolvesthis problem
withoutany changesin therouter. Thatis, evenwhentherouterconsistentlygenerategaulty plans,theagent
databasapproachwill compensatéor this aslong asat leastsomeof theroutesareplausible.

TheapproactwasimplementedisingMySQL asa databaseandperl/avk asscriptinglanguagesFurther
detailsaregivenin thetext.
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A SourceCode

A.1 readevents.awk

This scriptreadsthe eventsoutputof the micro-simulatorandcorvertsit into entry time andexit time pairs
for eachvehicleoneachlink. It alsooutputsthe arrival timesof theagentsat their destinations.

Interface:
Type Name Comment
InputFile | events.trv travelereventsfile from micro-simulator

OutputFile | events.starend | the startingandendingtimesfor each
vehicleoneachlink in its plan
OutputFile | END_TIMES whenvehiclesfinishedtheir routes

#/bin  Jawk -f

# This script reads a SINGLE (consolidated ) SORTEDevents file  and
# figures out when each car entered and exited each link in its plan.

BEGIN {
OFS = "\t
print  "VEHICLE", "LINK", "ENTRY', "EXIT "
}
# main pattern -- executed for each line of input file
{
# Skip header line (s)
if ( $1 == "TIMESTEP' ) {
next ;
}
timestep = $1 + 0O;
vehicleid = $2;
link = $3;
fromnode = $4; # ignored for now
flag = $5;

# Assuming file is sorted by timestep

# Store information for END_TIMES output

if ( first_time [vehicleid ] =" ) {
first_time [vehicleid ] = timestep
last_time [vehicleid ] = timestep ;

} else if ( timestep > last_time [vehicleid 1) {
last_time [vehicleid ] = timestep ;

if ( last_time [vehicleid ] < first_time [vehicleid 1) {
print ~ "Something is wrong! ABCDEFG > "/dev/ stderr ";

}

# Ignoring initial link entry, since we do not know where the
# parking accessory really is on the link.

# flag == 2 means a "normal " link exit .
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if (flag ==2) {
if ( older_time [vehicleid ] = ) {
print  vehicleid old_link  [vehicleid 1s
older_time [vehicleid 1s
old_time [vehicleid IK
if ( old_time [vehicleid ] <= older_time [vehicleid 1) {
print  "Something is wrong! ZYEW > "/ dev/ stderr "
}
}
older_time [vehicleid ] = old_time [vehicleid 1
old_time [vehicleid ] = timestep ;
old_link  [vehicleid ] = link
}
}
END {
for ( v in last_time ) {
print v, last time |[v] > "END_TIMES"
}
}

A.2 parselink _times_entry.awk

Interface:
File Type | Filename Comment
InputFile | events.stariend | thestartingandendingtimesfor eachvehicle
oneachlink in its plan,from read events.avk
OutputFile | summarytim travel-timesfile for therouter
#!/bin  fawk -f
# Read the output of read_events .awk, and transform it into something
# resembling a TRANSIMStravel -times summary file , for reading by the
# router
# this is for where tt is time_bin of ** ENTRY* time , not exit time
# figure out which 15- minute time bin to store data into
function calc_time_bin  (time) {
# want times to map like so:
# ..21600 => 21600
# 21601...22500 => 22500
# 22501...23400 => 23400
# this is the original time -binning strategy ; subtract 1 to get
# offset (so that 7:15 read from the input file goes into 7:00" s
# bin
if ( ( tme %900 ) == 0) {
return int (time / 900) - 1;
} else {
return  ( int ( time [/ 900 ));
}
}
function print_ data () {
print I, -1 , (&t +1) * 900 , count [, tt 1+0 , sum[ll, tt +0
-1 -99 1,0, 0, -1
}
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BEGIN {
OFS = "\t";
SUBSEP= OFS

min_time_bin
max_time_bin

10000.0;
-10000.0;

min_link = 100000000.0;
max_link = -1.0;

# expected format of TRANSIMStravel times files

# we aren’'t using most of these fields

print  "LINK" , "NODE , "TIME" , "COUNT , "SUM" , "SUMSQUARES,
"TURN" , "LANE" , "VCOUNT , "VSUM", "VSUMSQUARES;

}
NR> 1 {
vehid = $1;
link = $2 + 0.0;
entry_time = $3 + 0.0;
exit_time = $4 + 0.0;
travel_time = exit_time - entry_time ;
time_bin = calc_time_bin  (entry_time );

## For MAXIMUMstrategy , replace the 2 lines below with

## if ( travel_time > max[link , time_bin ] ) {
i maxlink, time_bin ] = travel_time ;

#Ht count [link , time_bin ] = 1;

#}

## .. and replace "sum" everywhere with "max"

count[ link, time_bin ] ++;
sum[link , time_bin ] += travel_time ;

# sumsquared [ link, time_bin ] += ( travel_time * travel_time );

links_seen [link ] = 1;
time_bins_seen [time_bin ] = 1;

if ( link > maxlink ) { max_link = link; }
if ( link < min_link ) { min_link = link; }
if ( time_bin > max_time_bin ) { max_time_bin = time_bin ; }
if ( time_bin < min_time_bin ) { min_time_bin = time_bin ; }

# let user keep track of how far into the input file we are
if ( NR % 100000 == 0 ) {

print  "line : "NR >> "/dev/ stderr "
}

}
END {

# go through the time bins of the day
for ( tt = min_time_bin ; it <= max_time_bin ; tt ++ ) {

# go through the links of the network
for (Il = min_link ; I <= max_link ; I++ ) {

if ( (I, tt ) in count ) {

print_data  ();
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# once a link is outputted , it should continue to be
# outputted , to show that it is empty
output_link [l 1 = 1;

} else if (I in output_link ) {
# deal with links that have vehicles on them for more than 15
# minutes
count Il ,t] = count [lltt -1];
sum(ll,tt 1 = sumll, tt-1] - count [ll,tt ]*900;
if ( sumfll, tt] <=0) {
sum[ll , tf] = 0;
count[ I,tt] = 0;

# (the logic behind the above is that , as soon as the queue should be
# resolved , we report zero vehicle entries so the link is unreported )
# (The router uses free -speed travel -times for links during time bins
# they are unreported for a time bin.)

# the router also ignores links with 0 count

print_data  ();
}
}
}
}

A.3 pick_plans.exp-Bt.awk

Thisscriptperformsthedecision-makingf theagentsFor eachagentjt choose®neof theplansremembered
by thatagentbasedon the performancef theremembereglans.SeeSec.5.3for the decisiondescription.

Interface:
File Type Filename Comment
Input File travel_times.out| travel timesandflagsoutputfrom
database
Input Parameter| seed seedfor therandomgenerator
OutputFile flag.update.in | updateof flagstablefor database
#!/bin  fawk -f
# Reads a file of agent, plan_num , travel_time , and flag.

# Chooses a new plan_num for each agent based on the travel_time

# The probabilistic version -- chooses plan_num based on utility
# function exp(- beta*travel_time ).
BEGIN {
#1 beta = 1.0/3600.0/6.0;
#2 beta = 1.0/3600.0;
#3 beta = 1.0/1000.0;
beta = 1.0/360.0;
OFS = "\t
assert ( (seed = ™), "I need a seed value !");
srand( seed);
}
function assert (is_true , msg) {
if (! is_true )
print  "ERROR (agent=" old_agent "): "msg > "/dev /stderr
error = 1;
exit (1);
}
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function choose_plan_num (chosen_last ,p) {
assert ( ( (1in tt ) & ( 1 in fl ) ), "No plans ?");

sum = 0;
chosen_last = 0;

p =1
while ( pin tt ) {
it (tf p] ==0) {
return  p; # ALWAYSchoose brand -new plans (tt=0)

}
prob [p] = exp(- beta * ttp ]);
sum += prob [p];

assert ( ( pin fl ), "Plan " p " is in tt but not fI");
it (il pl ==1) {
assert ( (chosen_last == 0) , "Too many chosen plans !");
chosen_last =p;
}
p++;
}
max_p =p - 1;
assert ( ( chosen_last I= 0 ), "No chosen plans !");
p =1
sum_list [0] = O;

while ( pin tt ) {
norm_prob [p] = prob[ p] / sum;

sum_list [p] = sum_list [p-1] + norm_prob [p];
p++;
}
if ( sum_list [max p] !'= 1) {
sum_list [max_p] = 1;
}
r = rand ();
p =1
while  ( r >= sum_list [p] && ( (p+1) in sum_list ) ) {
p++;
}
assert ( (p <= max_p && p > 0),
"final p (" pY) is out of bounds; max_p="max_p);
return  p;
}
function update_flags (pn,p.q ) {
pn = choose_plan_num ();
for ( pin tt ) {
print old_agent , p, p == pn;
delete tt;
}
NR == 1 {
old_agent = $1;
}

# Assuming input is sorted by agent ($1) then by plan_num ($2)

{
agent = $1;
plan_num = $2;
travel_time = $3;
flag = $4;
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if ( agent != old_agent ) {

# choose a plan_num for the agent and print its new flags

update_flags  ();

}
ttfplan_num ] = travel_time ;
fiplan_num ] = flag ;
old_agent = agent;
}
END {
if ( error ==1) {
exit (1);
# choose a plan_num for the agent and print its new flags
update_flags ();
}

A.4 SQL codefor Agent Database

A.4.1 CreateDatabase

# Create the database and set up the tables
# To be executed just once, at the beginning of the iteration

DROPDATABASEIF EXISTS agent db ;
CREATEDATABASEIF NOT EXISTS agent_db ;
USE agent_db ;

store the plans themselves ; we have some minimal information

the plan plus the actual plan stored as a text string (‘which

#

#

# the simulator reads and the router outputs )

# is_new tells us that the plan has not been tried vyet; its
#

CREATETABLE plans (

agent INT UNSIGNEDNOT NULL DEFAULT 0,
plan_num INT NOT NULL AUTO_INCREMENT

is_new TINYINT UNSIGNEDNOT NULL DEFAULT 1,
start_time INT UNSIGNEDNOT NULL DEFAULT 0,

plan TEXT NOT NULL

PRIMARY KEY ( agent, plan_num )
)

# store the most recent performance  (utility ?) of the plans

CREATETABLE travel_times (
agent INT UNSIGNEDNOT NULL DEFAULT 0,
plan_num INT NOT NULL DEFAULT O,
travel_time INT NOT NULL DEFAULT 0,

PRIMARY KEY ( agent, plan_num )
)

# the flag tells whether or not the plan has been chosen by the

# for this iteration
CREATETABLE flags (

agent INT UNSIGNEDNOT NULL DEFAULT 0,
plan_num INT NOT NULL DEFAULT 0,
flag TINYINT UNSIGNEDNOT NULL DEFAULT 0,

PRIMARY KEY ( agent, plan_num )
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The“flag” and*“travel_time” attributesare storedin separatdablesbecauseMySQL doesnt allow the
databas¢o updatea tableusinginformationfrom thattable. So, eitherlarge temporarytablesmustbe used,
or theinformationusedto updatea tablemustbe storedin a separateable.

A.4.2 ReadPlansinto Database

After creatingthe databaseherouteris runto generatesomeplans.Plansarecorvertedinto aformatsuitable
for readingandsaved underthefile “plans.fordb”.

# Read (new /initial ) plans into database
UPDATEplans SET is_new = 0 WHEREs new <> 0;

LOAD DATA LOCAL INFILE ‘’plans .for. db’
INTO TABLE plans
FIELDS TERMINATEDBY '/’
LINES TERMINATEDBY "\ n\n’
( agent,
start_time
plan ) ;

# The plans are automatically marked as new (default of is_new is 1)
# Add entries to flags that correspond to the new plans .

INSERT INTO flags

SELECT agent, plan_num, O
FROM plans

WHERE is new = 1;

# Add entries to travel times that correspond to the new plans.

INSERT INTO travel_times
SELECT agent, plan_num, O
FROM plans

WHERE is_new = 1;

A.4.3 Output Travel Times

# Output entire (updated ) travel -times table , so the external script
# can choose the new set of plans.

# Also, output the flag so we know which plan was chosen last time (if
any)

LOCK TABLES travel_times READ flags READ;

SELECT
travel_times .agent
travel_times .plan_num
travel_time
flag
INTO OUTFILE '/iteration /output /location  /travel_times .out ’
FROM
travel_times ,
flags
WHERE
travel_times .agent = flags .agent AND
travel_times .plan_num = flags .plan_num
GROUPBY
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agent ,
plan_num ;

# not unlocking here -- that will be done when we read the flags

Theoutputof theabove is thenprocessedby pick plans.@&p-Bt.avk to updatetheflags(seenext sub-section).
(seeSec.A.3).

A.4.4 Update Flagsand Output Plans
# Choose new set of plans based on performance , and update flags

CREATE TEMPORARYTABLE tmp (

agent INT UNSIGNEDNOT NULL DEFAULT 0,
plan_num INT NOT NULL DEFAULT 0,
flag TINYINT UNSIGNEDNOT NULL DEFAULT 0,

PRIMARY KEY ( agent, plan_num )
)

# READIlock of travel_times is overridden here
LOCK TABLES flags WRITE, plans READ;
LOAD DATA LOCAL INFILE ‘flag_update .in" INTO TABLE tmp ;

REPLACEINTO flags
SELECT *
FROM tmp ;

DROPTABLE tmp ;
# Output chosen plans

SELECT plan
INTO OUTFILE '/iteration /output /location  /plans .out’
FIELDS TERMINATEDBY '/’
ESCAPEDBY ”
LINES TERMINATEDBY '\ n\n’
FROM
plans ,
flags
WHERE
plans .agent = flags. agent AND
plans .plan_num = flags .plan_num AND
flags flag =1 ;

UNLOCKTABLES ;

A.4.5 Update Travel Times

After themicro-simulatotis run, theeventsfiles areparsed The END_TIMES file createdby readevents.avk
(seeSec.A.1) is usedhereto updatetravel timesof the plansin thedatabase.

# Update travel -times
# First run read_events .awk to create END_TIMES file
CREATETEMPORARYTABLE end_times (

agent INT UNSIGNEDNOT NULL DEFAULT O,
end_time INT NOT NULL DEFAULT 0

LOAD DATA LOCAL INFILE 'END_TIMES’ INTO TABLE end_times ;
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LOCK TABLES travel_times WRITE , flags READ, plans READ;

# Weére overwriting old travel times with new ones; we could also
# average or something to not lose the old information completely

REPLACEINTO travel_times

SELECT
flags .agent ,
flags .plan_num
( end_times .end_time - plans .start_time ) AS travel_time
FROM
flags ,
plans ,
end_times
WHERE
flags .agent = plans. agent AND
flags .agent = end_times .agent AND
flags .plan_num = plans .plan_num AND
flags flag =1 ;

DROPTABLE end_times ;
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