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Abstract Multi-agent transportationsimulationsare rule-based The fact that
suchsimulationsdo not vectorizemeanghattherecentmove to distributedcom-
puting architecturegesultsin an explosion of computingcapabilitiesof multi-
agentsimulations This paperdescribeshe generaimoduleswhich arenecessary
for transportatiorplannirg simulations reportsthe statusof animplementation
of sucha simulationfor all of Switzerlandandgivescomputatiol performane
numbes.
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1 Intr oduction

Humantranspotationhasphysical,engineeing, andsocioecononic aspectsThis last
aspectmeansthat ary simulationof humantranspetation systemswill include ele-
mentsof adapation, learning and individual plannirg. In termsof computerization
theseaspectganbemuchbetterdescribedy ruleswhich areapgied to individual en-
tities thanby equatios which areappliedto aggegatedfields. This meanghata rule-
basednulti-agen simulationis a promising methodfor transpetationsimulationgand
for socio-ecaomic simulatiors in geneal). By a “multi-agent” simulationwe mean
a microscic simulationthat mocels the behaior of eachtraveler, or agent, within
the transpotation systemas an individual, ratherthan aggegatirg their behaior in
someway. Theseagetts are intelligent, which meansthat they have stratgic, long-
term goals. They also have internal repesentation®f the world arounnd themwhich
they useto reachthesegods. Adding theterm“rule-based”indicatesthatthe behaior
of the agerts is determired by setsof rulesinsteadof equdions. Thus, a rule-based
multi-agentsimulationof atranspaotationsystemwill applyto eachagentindividually.
This meanssucha simulationdiffers significantly from a micrascopicsimulationof,
say molecula dynanics, becauseaunlike molecues, two “travelel’ particles(agents)
in identicalsituationswithin a transpotationsimulationwill in generamale different
decisions.

Suchrule-tasedmulti-agentsimulationsrun well on currentworkstatiors andthey
canbedistributedon parallelcomputersof thetype“networks of coupledworkstations.
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Sincethesesimulatiors do not vectoize, this meansthat the jump in comptational
capabilityover the last deca@ hashada greaterimpacton the performarce of multi-
agentsimulationsthanfor, say computationé fluid-dynamicswhich alsoworkedwell
in vectorbasedcomputationalervironmentslin practicalterms,this mears thatwe are
now ableto run microscopicsimulationsof large metromlitan regions with morethan
10million travelers.Thesesimulatiors areevenfastenaighto runthemmary timesin
sequene, which is necessaryo emulatethe dayto-daydynanics of hurmanlearning
for exanplein reactionto congestion.

In orderto demorstratethis capaliity andalsoin orderto gainpracticalexperience
with sucha simulationsystemwe arecurrerly implemering a 24-hour microscic
transpotationsimulationof all of Switzerland Switzerlandhas7.2million inhahtants.
Assuming3 to 3.5 trips per personper day; this will resultin abou 20-25 million
trips. This nunber includes pedestriartrips (like walking to lunch), trips by public
transit,freighttraffic, etc. Thenunberof cartrips on a typicd weekdy in Switzerland
is currently about5 million (see[1] for wherethe datacomesfrom). The goal of this
studyis twofold:

— Investigateif it is possibleto make TRANSIMS realisticenowgh to be usefulfor
sucha scenaripandhow difficult thisis.
— Investigatethe compuationalchallengs andhow they canbeovercome.

This pape gives ashortrepat onthecurreri statusSection2 descrilesthe simula-
tion modulesandhow they wereusedfor the pumposeof this study Section3 describes
the input data,i.e. the uncerlying network andthe demanl geneation. Besides'nor-
mal” demangdwe alsodescribeonewhere50000traveleis travel from randanm starting
pointswithin Switzerlandto the Ticino, which is the southen partof Switzerland We
usethis secondscenaricasa plausibility testfor routing andfeedbak. Thisis followed
by Sect.4, which describesomeresults,andby a Summay.

2 Simulation Modules

Traffic simulationsfor transpotation planningtypically consistof the following mod
ules(Fig. 1):

— Population generaion. Demogaphic datais disaggrgatedso that one obtains
individual howseholdsandindividual householdmembes, with certaincharater
istics, suchas a streetaddess,car owneship, or housebld income[2]. — This
modue is notusedfor our current investigationsbut will beusedin future.

— Activities generatian. For eachindividual, a setof actiities (home going shop-
ping,goingto work, etc.)andactiity locatiors for adayis generatedi3, 4]. — This
modue is notusedin our currentinvestigationsut will beusedin future

— Modal and route choice For eachindividual, modesandroutesaregeneatedthat
connet actiities atdifferent locatiors [5].

— Traffic micro-simulation. Up to here,all individualshave madeplans abou their
behaior. Thetraffic micro-simulationexeatesall thoseplanssimultaneosly [6].
In particdar, we now obtainthe resultof interactions betweerthe plans— for ex-
amplecongestion.
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Figurel. TRANSIMS modues

— Feedback In addition, suchan appioachneed to make the modues consistent
with eachother For example plansdependn congestion,but congestiondepenls
on plans.A widely acceptednethodto resol\e this is systematiaelaxatio [7] —
thatis, male preliminay plans,run the traffic micro-simuation, adaptthe plans,
run the traffic micro-simulationagan, etc.,until consisteng betweemmoduesiis
reached The methal is somavha similar to a standardrelaxation techniaie in
numeical analysis.

This modularizationhasin factbeenusedfor a long time; the main differences that
it is now feasibleto make all modulescomgetely microscic, i.e. eachtraveleris
individually represetedin all modules.

2.1 Routing

Traveleis/vehiclesneedto compute the sequene of links thatthey aretakingthrough
thenetwork. A typical way to obtainsuchpatts is to usea shortespathDijkstra algo-
rithm [5]. This algoiithm usesasinputtheindividual link travel timesplusthe starting
andendirg pointof atrip, andgeneatesasoutpu thefastespath.

It is relatively straightbrwardto make the costs(link travel times)time depemlent,
meanimy that the algorithm caninclude the effect that congestionis time-depadent:
Trips startingat onetime of the daywill encounter differert delay patterrs thantrips
startingat andher time of the day Link travel times are fed back from the micro-
simulationin 15-min time bins, andthe router finds the fastestroute basedon these
15-min time bins. Apart from relatively small andessentiatechnicaldetails,the im-
plemenationof suchanalgorithmis fairly standard5]. It is possibleto include public
transpotationinto therouting [8]; in our currert work, we look at cartraffic only.

2.2 Micr o-Simulation

We usetwo different micro-simulationspnebeingthe micro-simulationof the TRAN-
SIMS [9] projectandthe otheronebeinga so-calledquetle micro-simulationthatwe
alsousefor compuationalperformarce testing. The TRANSIMS micro-simuation is
acompex packag with mary rulesanddetails.In orderto speedup the compuation,
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thedriving rulesarebasedn the cellularautomata (CA) methal [10] with additional
rulesfor lane changig and pratectedas well asunpotectedturns [6]. Theresultis,
within the limits of the capabilitiesof a CA, a virtua reality traffic simulation.Note
thatbesideghe usualtraffic dynamics, vehides alsofollow routesasspecifiedabove.
This meansfor examge, thatveticlesneedto changdanesin orderto bein oneof the
allowedlanesfor the desiredurning movement.Vehicleswhich fail to do this because
of too muchtraffic areremovedfrom the simulation.

Thequeuesimulation[11, 17] is simplerin its traffic dynamics capabilities Streets
are essentiallyrepiesentedas FIFO (first-in first-out) quetes, with the additioral re-
strictionsthat (1) vehicleshave to remainfor a certaintime onthelink, correspondiry
to free speedravel time; andthat (2) thereis a link storagecapacityandoncethatis
exhatsted,no morevehiclescanenterthelink.

A majoradvartageof the quete simulation,besidests simplicity, is thatit canrun
directly off the datatypically available for transpaetation planring purposes.For the
more comgicated TRANSIMS micro-simuation, a lot of datacorversionand addi-
tionalassumptioshave to bemade.

2.3 Feedback

As mentioredabove, plans(suchasroutes)andcongestiomeedto be madeconsistent.
Thisis achiezedvia arelaxation techrique:

1. Initially, the systemgeneatesa setof routesbasedn free speedravel times.

2. Thetraffic simulationis runwith theseroutes.

3. 10%of the popuation is getsnew routes,which arebasedn thelink travel times
of thelasttraffic simulation.

4. This cycle (i.e. steps(2) and (3)) is run for 50 times; earlierinvestigaions have
shawvn thatthis is morethanenowghto reachrelaxation [13].

Note that this implies that routesare fixed during the traffic simulationandcanonly
be changdbetweenterationruns.Work is under way to improve this situation,i.e. to
allow onlinere-planiing.

3 Input Data and Scenarios

Theinputdataconsistof two parts:the streethetwork, andthedemaud.

3.1 The StreetNetwork

The network thatis usedwasoriginally developedfor the Swissregional plannirg au-
thority (Bundesamfiir Raumetwicklung). It hassincebeerupdatel, corre¢edandcal-
ibratedby Vrtic attheIVT. Thenetwork hasthefairly typicd numbe of 10572nodes
and28622links. Also fairly typical,themajorattributesonthesdinks aretype,length
speedandcapacity

As pointedoutabove, thisis enaighinformationfor thequete simulation However,
sincethe TRANSIMS micro-simuation is extremely realistic with respectto details
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suchasnunberof lanes,turn andmeige lanes,lanecomectiity acrossntersectios,
or traffic signalphasesplausibledefauts needto be gereratedfor thoseelementgrom
the availablenetwork files. For examge, all intersectios areassume@s“no contrd”,
whichis aTRANSIMS catgyory meaninghatthesimulationdoesnotmake ary special
provisionsin orderto dealwith traffic streampriorities. Theresultwill depenl onthe
sequene in which the simulationgoesthroud the links. More detailscan be found
in [14].

3.2 The“Gotthard” Scenario

In orderto testour set-upwe geneateda setof 50000trips goingto the samedestina-
tion. Having all trips goingto the samedestinatiorallows usto checktheplausiblity of

thefeedlack sinceall traffic jamson all usedroutesto the destinatiorshoulddissohe
in parallel.In this scenaripwe simulatethetraffic resultingfrom 50000vehideswhich

startbetweerbamand7amall over Switzerlandandwhich all goto Lugano,whichis

in theTicino, theltalian-speakingpartof Switzerlandsouthof the Alps. In orderfor the

vehiclesto getthere,mostof themhave to crossthe Alps. Therearehowever not mary

waysto do this, resultingin traffic jams,mostnotablyin the coriidor leadingtowards
the Gotthardpass.This scenarichassomeresemblaoe with real-world vacatio traffic

in Switzerland.

3.3 The “Switzerland” Scenario

For arealisticsimulationof all of Switzerlandthe startingpointfor demand generatio
is a 24-hour origin-destinatiormatrix from the Swissregional planring autfority (Bun-
desamfir Raumentwicking). For this matrix, the region is dividedinto 3066zones.
Eachmatrix entry describeshe nunber of trips from one zore to anothe duiing a
typical 24-hour workday; trips within zones arenotincludedin the data.The original
24-hour matrix was convertedinto 24 one-tourly matricesusinga threestepheuristic
which usesdeparturetime probabilities andfield datavolume counts.Thesematrices
arethencorvertedto individual (disaggegatel) trips usinganotter heuistic. Thefinal
resultis thatfor eachentryin theorigin-destinatio matrixwe have atrip which startsin
the given time slice, with origin anddestinationlinks in the corret¢ geogaphicalarea.
More detailscanbefound in [14].

In thelongrun, it is intendedo move to actiity-baseddemand generatia. Then,as
explained above onewould startfrom a syntheticpopuation, andfor eachpopulation
membe, onewould generatehe chainof actiities for thewhole 24-hour periad.

4 SomeResults

Figure2 shavsatypicalresultafter50iterationswith the TRANSIMS micro-simuation
for the Gotthardscenario.The figures shaw the 15-nminute aggrejateddensityof the
links in thesimulatedroadnetwork, whichis calculatedor agivenlink by dividing the
numter of vehicles seenon thatlink in a 15-minutetime interva by thelengthof the
link (in meters)andthe nunber of traffic lanesthe link contairs. In all of thefigures,
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thenetwork is drawn asthe setof small,conrectediine segmentsye-creatig theroad
waysas might be seenfrom an aerial or satelliteview of the courtry. The lane-wise
densityvaluesareplottedfor eachlink asa 3-dimensionabox superimposedonthe2-
dimensimal network, with thebaseof aboxlying ontop of its correspadinglink in the
network, andtheheightabosethe“ground” setrelative to thevalueof thedersity. Thus,
largerdensityvaluesaredravn astaller boxes, andsmallervalueswith shorterboxes.
Longer links natually have longerboxesthanshorterlinks. Also, the boxes arecolor
coded with smallervalues tendingtowardgreen middlevaluestendng towardyellow,
andlarger valuestendirg towardred. In short,the higherthe density(thetaller/reder
the boxes),the morevehclestherewereonthelink during the 15-minutetime periad
beingillustrated.Higherdensitiesmply highervehicular flow, upto acertainpoirt (the
yellow boxes), but ary boxes thatareorange or redindicatea corgestedjammed link.
All timesgivenin thefiguresareattheendof the 15-minutemeasuremntintenal. The
Gotthardtunrel is indicatedby a circle; the destinatio in Lugano is indicatedby an
arrow.

As expected,mary routestowardsthe singledestinationare equallyused.In par
ticular, mary longer but uncangestedoutesareusedin thefinal iteration(shavn here)
which areinitially empty It turns however out thatonly a subsebf routestowards the
final destinationis used.This is relatedto the unrealisticintersectio dynanics caused
by the “no contol” intersectionsThereare mary plausiblerouteswhich areat a dis-
adwartageat critical intersectionandwhich arefor thatreasoronly usedby very few
vehicles.

Figure 3 shawvs a snapshobf theinitial run (i.e. without feedbak) for the TRAN-
SIMS micro-simuation andfor thequewe micro-simulation,bothbasednthesameset
of routeplans.Thevisualsimilarity of bothsimulationss confimedby analysisFig. 4
shavs alink-by-link compaisonbetweerthetwo simulationsfor thetime from 7amto
7:15am It is clearthatthetwo simulationsarehighly corrdatedin bothquantities.

Figure 5 shavs a preliminary resultof the Switzerlandscenarioln particular thisis
aresultbefae ary feedackiterationsweredone.As onewould expect, thereis more
traffic nearthe citiesthanin the courtry.

5 Computational Issues

A metropditan region canconsistof 10 million or moreinhabitarns which causeson-
siderabledemand oncompuationalperformane. Thisis madeworseby therelaxation
iterations.And in contrast to simulationsin the natual sciencestraffic particles(=
travelers,vehicles)have internalintelligence.As pointed outin the introduction, this
internalintelligerce translatesnto rule-basedcode,which doesnot vectaize but runs
well on modernworkstationarchitectues. This makestraffic simulationsdeally suited
for clustersof PCs,alsocalledBeowulf clustersWe usedomaindeconposition,thatis,
eachCPUobtairs a patchof thegeogaphicalregion. Informationandvehiclesbetween
thepatchesreexcharmgedvia messagpassingusingMPI1 (Messagdassingnterface)
Tablel shavs conputingspeedsor differert numbkersof CPUsfor thequeuesimu-
lation. Thesimulationscalegairly well for this scenaricizeandthis compuing archi-
tectureup to abou 10 CPUs.The TRANSIMS micro-simuation is somevhat slower,
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Figure2. Snapshbat 8:00AM. Thecircle shaws thetraffic jam beforethe Gotthardtunnel. The
arrowv indicatesthe destinatiorof all vehicles. TOP:All of SwitzerlandBOTTOM: Zoom-Inon
interestingarea

but scalesup to a RTR of 50 usingabou 30 CPUs[15, 16]. In fact,the bottlene& to

fastercomputing speedss thelateny of the Etherretinterface[15, 16], whichis about
0.5-1 msec.Sincewe have in the averagesix neighborsperdomainmeaningsix mes-
sagesendsper time step,running 100 timesfasterthanreal time meansthatbetween
30% and 60% of the compuing time is usedup by messageassing.As usual,one
could run larger scenariosat the samecompuational speedwhen usingmore CPUs.
However, runrning thesamescenarig fasterby addirg moreCPUswould demard alow

lateny communicationnetwork, suchasMyrinet,or asupercorputet Systematicom-

putatioral speedpredicticnsfor differenttypesof computerarchtecturescanbefound

in Refs.[15, 16].

6 Summary

In termsof travelersandtrips, asimulationof all of Switzerlandwith more than10 mil-
lion trips, is conparablewith a simulationof alargemetromlitan areasuchasLondon

377



Figure3. Iteration0, 7h15 TOP: TRANSIMS; BOTTOM: Queue-Sim.
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Figure4. Link-by-link comparism TRANSIMS vs. Queue-Sim(iteration 0; 7h15). LEFT:

Throughpit. RIGHT: Density The strongdiagoral lines in the density comparisonstemfrom
links with very few carson them:In thosecasesthey have very low densitieswhich arerelated
by smallintegerratios,translatinginto constanbffseton thelogarithmicscales.
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Figureb. Switzerlandat8AM: Red(very darkgray)areagepresenfammedtraffic (in thecities);
greenand blue (mid-grays)representlowing traffic; yellow (light gray) representempty or
nearly-emptyroads.Very preliminaryresult.

Table 1. Computationbperformancef the queuemicro-simulationon a Beowulf Pentiumclus-
ter. Thecentercolumngivesthe numberof secondsakento runthefirst 3 hours of the Gotthard
scenarioTheright columngivestherealtimeratio (RTR), whichis how muchfasterthanreality
the simulationis. A RTR of 100 meanghat one simulates100 second®f thetraffic scenarian

onesecondf wall clocktime.

Numberof ProcsTime elapsetrealtimeratio
1 597 18.09
4 358 30.17
5 261 41.23
8 151 71.14
9 131 82.34
12 123 87.15
17 105 102.27
25 103 104.10
33 115 93.13

orLosAngeleslt is alsocomparablen sizeto amoleculadynamcs simulation except
thattraveleis have consideably more“internd intelligerce” thanmolecules|eadingto
complicded rule-tasedinsteadof relatively simple equatim-basedcode.Suchmulti-
agentsimulationsdo not vectaize but run well on distributedworkstatiors, meanimny
thatthe computing capaliities for suchsimulationshave virtually explodedover the
lastdecade.
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This paperdescribeghe statusof ongang work of an implemenation of all of

Switzerlandn suchasimulation.Thewholesimulationpaclagecorsistsof mary mod
ules,includng the micro-simdationitself, therouteplanrer, andthefeedlack super-
sorwhich mocels dayto-daylearning The resultsof two micro-simulationsarecom-
paredin order to checkfor errorsin the simulationlogic; a singledestinatio scenario

isu

sedto verify the plausibility of the replaming set-up.Finally, a very preliminary

resultof a simulationof all of Switzerlandis shavn. Although corsiderableprogress
hasalreadybeenmade muchwork is still to bedone.
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