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Abstract

The TRANSIMS (TRanspaation ANalysisandSIMulationSystem)projectis alarge scaletranspotation
systemproject producedby Los AlamosNationd Laboratay for transpaetationplanring. In TRANSIMS,
all proessearerepresentednthemicroscqic level. Theseprocessesangefrom decisionf individuals
abouttheir daily activities all theway to signalopeationsandtraffic movemers. TRANSIMS consistsof
severalmodules,someof which arelisted here:

¢ Routeplamer, whichgenergestravel plansfor eachdriver.

e Micro-simulation which executesall plars simultan@usly andin consegancecomputesthe inter-
actionbetweerdifferert travelers leadinge.g.to congestion

e Feedbak: The above modulesareinterdgpendeh For exampe, plansdep&d on congestionbut
congestiordepers on plans. This is solved via an iterative method wherean initial plars setis
slowly adapteduntil it is consistentvith theresultingtravel condtions.

As part of the evertual goal of implemerting the TRANSIMS software for all of Switzerland,we are
running simulatiors onatest-casevith the Switzerlandranspotationnetwork. We useasimilarsimulation
framework asfound in TRANSIMS, but with our own, simplerversionsof thethreemodules.

We discussthe operdion andinteractionof thesemodues, andbring to light a combined flaw in our
routeplanne andfeedbak modues. This flaw initially causedseveral unrealisticsimulationresults such
asfreeways beingavoidedby vehclesin favor of lower-capacity roads.Weillustrateseveralimprovements
madeto themockling logic of themodulesin aneffort to correcttheseproblems,andcomparesimulation
resultsfrom thevarious method.

We alsodiscusgthe resultsof our mostsubstantialmprovement,which is the additionof a database
thatgiveseachdriver a“memay” of its pastroutesfrom earlieriterations plusthe performanceof those
routes.Whena new plan-sets geneated,eachdriver chooses routefrom thosein its memay, basedn
theirrelative perfomance This solutionappearsto beveryrohust,becaseit doesnotdependnhaving a
routeplanrer thatworks perfectly all thetime.

1 Intr oduction

Thereis an emeging consasusthat large scak trangortaion simulations conskt of several cogperating
software modules, someof them being:

e Traffic simulation module — This is wheretravelersmove through the street network by walking, car,
bus, train, etc.

e Modal choice and route generation module — The travelersin the traffic simulation usualy know
wherethey are heade; it is the task of this moduleto decidewhich modethey take (walk, bus, car,
bicycle,...) andwhichroute.
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e Activity generaion module— Thestandirdcausevhy travelersarehealedtowardacertain destiration
is that they wantto perform aspecfic activity atthatlocaton, for examplework, eat,shq, pick someme
up, etc. Theactvity geneationmoduke geneatessynthetic daily plarns for thetravelers.

e Life style, housing,land use,freight, etc. — The abore list is not complde; it reflectsonly the most
prominentmodules. For example the whole importart issueof freight traffic is completly left out.
Also, at the land us€housng level, there will probably be mary modulkes specidizing into different
aspects.

¢ In addiion, thereneeal to beinitializ ation modules suchasthesyntheticpopulation geneationmodule
which takescensis dataandgereratesdisagyregatedpopuations of individual peoge andhouséolds
Similarly, it will probably be necesaryto geneate gooddefault layouts for intersectiors etc. without
always knowing the exactdetals.

Theabove moduksinteract,andtheinteraction goesin bothdirections for example (the execuion of) plans
leads) to congestim, yet (the expedation of) congestioninfluenaes plans Any large scaletransprtation
packageneedgo resole this logical deadock in a meanngful way.

Reality seemgo apprachtheissueof feecdbackby a slow sysem-widelearning proces: Peoplepre-plan
major piecesof theirlife (like whenandwherethey work) alongtimein advancee andnormallyonly re-adjust
small pieces of their scheluleswhenneeded[1]. More precily, they pre-dan andre-adpston mary time
scales, wherethetime scak is related to the magniudeof theadjustment:workplacesandhomelocationsare
re-adusted on time scdes of severd years while the decisbn to make a detou to buy someice creammay
happenwithin semnds.In consguene, a simulation sysemis facedwith two challenges

1. Modeling adapation andlearring on all time scales — In principle, a trangortaion simulaion shoud
simulde severd thousanddays in sequ@ce, andthe decsionsof the individual pegle shoud unfold
on ther particular time scales as pointed out above. In paricular, travelersshoud be ableto replan
while en route. While this sound simple in principle, it is difficult in pradice, becaise one wants
to avoid a large monolithic software packaye andthusto sepaatethe traffic flow simulaion from the
straegic decsion-maling of thetravelers.This becanespartculary relevantfor paralel transprtation
simulaions, sincenow the straegic plaming need to be sepaatedfrom thetraffic simulaion alsofor
performancerea®ns. Thisis notthetopic of this pager; see[2, 3] for moreinformation.

2. Behaioral reaism vs. fastrelaxation — In practice, simulating several thousanddays in sequaceis
difficult to do becawseof computdiond resaurcelimitations. It is alsoquestonale if this would yield
usdul resutswithoutadeepundeastandng of theleaming dynamic. As areactonto this, mathematal
modelng of trangportaion scerarios,aswell asof econanicsin generd in the pasthasrelied on the
notion of a Nashor User Equilibrium (UE). As is well known, in a UE no traveler canimprove by
unilateraly charging her/hs behavior The adwantageis thatthis prescribes a stateof the sysemand
it doesnot matterhow the compuationd systen finds it — asoppcsedto a realigic modeing of the
transientlearring dynamics. Today we however increasingdy recanize that socio-ecanomic systems
do not operde at a UserEquilibrium point; for example,for the housing market it is assumedhatthe
sygemis permarently in thetransients[4].

This seond point is the focus of this pape. Our apgroachto the problemis to desigh a framevork which
admitsall the different views to the problem. Thatis, the framewvork shodd aswell corveme to the User
Equilibrium (assuning it is unique andan attrector — this is a difficult disaussian but againoutsice the scope
of this pape) asit shoud allow for experimentaton with differentbehaioral hypotheses.We entirdy con-
centateon day-i-dayreplannirg althowgh our resuts will alsoapplyto within-day replannirg. In particular,
we will demorstratethat the introduction of an agentdatalase,which keepstrack of agens’ paststratgies
andtheir pefformances, will greatly improve both plauwsibility androbustnes of the sysem.

Throudhoutthis pape we usethetermagert to referto anentity within the simulaion capdle of making
decsionaboi its actiors (suc astherouteto take from point a to point b). Sinceour simulaion doesnotyet



involve land useor othe nontrangortaion actvities, anagent is presentlyequivalentto atraveler, a peron
using thetransmrtation network.

The strudure of this paperis asfollows: Section2 desribesthe spedfic moduleswe are using in this
study. Section3 introducesthe traffic scerarios we are applying thosemodulesto. Following that, Sec.4
descibessomerestuts from the day--dayreplannirg of our feedb&k sysem,whichturned outto have some
implausible implications. We continuethe secton by descibing somealterdions we madeto the feedback
mechaimsm to try to resdve the problems, andthe result of thosechanges. Next we presat in Sec.5 the
agern datalase,a completly different andmorerobustapprachto solving the prodemsencounteredin the
previoussecton. We finish with condusions in Sec.6. For reference,we have provided Appendx A, which
lists someof the souice codeusedin our framewvork andwith the agentdatabase.

2 The Modules

The modules which areimportent for this studyarethe traffic micro-dmulation, the route, andthe feedhack
mechaism, which contrds theinteractionbetwveenthe micro-smulation andtherouter.

2.1 QueueMicr o-Simulation

As atraffic micro-simulationwe useanimprovedversim of aso-cdled “queuesimulaion” [5]. Theimprove-
mentsrefer to an implemenation on pardlel compuers,andto an improved intersection dynamics,which
ensuesa fair shaing of theintersecton capacity amongincoming traffic streamg6]. The detals of the traf-
fic simulation are not particularly important for this pape; we exped mary traffic simulatonsto repraduce
similarresuts. Theimportan featuesare:

¢ Plansfollowing. Thefeedkackframenork gereratesndividua routeplans for eachindividud vehicle
andthetraffic simulation needto have travelers/vehicleswhich follow thoseplars.

Thisimplies thatthetraffic simulation needso be microspic, thatis, all individual travelersiehicles
areresdved. Beyond that, it doeshawever not prescribethe dynanics; everything is possble from
smooh partide hydradynamicswherepartidesaremovedaccoding to aggrgatedandsmoohedquan-
tities (e.g.[7, 8]) to virtual reality micro-simulatiors (e.g.[9]).

e Computaiond speed We needto run mary simulatons of 24-hour days— ustally abou 50 for a
sinde scenaio. This meangha acompuational speed of 100timesfasterthanrealtime on a network
with several thousandsof links and several millions of travelersis desirdle. Our queuesimulation
demorstratesthatthis is feasble.

e Simulation outpu. Theframewvork need a certan type of simulaion outpu to function. Theseoutpus
aresimpleanddo not require sophsticated programmingskills or a sophisticatedoutput subsystemof
the micro-gmulation (asoppasedto, say Ref. [9]). Theserequirrmentsarethatthe traffic simulation
outputs(i) thetime every time avehicle/travelerleavesalink, and(ii) a dumpof thelocationsof each
vehicle/trawelerin the systen in specified intervals of time. Thefirst oneis theinformationfrom which
link travel timesarecompued;thelatteris in factnecessaryfor delugging andvisudization only.

e Congsstionbuild-up andquete spillback. Although this is not arequrementfor theframework in gen-
eral the resuts of the present paperdepen on the factthat congestionnormaly startsat bottlenedks
(i.e.wheredemands higher thancapadty), but thenspills badkwardsinto the sysemandacros inter-
sectons. Oncesud congestionis there, it takes alarge amourt of time to resdve it; in fact,if there are
N vehidesin aquete upsteamof abottlened andthe capaciy of thebotiened is C, thentheamount
of time to clearthe queueis N/C. The modelshoud reflectthis, and it shoud reflectthat physical
spacethatthe quetedvehidesocaupy in the systen.



2.2 Router

In addtion, we needa router, i.e. a moduke tha gereratespatls that guide vehides/traelersthrough the
network from a givenorigin to a givendestnation. In addtion, the vehides/travelershave startirg times,and
theroute needgo be sersitive to congestian in the sen® thatit tends to avoid congestedinks.

Therouter we have usal for the present study is basedon Dijkstra’s shotest-@th algorithm, but “short-
ness$ is measued by thetime it takesan agen to travel down a link (roadsegment)in the network. These
timesdependon how congestedhe links are,andsothey chang throughouttheday Thisis implemenedin
the following way: The way a Dijkstra algorithm seartiesa shottestpathis by exparnding, from the startng
point of thetrip, a network-orientedversian of awave front. In orde to make the algorithm time-depenent,
the speedof this wave front along alink is madeto dependonwhenthis wave front entes thelink.

Thatis, for eachlink ! we needa function ¢(t) which retumsthelink “cost” (= link travel time) for a
vehide enteing attime ¢. Thisinformaton is takenfrom arun of thetraffic simulaion. In orde to make the
look-up of ¢ (t) reasmably fast we aggegateover 15-min bins, during which the function is kept consant.
Thatis, for exampleall vehicles/tavelers entaing a link between9am and 9:15am will contribute to the
averggelink travel time during thattime period.

2.3 Feedback

Finally, we needthe feechackmechatism to coude router andtraffic simulaion. Initially, we planall trips
basel on free speel travel times,andfeedthetraffic simulaionswith thoseplans Fromthenon, everytime a
traffic simulaion run complketes,theroute planrer usesthe traffic simulaton output to updatethe travel-time
(cog of utili zation) ass@iatedwith eachlink in the network. After the route planrer updatsits view of the
network, it gereratesnew plansfor a subsé (typically arandomly selected 10%) of thedrivers, andthe entire
updded plan-setis fed backinto the micro-smulation for anoterrun. We repea this processasmary times
asnecessary(about 50) until the sygem “relaxes”. Relaxdion is asof nhow not measurd by a quaritative
criterion, but via judging visudizer output. Thiswill eventwally changg.

Figurel givesanideaof theimprovemer in the systen brought aboutby theiteraive schene. Thefigure
shaws two snapsiotsof vehicle postionsin the Gotthad scenario, desribedin Sec.3. The left side of the
figure showsa sngshotof the vehiclesin the midst of the initial iteration (number 0), 2-3 hous after all
vehideshave left their stating locations,for their commondestnation. In thisiteration demar is not known,
soead traveler assumesree speel travel times,andchoosesarouteasif it is the only driver in the network.
Thus,the freewaysareall in use,andno alternative routes have beenexplored. The right side of the figure
shavs the samesitudion, but 49 iterations later. Here,the drivers take into accaint the congestian causel by
othe vehicleson the roadways, so mary moreroutesareexplored. In the 49th iteraion, fewer travelerstake
the“middle” pathsthroughthe Alps (suc asthe Gotthardtunrel) thanin the Othiteraion, insteadeleding to
take the westernor easten paths.

3 The Scenario

Thegoalof ourwork is afull 24-hoursimulationof all of Switzerlard, includingtranst traffic, freight traffic,
andall modesof transpor@tion. This will involve abou 7.5 million travelers, andmorethan20 million trips
(including shortpedesrian trips etc.). A moreshorttermgod is afull 24-hoursimuldion of all of cartraffic
in Switzerland For this, we will have abou 10 million trips.

Our network corsistsof 10572 nodesand 28622 links. This network is provided by the Swisstrans-
portation planring auttorities. Besides the standhrd attributesfor geogaphical location andlength the links
have speed capadty, andtype attributes As of now, no street layou;, not eventhe numberof lanes, is part
of thatinformation; alsg no informationabaut traffic signds is known. This makesusing the TRANSIMS
micro-gmulation difficult sinceit needsthatinformation. This is one of the reasms why we useour queue
simulaion asdescibedabove.



Figurel: Exampleof relaxation dueto feedback.LEF T: Iteration 0 at9:00 —all travelersassumethe network
isempty RIGHT : Iteration 49 at 9:00— travelerstake morevariedroutesto try to avoid oneanotter.

In order to testour modules andour framework, we usea so-alled Gotthard scenaria In this scenaio,
50’000 travelers/vehicles start with a random staring time betwe& 6amand 7am, at randam locationsall
over Switzerland andwith adestnation in LuganofTicino. Although this scenaio hassomeresembhncewith
vacaton traffic in Switzerland its main purposeis to testthe congestion dynamics of the micro-simulation
andits interection with thefeedoackframework. Thiswill becaneclearlaterin thetext.

4 Link Travel Time Feedback

Evenwithin theframeawvork asdescibedabore, thereis consderabe flexibil ity in how to interpretthedifferent
pieces.Oneof thes piecesis how to aggegatethelink travel times: While thetraffic simulationgeneraeslink
entryandexit timesfor eachindividua vehide, therouterneedlink traversal timesasafunction of link entry
time. As pointed out above, these latter timesalso needto be aggiegatedin orderto redue compuational
overhead.

Oneissueis if to uselink entry or link exit timesasthe basisfor aggegation. Theway the router works,
onewould like the average travel time of all vehicles enterng during a specificperiad of time. In termsof
simuldion logic, this is awkward sinceoneneed to keepinformationaboutwhenthe lastvehicle belorging
to suchabatchhasactualy left thelink.

As aresult TRANSIMS averagesover vehiclesleaving the link during a specfic period of time. This
hashowever the disadvantage thatnow the averagedinformationis no longer corsisten with the router— for
example alink travel time for vehiclesexiting a link betweer® and9:15 is notthe sameasalink travel time
for vehiclesentaing alink betweer® and9:15.

Thisissuecanbeaddessedy “backdating” [10], thatis, onecalcuatestherespetive link enterngtimes.
TRANSIMS doesthat after the averaging hastaken place For example, assumehatthe average link travel
time for vehicles exiting betwea 9 and9:15is 10 min, andthe average link travel time for vehiclesexiting
betwea 9:15and 9:30is 15 min. By backdating, onewould arrive at the resut that all vehides entering
betwee 8:50 and 9:05 need 10 min, and all vehicles enteing betwee 9:00 and 9:15 need 15 min. This
cleaty leadsto gapsandoverlaps; TRANSIMS usespiecewise linear functions to interpolate betwea the
periads.

In our approach we deciced to completly sepaate the aggrejation from the micro-dmulation. Thatis,
themicro-amulation is askedto output eventinformationevery time avehide leavesalink (thisis information
thatalsothe TRANSIMS traffic simulaion cangeneate). A pod-processig stepthenaggegatesthis data
into theinformationneedkd by theroutet

For the postprocessing we usea pair of AWK scripts. Thefirst script, (seeSec.A.1 for listing), readsthe
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Figure2: A freeway andsideroads with the original travel time feedback strategyy at 19:00 (left) and 20:00
(right). The sideroadscontain mary vehicleswhile the freewvay contans very few or none.

eventsfile prodwcedby the micro-simulation, filters the eventsmarkingvehiclesexiting links, andcompies
themtogetherinto anintermediat file thatlists, for eachvehicle, the time it enteed andexited eachlink in
its plan. It alsocreats a seond file that lists the arrival times of eachvehicle at its desthation. Coupled
with the (already known) startirg timesof the travelers’ routes, this secand output file enabesead traveler
to calcuate thetotal travel time of its plan. The seconl script (seeSec.A.2 for listing), aggreyatesthe output
of thefirst script, to detemine the averagetravel-time on the links. For eachlink in the network, this script
keers arunnng court of the numbe of vehideswho enterel thelink during eachtime bin of theday; aswell
asarunning sumof the tota amountof time thatgroup of enteing vehides spent on thelink. Dividing the
sumby the countfor eachlink andtime bin combiation givesthe averagetravel time for thatlink during that
time bin.

4.1 |Initial Results

We ranthe above setupwith the Gotthad scerario. In this secton we preenttheinitial resuls of thatsimu-
lation.

For the following, we concetrateon an abou 50 km x 100 km secton north of Lugano. For better
expostion, the orientation of the plotswill berotated by 90 degrees, sothatLuganonow is to theright andthe
Alps areto theleft. Fig. 2 showssnagshotsof thesituationat 19:00 andat20:00 Theseandall othe snagshots
areafter 49 feedlackiterations. In gereral, the vehicles arejammedup beausethere are botiienecls inside
Luganofor thevehicles to read their destnation.

Theimplauwsible featue of theseplots is thattherearetraffic jamson the sideroads while the freeway is
empty Notethatthereis no en-routereplannirg, andsothe planfollowing vehidesarestuckwith their plans
for thewhole duration of their trips.

After further invedigation, we found thatthe problemwascause by thefactthatthe router will notreact
“fag enaugh” if traffic is moving well atthe beginning of thetime bin, but notatits end Carsthatareonthat
link atthe beginning of the time bin will leave somerthanthe router expeds, but those placel at the end of
thetime bin will leave laterthanexpeded.

As anexampk, suppseallink L hasa free-peedtravel-time of 3 minutes andtherouter is corsidering
routing two agens A and B onthatlink duringthetime bin from 7:00to 7:15. Suppos furtherthat L is close
to freeflowing at 7:00, but getscongestedoy 7:15. Its averagetravel-time during this time bin is calcuatedto
be5 minutes

If agent A starsoutonthelink nearthebeginning of thetime bin, say7:03 it hasa clea ride andwill be
off thelink in, say 4 minutes If agent B startsout on thelink closer to the endof thetime bin, say7:10, it
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Figure3: A freeway andsideroadswith the offsettime bins stratgyy at 19:00 (left) and20:00 (right). The
sideroads contan mary vehicles while the freeway contans very few or nore.

getsinto thatcongestionandhasa longertravel time, say9 minutes. Theresultis thatagent A is oneminute
aheal of therouter’s schedte for it, while B is 4 minutesbehind schedule.
Overall, therearefour cases:

e Congsstion building up, andvehide early in time bin. Thenthe vehide will be fasterthanthe router
thinks. Thevehide will befasterandsince congestian is just building up, it will alsobefaste in other
parts of the sysem,thusamplifying theinitial error.

e Congestion building up, andvehicle late in time bin. The the vehide will be slower thanthe router
thinks. The vehide will fall behind, andsince congestian is building up, it will fall behird furtherin
other partsof the systemthusamplifying theinitial error.

e Congestion going away, andvehicleearlyin time bin. Thenthe vehiclewill be slowerthanthe router
thinks. The vehiclewill fall behird, but by falling behind will encaunterlesscongestion, which will
limit how muchit falls behind.

e Congsstion going away, andvehide late in time bin. Thenthe vehicle will be fasterthanthe router
thinks. Thevehide will befasterbut by being fasterit will encountermorecongestion whichwill limit
how far aheal of scheluleit is.

Fromthis de<ription it is clearthatin particular thefirst two casesarea probdem sincethe dynamistendsto
amplify theerrors In orde to testour hypothesis,we desribetwo modificaionsto theroute in thefollowing.

4.2 Offsetting the Time Bins

How do we fix this problem? Sincethe prodem seemdo be the routers reacton to a link’s transtion from
freeflowing to congestion we consder giving the router an “early warning” aboutimpendng congestion
build up. We do this by simply offsetting all the time bin datasothatit is aheal of reality by onebin. This
cauesthe router to usethe 7:15-7:30 time bin information whenit is calcdating link coss between7:00
and7:15 Thatway, it will stat instructing agernts to avoid congestedlinks before those links actually get
congested This strateyy will alsocauseherouterto place morevehiclesonlinks undergoiry transtionsfrom
congestedto free-flowing atan earlier time. Basedon therea®ning above, however, this situaion shoud not
cau® too muchof aprobem.

Figure3 showsthe outcame of this straegy. We canseethatthe freaevay is still emptyirg earier thanthe
sideroads. This strategy, by itself, does not seemto helpusatall in this case.
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Figure4: A freavay andsideroads with the maximumtravel time strategy at 19:00 (left) and20:00 (right).
At 19:00 the sideroads contain somevehicles while the freeaway is mostly empty At 20:00 the sideroadsare
now emptywhile the freeway contans a few vehicles.

4.3 Maximum vs. AverageTravel-Time

Anothe issuewith the datausedby therouteris thatit is an average of the travel timesexperiencesby the
vehides. As statedabove, if the router under-predictsthe travel-time for an ager on a link during a time
bin, thatagentwill be behind schedile. But, if the router over-predicts, thenit is nota big problem. Instead
of giving the router an early warning, we alterthe routa’s view of the links sothatit paysmoreattertion to
the travel timesof thosevehicles who experiencedcongestion on the links. In otherwords,we biasthe data
agairst congestedlinks. The simples way to do this is to take the maximuntravel-time experiencedon each
link during eachtime bin, ratherthanthe average.

Figure4 shaws theresut of this straegy. This straegy alsodoesnotfix the prodem becaisethefreeway
still pradically emptiesearier thanthe sideroads. In this case, however, we notice thata few vehidesusethe
freeway afterthe sideroadsareclea. But the numbe of vehicleson thefreeway is too smallcompaedto the
sideroad We seemto be getting someimprovemen, atleast.

4.4 Combining Maximum and Offset

Neither offsetting the travel times data, nor biasing it toward the maximumrepated travel time seemedo
compldely fix the problem of theimplausgble resuls. We now try, asa new straegy, the combiration of the
two. We take the maximumtravel timesinsteadof the averege, plus we offsetthe resuling travel timesdata
by onebin. This shauld improve the “early warning” to the routergiven by the offsetmethod since only the
mostdelayeddrivers will bethe onesreporting their experiencedo therouter

Figure5 shows the output from this result As we cansee thesideroads finally emptybefore the freeway
does aswe expectedfrom the beginning.

4.5 Conclusion

After enowgh andysis, “combining maximumand offset” finally solved the prodem. We essetially hadto
grealy exaggeratetheroutersview of thelinks undegoingtranstion from free-flowing to congestedegimes
sothatit could reactin time to move travelersaway from thoselinks to avoid the congestian.

This solution wastailoredfor this specfic prodem, however. If there areotherrouting problemsthat we
discoveratalatertime, we mayhave to adjusg ourtravel timerepating stratgy again.Suchadjustmentsould
conflict with the currert method bringing backthe prodem of emptyfreeways with congestedsideroads.We
would like amorerobust solution, which canwork evenif flaws exist in therouteror thefeedtack system.
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Figure5: A freeway andsideroadswith the combinel offsettime binswith maximumtravel time strateyy at
19:00 (left) and20:00(right). Thesideroadsarefinally empty while the freeway now contans vehides. This
is whatis expectedfrom the scenaio.

In thenext secticn we presentanaltemative solution to themaximumand/a offsetstrateyies,which moves
away from adjuging thetravel timesrepoting, to adjusting the behaviorof thetravelers.

5 The Agent Database

5.1 Concept

In the above methals, all agentsforgot their previousplans whennew ones werecreded, on the assumption
that the new ones were always betta thanthe old ones. But, if the routeris flawed, or not obtaning the
proper informaion, this might not (always) betrue. So,we now give the agers a memoryof their pastplans
(dedsiong), andthe outcome (perfoomanceof plang of thosedecisbns. We allow themto choo® their new
planbasdontheperformanceof theroutesin theirmemory New, untesedroutesfrom therouter iteraion are
giventop priority, but if anagen hastried all of hisher plansbefore, thenhe/ske choasesoneby comparing
their performancevalues This straiegy meansthat more than our original 10% replanning fraction of the
ageris will changetheir plarns at a giveniteration. Thesechangswill be“informed” decisons,thoudch — not
random exploration.

By giving the agens amemory we mustgive them away to seled¢ remembeedroutes. For agivenplan—
asawhole—we canfind thetotd time takento traversetheroute. Thiswill be a measuref the performance
of theroute Agentscancompae performanceof rememberedoutes, andchooseonebasel on performance
information,without knowinganything elseabouttheroutes.

Theideahereis thatwe don't needto fix theroute to be perfect,aslong asit geneatesrea®nabk routes
mostof thetime. We canusethe original routerandtravel time repating straegies(averagedravel timesand
non-offsettime bins),andstill getbehaior thatmakessense

In comparson, TRANSIMS alsousesadatébasecalled the“IterationDataba&e’; which storesinformation
abou agerts and their experiencesfrom previous iterations This databae is meantto be usedto chocse
spedfic setsof agerts for replaming, but to our knowledge, doesnot store previously discaded routes for
laterre-use.[9]

5.2 Implementation of the Agent Database

We introducea datébaseinto the iteration framework to give the agents memoryof their plans. Currertly,
this datalaseis implemeried in MySQL, an opensource relational dalabasemanagenentsystem.Eachime
the router gereratesa new (initial or updaed) planset, those plarns are added to the database along with



planstable:

ager | plannum | is_.new | stat_time plan

1 1 0 25200 | <textstring1>

1 2 1 25200 | <text string 2>

2 1 0 25380 | <text string 3>
travel_timestable flagstable

agent | plannum | traveltime agent| plan.num | flag

1 1 462 1 1 1

1 2 0 1 2 0

2 1 1047 2 1 1

Figure6: Exampletablesin the agentdatatase. The “agent” and“plan. num” fields are combired into the
primary key for all three tables. The “plan” field of the planstable contans a text string consisting of link
idertifiers andother informationthatthe route requires.

the identifying numberof their correspondng agent and the staring time of the plan. The datébasealso
stores, for eachplan, the mostrecently measurd travel time (perfomancemeasuement)madeby the agent
for thatplan, anda flag that, whentrue, marksthe plan asbeingthe oneusedby its agentin the mostrecent
micro-gmulation. For new, untried plansgeneatedby therouter, thetravel-timeis consideral to be zero,and
the agen is forced to always chocse that plan next. SeeFig. 6 for an exampleof how the datalasestores
information,andSec.A.4 for theactualMySQL codeusdl to interactwith the datalase.

Oncethenew setof plans hasbeenenteedinto the datalase thetravel timestable is joinedwith theflags
tableandoutpu into afile. Thisfile is readby a scriptwhich usesthe travel-timesinformationto make the
choice for eachagert of its next plan SeeSec.A.3 for the listing of this script. The script writes a nev
file with upddesto the flagstable which is thenwritten into the datébase. The flagsindicate that the plan
is chosenin the current iteration. Oncethe datataseknowswhich plans to choose, it writesthatsetof plans
(only the oneswith flag = 1) to theinput file for the micro-simulation andthe micro-smulation is execued.

After the simulation is finished, its eventsoutpu is parsed into ently and exit timesfor eachagen on
eachlink of theirroute. Theseentryandexit timesareaggregatedinto the 15 minutetime binnedtravel-times,
whichareusel by theroute to geneateits next 10%planst. (PleaseseeSec .4 for amoredetdled descrption
of these scripts,or SecsA.1 andA.2 for thelistingsof them.) At thistime anoherfile is createl thatindicates
thearrival time of eachagen atits degination link. Thisfile is readbackinto thedatdbasetheplanstarttimes
aresubtractedfrom the arrival times,andthe travel-timesareupdated. This only occuss for plans which are
flaggedin the flagstable ashaving beenusedin the lastiteraion. In other words,only oneplan peragentis
updaedwith thetravel time.

At this point, the datdbaseis readyfor the next iteraion, whentheroute will againgeneatea new setof
plansthatmustbe enteedinto the datdase.

5.3 How plansare actually chosenbasedon performance

Theonly detal left out of theabove explanationis how the perfoomance(total travel-time) information is used
by theagentgo chocsetheir plan for the next iteration.

Eachagentusesthe following modelto compae the utility funcions of its remembeed plans This
function is definedastherelative probability, P, of choasinga givenplani (out of p plans)for anagenta:

P(tty;) := exp(—p - tta,i) 1)
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where 3 is an empircal congant, andt{, ; is the totd travel time known by agen a for its plan<. This
resemites both a Boltzmanndistribution in physicsandalogit modelin disaetechoicetheory[11].

Equaton 1is only arelative probability ; in orde to have the probabilitie s for all p plans of agenta sumto
1, we mustnormdize the probabilities. Let P’ bethe normalzed probability :

P(ta,)
P(tto;) == =p—2— 2
Woi) = S P(tay) ?
Next, we calcuate the cumulative probability sums:
i
SCai =Y _ P'(tay) (3)

i=1

Agenta next draws arandan number r € [0,1). It thenchoosesplani suchthat SG, ; is aslarge as
possgble, but is lessthanr:

SCa; <1 < 85Cq41 (4)

The endresut of thes calcuations is that agerns are mostlikely to choo the plan with the highest
perfomance secoml-mostlikely to choo® the planwith the secand highestperfoomance etc. Sincea plan's
perfarmanceis overwritten by new tries of thatplan, if the planimprovesits perfomance,t is morelikely to
bechosa in the future. If it’s performancedegradesuponreus, it will betried lessoftenin the future.

Thevalueof g detemineshow likely it is that a“non-best”planwill bechosa. Forthe Gotthardscenaio,
we chosethe valueof 5 sothatabout90% of the agens, in theinitial iterationsat lead, would chocsetheir
bestpossille plan. In otherwords we allowed only 10% (of the 90% who werenot replannedin the current
iteration) to retry “non-best plans. Specifically we setg to beﬁ. This allows the relaxation to progress
rapidy in the earlyiterations,andgivesagens the ability to occasonally give “non-best plansthe chanceto

improve.

5.4 Resultsof Agent Databaseon the Gotthard Scerario

Figure 7 shows the resuts of using the original stratgy from Sec.4 plus the agen datébase,with plans
seletedasdescibedabove. As onecansee thefreaevay prodemis avoidedwhenthe agens have memoryof
their plans. If the router stars putting too mary agerns on the sideroads somewill eventally try outanold
planthatusedthe freeway andfind thatit hasa goodperformancesowill likely usethatplanagain Aslong
asthey rememberone or more plansthat utilize the freewvay, the agers candecidefor themselesto useit,
bypassingthe sideroadchoiceof therouter. Thus,theagent datatasegivesanaddedlexibility androbustness
to thesygem, sothatevenwith aflawedrouter or feedbackmechaism, theresuts comeout satifactoiily.

This valueof 8 we chose seemedo work well, but future work will likely needto explorethe outcame of
other valuesfor this congant.

6 Conclusion

The purpcse of this paperandthis studyis to demongrate that for multi-module transportdion simulations,
not only is the functiondity of the single modulesimportent, but also how they interact. In particular, an
agert-basel implemertation of theinterfaces betweerthe modulesis capalte of correding for artifadsin the
modules. An agen-basdrepregntaton meanghattravelersarecorsideral asagerns, which have amemory
of different stratgies and their respetive performancs. In gereral, they chose the straegy with the best
performance,but from time to time re-try one of the other stratgjies just to checkif its performanceis still
unchanged Also from time to time, new straegiesaregeneatedandaddel to the pool.

In this paricular example we appl this appoachto route feedkackfor dynamic traffic assigiment. The
probem wasthat the router usesaggegatedfeedtack informationfrom the micro-simulation andthat this
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Figure7: A freeway andsideroadswith the agent databasestrateyy at 19:00 (left) and20:00 (right). As with
the “max andoffset” stratgy, the sideroads areemptying, while the freeway containsvehicles. This shavs
theagern databaeis a solution to the freevay problem.

aggegation with mostplausible algorithmsleadto artifacts in the resuting traffic. Specificaly, the router
unde-esimatedlong distancetravel times,leadng to thefactthattherouterassumedthe existerce of conges-
tion for later partsof the trip while in fad the congestion waslong gore. This resutedin travelersusing the
sideroadswherethefreevay would have beenmuchbette. Theuseof theagentdatabase solvesthis problem
without any changesin therouter. Thatis, evenwhentheroutercongstenty geneatesfaulty plars, theagent
datébaseapprachwill compersatefor this aslong asatleag someof theroutesareplausible.

Theappraachwasimplementedusing MySQL asa database andperl/avk asscripting languages Further
detals aregivenin thetext.
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A SourceCode

A.1 readevents.awk

This script readsthe events output of the micro-smulatorandcornvertsit into entry time andexit time pairs
for eachvehide on eachlink. It alsooutpusthearrival timesof theagentsat their destnations.

Interface:
Type Name Comment
Input File | events.trv traveler eventsfile from micro-amulator

OutputFile | events.startend| thestarting andendingtimesfor each
vehicle onead link in its plan
OutputFile | END_TIMES whenvehicles finishedtheir routes

#!'/bin/awk -f

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

BEG N {

OFS = "\t";

print "VEH CLE', "LINK', "ENTRY", "EXIT";
}
# main pattern -- executed for each line of input file
{

# Ski p header I|ine(s)

if ( $1 == "TIMESTEP" ) {

next;
}

timestep = $1 + O;
vehicleid = $2;

link = $3;
fromode = $4; # ignored for now
flag = $5;

# Assuming file is sorted by timestep.

# Store information for END_TI MES out put

if ( first_time[vehicleid] =="" ) {
first_time[vehicleid] = tinestep;
| ast _tine[vehicleid] = tinestep;

} elseif ( tinmestep > last_tine[vehicleid] ) {
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| ast _tine[vehicleid] = tinestep;

}

if ( last_time[vehicleid] < first_tinme[vehicleid] ) {
print "Something is wong! ABCDEFG' > "/dev/stderr";
}

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

# flag == 2 means a "normal" link exit.
if ( flag ==2) {
if ( older_tinme[vehicleid] !'="") {

print vehicleid, old_|link[vehicleid],
ol der _time[vehicleid],
old_tine[vehicleid];
if (old_tinme[vehicleid] <= older_tinme[vehicleid] ) {
print "Sonething is wong! ZYEW > "/dev/stderr";
}

}

ol der_time[vehicleid] = old_tine[vehicleid];
old_tine[vehicleid] = tinestep;

old_link[vehicleid] = link;
}
}
END {
for ( vinlast_tine ) {
print v, last_tine[v] > "END_TI MES";
}
}

A.2 parselink _times entry.awk

Interface:
File Type | Filename Comment

Input File | events.startend| thestarthgandending timesfor eachvehide
oneachlink in its plan, from read events.avk
OutputFile | summarytim travel-timesfile for therouter

#!/ bi n/ ank -f

# Read the output of read_events.awk, and transformit into sonething
# resenbling a TRANSI M5 travel -times sunmary file, for reading by the
# router.

# this is for where tt is time_bin of ***ENTRY*** time, not exit tine

# figure out which 15-nminute tinme bin to store data into
function calc_time_bin(time) {

# want tines to map like so:
# ...21600 => 21600

# 21601...22500 => 22500

# 22501...23400 => 23400
#
#
#
i

this is the original tinme-binning strategy; subtract 1 to get
of fset (so that 7:15 read fromthe input file goes into 7:00's
bi n

f((time %900 ) ==0) {
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return int(time / 900) - 1;
} else {
return ( int( time / 900 ));
}

}

function print_data() {

print Il , -1, (tt+l) * 900, count[Il, tt]+0 , sunfll, tt]+0 ,
-2, -9, -2, 0, 0, -1,
}
BEG N {
OFS = "\t";
SUBSEP = OFS;
mn_tinme_bin = 10000. 0;
max_time_bin = -10000. 0;
m n_link = 100000000. 0O;
max_link = -1.0;
# expected format of TRANSIMS travel tines files
# we aren’t using nost of these fields
print "LINK" , "NODE' , "TIME" , "COUNT" , "SUM , " SUVSQUARES"
"TURN' , "LANE' , "VCOUNT" , "VSUM' , "VSUMSQUARES' ;
}
NR > 1 {
vehid = $1;
link = $2 + 0.0;

entry_time = $3 + 0.0;
exit_time = $4 + 0.0;

travel _tinme = exit_tine - entry_tine;

time_bin = calc_tine_bin(entry_tine);

## For MAXIMUM strategy, replace the 2 lines beloww th

## if ( travel _time > max[link, time_bin] ) {

#i max[link, tinme_bin] = travel _ting;

## count[link, tine_bin] = 1;

#it }

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

count[link, time_bin] ++;
sunflink, tinme_bin] += travel _tine;

# sunsquared[link, tine_bin] += ( travel tinme * travel _tine );

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

if (link > max_link ) { max_l i nk = 1ink;
if (link <min_link) { mn_link = 1ink;
if ( tinme_bin > max_time_bin ) { max_time_bin
if ( tinme_bin <mn_time_bin) { mn_time_bin

}
}

time_bin;
time_bin;

# |l et user keep track of how far into the input file we are

if ( NR % 100000 == 0 ) {
print "line: "NR >> "/dev/stderr";
}
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END {

# go through the tine bins of the day
for (tt = mn_tinme_bin; tt <= max_tinme_bin ; tt ++ ) {

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

if ( (Il, tt ) in count ) {

print_data();

# once a link is outputted, it should continue to be
# outputted, to showthat it is enpty

output _link[Il] = 1;

} elseif (Il inoutput_link ) {

# deal with links that have vehicles on themfor nore than 15
# m nutes

count[IlIl,tt] = count[I1l,tt-1];

sunfll,tt] = sunfll,tt-1] - count[Ill,tt]*900;

if ( sunfll, tt] <=0) {
sunfll, tt] = 0;
count[II,tt] = O;

# (the | ogic 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-tines for links during time bins
# they are unreported for a tine bin.)

# the router also ignores links with O count

print_data();

A.3 pick_plans.exp-Bt.awk

Thisscript performsthedecision-maling of theagens. For eachager, it chocssesoneof theplansremembeed
by thatagentbasedon the perfomanceof therememberd plars. SeeSec.5.3for thededsion desciption.

Interface:
File Type Filename Comment
Input File travel times.ou | travel timesandflagsoutput from
databsze
Input Parameter] seal seedfor therandom geneator
OutputFile flag.updae.in | updat of flagstablefor datatase

#!/ bi n/ ank -f

# Reads a file of agent, plan_num travel _tinme, and flag.
# Chooses a new plan_num for each agent based on the travel _tine.

# The probabilistic version -- chooses plan_num based on utility
# function exp(-beta*travel _tine).

BEG N {
#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 !'=""), "l need a seed val ue!");
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srand(seed);

}

function assert(is_true, nsg) {
if (! is_true) {
print "ERROR (agent="old_agent"): "nmsg > "/dev/stderr";
error = 1;
exit(1);

}

function choose_pl an_nun{chosen_l ast, p) {
assert( ( (1 intt ) & ( 1 infl ) ), "No plans?");

sum = O;
chosen_| ast = 0;

p =1
V\hil_e( pintt ) {
if (ttfp] ==0) {
return p; # ALWAYS choose brand-new pl ans (tt=0)

}

prob[p] = exp(-beta * tt[p]);

sum += prob[p];

assert( ( pinfl ), "Plan " p " is in tt but not fl!");

it (fifp] ==1) {
assert( (chosen_last == 0) , "Too many chosen plans!");
chosen_l ast = p;

}
p++;
}
mex_p = p - 1;
assert( ( chosen_last !'=0 ), "No chosen plans!");
p =1
sumlist[0] = O;
while (( pintt ) {

norm prob[p] = prob[p] / sum
sumlist[p] = sumlist[p-1] + normprob[p];

p++;

}

if ( sumlist[max_p] !'=1) {
sumlist[max_p] = 1;

}

r = rand();

p =1

while (r >= sumlist[p] & ( (p+1) in sumlist) ) {
p++;

}

assert( (p <= max_p && p > 0),
"final p ("p") is out of bounds; max_p="nax_p);

return p;
}
function update_flags(pn,p,q) {
pn = choose_pl an_nun{();
for (pintt ) {
print old_agent, p, p == pn;
}
delete tt;
}
NR == 1 {
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ol d_agent = $1;
}

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

{
agent = $1;
pl an_num = $2;
travel _time = $3;
flag = $4;

if ( agent != old_agent ) {

# choose a plan_numfor the agent and print its new flags
update_fl ags();

}
tt[{plan_nun] = travel _tine;
fl[plan_nun] = flag;
ol d_agent = agent;
}
END {
if (error ==1) {
exit(1);
}
# choose a plan_num for the agent and print its new flags
update_fl ags();
}

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.

DROP DATABASE | F EXI STS agent _db ;

CREATE DATABASE | F NOT EXI STS agent _db ;

USE agent _db ;

# store the plans thensel ves; we have sone mninal informati on about
# the plan plus the actual plan stored as a text string (which is what

# the sinulator reads and the router outputs)

# is_newtells us that the plan has not been tried yet; its default is
# 1, so that newy added plans are automatically marked is_new

CREATE TABLE pl ans (

agent I NT UNSI GNED NOT NULL DEFAULT O,

pl an_num I NT NOT NULL AUTO | NCREMENT,

i s_new TI'NYI NT UNSI GNED NOT NULL DEFAULT 1,
start_tine I NT UNSI GNED NOT NULL DEFAULT O,

pl an TEXT NOT NULL,

PRI MARY KEY ( agent, plan_num)
)

# store the nost recent performance (utility?) of the plans
CREATE TABLE travel _times (

agent I NT UNSI GNED NOT NULL DEFAULT O,

pl an_num I NT NOT NULL DEFAULT O,
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travel _tine I NT NOT NULL DEFAULT O,
PRI MARY KEY ( agent, plan_num)

)

# the flag tells whether or not the plan has been chosen by the agent
# for this iteration
CREATE TABLE fl ags (

agent I NT UNSI GNED NOT NULL DEFAULT O,
pl an_num I NT NOT NULL DEFAULT O,
flag TI NYI NT UNSI GNED NOT NULL DEFAULT O,

PRI MARY KEY ( agent, plan_num)

The “flag” and“travel time” attributesare stared in sepaate tablesbecase MySQL does't allow the
datébaseto updat a table using informaiton from thattable So,either large tempaary tablesmustbe used
or theinformationused to updde a table mustbe storel in a sepaatetable

A.4.2 ReadPlansinto Database

After creding thedatalase theroute is runto geneatesomeplans. Plansarecornvertedinto aformatsuitabe
for readng andsavedunderthefile “plans.fordb’.

# Read (newinitial) plans into database
UPDATE pl ans SET is_new = 0 WHERE i s_new <> 0;

LOAD DATA LOCAL | NFILE '’ pl ans. for.db’
I NTO TABLE pl ans
FI ELDS TERM NATED BY ' ,’
LI NES TERM NATED BY '\ n\n’
( agent,
start_time,
plan ) ;

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

I NSERT | NTO fl ags

SELECT agent, plan_num O
FROM pl ans

VHERE is_new = 1;

# Add entries to travel _times that correspond to the new pl ans.

I NSERT I NTO travel _times
SELECT agent, plan_num O
FROM pl ans

VHERE is_new = 1;

A.4.3 Output Travel Times

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

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

LOCK TABLES travel _times READ, flags READ ;

SELECT
travel _tines. agent,
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travel _tines. pl an_num
travel _tine,

flag
I NTO QUTFI LE '/iteration/output/location/travel _tines.out’
FROM
travel _tines,
flags
VWHERE
travel _tines.agent = fl ags.agent AND
travel _tines. plan_num = fl ags. pl an_num
GROUP BY
agent,
pl an_num ;
# not unlocking here -- that will be done when we read the fl ags.

Theoutpu of theabove is thenprocessedby pick plansexp-Bt.avk to updat the flags(seenext sub-sectbn).
(seeSec.A.3).

A.4.4 Update Flagsand Output Plans

# Choose new set of plans based on perfornmance, and update fl ags

CREATE TEMPORARY TABLE tnp (

agent I NT UNSI GNED NOT NULL DEFAULT O,
pl an_num I NT NOT NULL DEFAULT O,
flag TI' NYI NT UNSI GNED NOT NULL DEFAULT O,

PRI MARY KEY ( agent, plan_num)
)

# READ | ock of travel times is overridden here
LOCK TABLES flags WRITE , plans READ ;
LOAD DATA LOCAL | NFILE 'flag _update.in’ |NTO TABLE tnp ;

REPLACE | NTO fl ags
SELECT *
FROM tnp ;

DROP TABLE tnp ;
# Qut put chosen pl ans

SELECT pl an
I NTO QUTFI LE '/iteration/output/location/plans.out’
FI ELDS TERM NATED BY ' ,’
ESCAPED BY '’
LI NES TERM NATED BY '\ n\n’
FROM
pl ans,
fl ags
VWHERE
pl ans. agent = fl ags. agent AND
pl ans. pl an_num = f1l ags. pl an_num AND
flags.flag = 1 ;

UNLOCK TABLES ;

A.4.5 Update Travel Times

After themicro-smulatoris run, theeventsfiles arepared. TheEND.TIMES file creatdby read eventsawk
(seeSec.A.1) is usedhereto updde travel timesof the plansin the databae.
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# Update travel -tines
# First run read_events.awk to create END TIMES file
CREATE TEMPORARY TABLE end_ti mes (

agent I NT UNSI GNED NOT NULL DEFAULT O,
end_tine I NT NOT NULL DEFAULT 0O

LOAD DATA LOCAL I NFILE "END TI MES | NTO TABLE end_ti nmes ;
LOCK TABLES travel _times WRITE , flags READ , plans READ ;

# We're overwiting old travel tines with new ones; we could al so
# average or sonething to not lose the old infornmation conpletely

REPLACE I NTO travel _tines

SELECT

fl ags. agent,

fl ags. pl an_num

( end_tines.end_tinme - plans.start_tine ) AS travel _tine
FROM

fl ags,

pl ans,

end_tines
VWHERE

fl ags. agent = pl ans. agent AND

fl ags. agent = end_ti nmes. agent AND
fl ags. pl an_num = pl ans. pl an_num AND
flags.flag = 1 ;

DROP TABLE end_ti nmes ;
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