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ABSTRACT

In this papersomeresearchyuestions whiclpotentiallylie within
thepurview of thenew disciplineof Computationalfransportation
Scienceare presented.Someof thesequestionsare no doubtold
andjadedandsomemayrightly residein a differentresearcHield
(or be seenasengineeringput viable solutionsto all of theissues
presentedare of vital importanceto the efficagy of future trans-
portationsystems.

Categoriesand Subject Descriptors
J.m [Transportation]: ComputationalTransportationScience—
communications, cortdt, humanfactors

General Terms
Proposedesearcidirections

1. INTRODUCTION

Currentlydeployed ITS systems (withfew exceptions)have very
little intrinsic intelligence.A concreteexampleis affordedby con-
sideringan electronictolling systemwhich is of greatbenefitto
roadusersbut theinstalledhardwareandsoftware hardly deseres
the epithet'intelligent’. By combiningartificial intelligenceand
machinelearning techniqueswith wirelesscommunicationsand
distributedcomputingmethodsComputationallransportatiorSci-
encehasthe potentialof really making‘Intelligent’ Transportsys-
temsintelligent.

Societyasa wholeis at a crossroadsvhereconnectvity between
people,systemsanddevicesof all typesandat all timeswill soon
bethenormratherthantheexception Fromthe humblebeginnings
of the ‘Internet Coke Machine’[2] at Carngie Mellon University
in themid-1980st is now notunreasonable tdeploy systemson-
sistingof hundredf thousand®r evenmillions of (largely iden-
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tical) actively connectedand cooperatingdevicesthat are capable
of deliveringuseful(andsomenot souseful)serviceqd1, 8]. More

andmore, suchnetworled systems willenhanceour daily routine
andwe will belessandlessawareof their presence.

Thefollowing discussions, of coursetaintedby theauthorswhim
andfang for which he cravesthe readers indulgencebut males
no apology The bulk of the materialis concernedwith support
systemdor roadvehiclesandpersonatravellers.

A quick glanceat the end of the paperwill reveal thatthe refer

encelist is far from comprehensi. Judicioususeof Googleis

recommended teasehereaders desirefor additionalbackground
material.

To put the paperin contet | proffer the following story from the
not-too-distanfuture (takenfrom [12]):

Six o’clock andthe alarmsounds.Sleepilyyou reach
over switch it off andgo backto sleep.Half anhour
later you wearily remembeiit’s Monday and you've
got ameetingwith an importantclient. Fortunately
your car hasnt sleptin and hasalreadyreceved the
latesttraffic data via thewirelessinfrastructurethat
hasbeenprovided by the city authorities. You stum-
ble down the stairs, grab a coffee and headinto the
garage Puttingthekey into theignition silently brings
your vehicle tolife. A voice soundsin the cabinin-
forming you thatyou only have 32 minutes(comput-
ersarestill thatliteral in thefuture)to male it to your
meetingandthatyou will bein time basedon current
traffic conditions.Five minutesinto yourjourney, your
carspeaksup again to tell you thatanaccidentahead
has causedbad congestionand your revised journg
timewill beanother62 minutes.Of your availableop-
tions, your quickestis the train. Your car notesthat
it will take 9 minutesto drive to the station,where it
hasconfirmed parkingpacesreavailable. Thenyou
have atwo minutewait before16 minutestravel time
onthetrain anda 5 minutewalk to the office. You'll
only be5 minuteslate (humansstill have no concept
of time in the future). A coupleof minutesinto your
train journey you receve acall from your client. He



saysheis stuckin onehorrendousraffic jam. Youjust
smile.

Theoutcomeof CTSresearclwill leadto better ITSin thenot-so-
distantfuture.

2. USERINTERFACES

The old adage'you cant judge abook by its cover’ doesnt seem
to apply for mary software systemsThe ‘cover’ is whatthe user
mustdealwith onaday-to-daybasisandany improvementsn user
interface technologwvill be aboonto boththe softwaredeveloper
anduseralike.

User interfacesin the transportationcontext are unique because
they are moreoften-than-notvindows into systemshatareof sec-

ondaryimportanceandshouldnotinterferewith the principaltasks

of theuser

2.1 In-vehicle

The interfacebetweenthe driver andthe car has remaine@éssen-
tially fixed for the last 100 years. Evidently, vehicle interfaces
mustremainuniform andconstantcrossall marquedor consider
ableperiodsof time. Indeediit is only recentlythatthefirst major
intruder on the cleanlines of the interface hasraisedits discon-
certingly distractinghead.The nagging‘after 200 metresturn left’
issuingfrom the asyet not quite ubiquitousGPSnavigation sys-
tem can be botta blessinganda curse[3]. Clearly this interface
is one-vay:. It is very difficult (andevendangerousjo updateyour
GPSnavigatorwhilst driving. And thisis justthetip of theiceben.
OncededicatedshortrangecommunicationfDSRC,5.9GHz ITS
band)becomesan establishedechnologythe potentialfor driver
distractionby the vehiclegrows enormously

It is evident that someform of robust two-way interfacebetween
in-car devicesandthe driver is needed.This interfaceneeds tde

robustenoughto functionreliably in the demandingconditionsof

apotentially noisyehiclecabinandsimpleenoughthatthe casual
or elderlydriver (who may needto accessafetyandothervehicle
systemsnorethan youngeor moreabledrivers)is notintimidated
or scaredoff. The latter point mentionecdabove is a particularly
difficult challengefor the UserInterfaceresearclttommunity

2.2 Transport ManagementCentre
TransportManagemenCentres(TMC) andincidentmanagement
centresn generalarestressfulplacesin which to work. Operators
mustbeableto accesshefunctionalityof awide rangeof unrelated
systemavhich have beenaddedo their consolesn aseeminglyad
hoc manner It shouldbe notedthat even the layoutof a console
hasaneffect on operatorefficiency [5].

Unification of legacy applicationsis possiblethrough theuse of
middlevare(perhapsvith considerableffort) andfuture TMC soft-
ware applicationsshouldbe forcedto adhere taary relevantISO
standardr ITS architecturegequirements.

Use of nowel interfacesshouldbe considered:voice, gestureand
eye-gaze beinghviouscandidates. Eadhastheir own set ofchal-
lenges.

In a noisy ervironmentvoice recognitionremainsa difficult prob-
lem. Repetitionof spokencommands untihey areunderstood may
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not endear sucla systemto an operatorwho needs taet thejob
done(now).

Theuseof bothgestureandeye-gazeasinputmodalitiesrequirethe

useof video cameras.Aside from the (real or perceved) privacy

issuethe robustcaptureandinterpretatiorof eye-gazeandgesture
in a potentially clutteredand often dark environmentremainsan

openproblem.

On the whole, computeruserswill rapidly give up onusinginter-
facesthatdo not have the samedegreeof robustnessandreliability
asthefamiliar keyboardandmouse.

3. TRAFFIC MANAGEMENT

Ultimately traffic managemennustaddressheissuesof reducing
congestiorandimproving thereliability andrepeatabilityof travel
whilst increasingsafetyandreducingervironmentalimpact. They
mustmanage thenovementof peopleand goodsfrom an origin
to adestinatiomot just by switchingsignalsbut by choosing(and
updating)the routewhich mayincludeurbanroadsandfreevays.

An interestingquestion tgponderis just what level of congestion
arepeoplewilling to tolerate?0r phrasedifferently: If anoff-peak
journey takesx minutes,what multiplicatve factor &, is tolerable
to compute therush-hourtravel time, kx. Speculatiely, k& will
dependon z in a highly non-linearway. If the functionalform of
k can beapproximatedt may be possibleto estimate futureraffic
networkrequirementsn a principledway.

3.1 Urban

Phasecontrol (referredto as signal group control in the UK) of
traffic signalsis currently the dominantmethodologyfor switch-
ing signals. Currentstateof the art traffic signal control systems
asembodiedoy SCATS andSCOOTperformextremelywell for a
wide rangeof traffic circumstancesnd demands. Phassontrol,
evenwhennotrigorouslyenforcedjs hamperedy the sometimes
unnecessargonstraintshatthe methodologyimposeson the traf-
fic streams.An alternateapproachfavoured inthe Scandingian
countriesjs referredto assignalgroup control (or stagecontrolin
the UK). Becausehe individual traffic signalsaretreated,insofar
as possible,as maximally independentinits signalgroup control
opensup the possibility of greaterfinessein fairly apportioning
green-timeto vehicles. The costof increasedtontrol flexibility is
theinability for adriver to predictwhenherlight will go greenbe-
causehetraffic signalsarenolongerswitchedn aregular, periodic
manner

Both SCATS and SCOQTareableto adaptto the traffic demand,
as measureddy inductive loop detectors,by adjustingthe green
time appropriately(by a small deviation from a presetbasetime).
Groups,typically of six or fewer junctions maybelinkedtogether
sothattheir switchingtime is slaved (‘offset’) from the switching
time of aso-calledcritical junctions’. At presentritical junctions
aredeterminedy experiencedraffic engineers.

The kerbsidecontrollersusedfor both SCATS and SCOOT have
minimal computationatapacityandthe calculationof greentimes
and offsetsis carried out at a centralfacility to which the con-
trollers are connectedver the publictelecommunicationggener
ally wired) infrastructure.
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Figure 1: A modelbasedtraffic signal controller

Having described albeiextremely briefly, the currentstateof the
artin traffic signalcontrolit is possibleto suggessomeinteresting
directionsfor researchespeciallyin thefields of machindearning
anddistributed computingThetraffic signalcontrolsystemsf the
futurewill alsosupporta degreeof robustnessandredundang that
todays traffic engineerscan onlydreamof. Public transportand
emegeng vehicle priority will be aninherentpart of thesenew
systemsandit is concevablethatautomaticdetectionof incidents
atjunctionsandin links maybefeasible.

Thenext generatiorof kerbsidecontrollerswill be muchmore ca-
pable tharthosepresentlydeployed. Thiswill enablethe develop-
mentof completelynew algorithmsfor traffic signalcontrol. Sim-
ilarly, the devices from which the traffic control systemis com-
posedwill have amuchhigherdegreeof connecwity. Any phys-
ical meansof communicatiorwill be seamlesslsupportedoy re-
quiring that most of the devices at a junction be nodeson an IP

(hopefully IPv6) network. Otherdeviceswill effectively have IP

addresdy using IP-to-serialor IP-to-digital I/O, etc. corversion
devices.Eachlanternroundelwill effectively have anIP address.

The systems willbe self-healing Jargely self-configuringandsen-
sor agnostic. A kerbside controlleat onejunction will be capa-
ble of ‘taking over’ from a failed controllerlocatedelsevhereon
thenetwork. Using IPwill ensurethatcontrolandothermessages
will always (with besteffort) find a route from device-to-device.
The traffic engineemwill no longer have to identify critical junc-
tions. The systemwill learnwhich junctionsare criticaland may
adjustits choicedynamically(with a suitabletime-constant).The
numberof junctionsslavedoff eachcritical junctionwill bechosen
dynamicallyby the systemandthe offsetwill vary from junction-
to-junction. Dynamically adjustinglane usage[14] at junctions
will be commonand coordinatedthroughoutregions of the net-
work. It is likely thatthe only settingsrequiredat a junction will
be maximumredtime for traffic signalsand minimum greentime
for pedestrianvalk signals—safety constraingmdlocaltraffic law
(andlore) notwithstanding.

It is possibleto imaginea systemin which the kerbside controller
actuallymaintainsamodelof thetraffic in its local neighbourhood.
Sucha model-basedunction control systemis shavn schemati-
cally in Figurel. Thelocal modelsarebuilt from abstractedow-
level traffic featureghatareultimatelyderivedfrom trafiic sensors.
Local neighbourhoodnodelscan befurther abstractedand com-
binedto produceregional traffic modelswith somevhat reduced
fidelity. Useof a modelhierarcly reduceghe apparent compie
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ity of the system keepingit manageabl@nd helpingto tamethe
‘curse of dimensionality’. Of course the modelhierarcly can be
continuedupward to yield economicor ervironmentalmodelsof
useto traffic plannersandforecasters.

Modelling the traffic stateenablesthe estimationof traffic infor-

mationon roadsegmentsthataredevoid of sensorsFor example,
a traffic model can track vehiclesfrom one junction to the next

(preemptingtheir arrival with muchgreateraccurag thancurrent
systemsjherebyenablingthedownstreanjunctionto take preemp-
tive actionto minimisedelay In circumstancesf heavy traffic, a
modelcanmale betterreal-time estimates ajueuelengththan a
simplequeuedetectionsystemthatrelieson a single detector aa
fixedpoint.

Any new traffic signalcontrol systemshouldbe ableto work with
ary or all availabletraffic sensorawvhich will also be distributed
throughout theoadnetwork. Control shouldfall backgracefully
as sensomputsdegradein performancer becomeunavailable.

Clearlytraffic signalcontrolis anareawhereCTScanmale areal
andmeasurabléifferencein performancendreliability.

3.2 Freeway

Traffic managementn freewaysfalls into threeclasses

1. Entry andexit control,
2. Speeccontroland

3. Incidentdetection.

Entry onto mary freeways is controlled by someform of ramp
metering—a special cagétraffic signalcontroldesignedo ensure
thatthe capacityof the freeway is not exceededandthatqueueing
ontothe urbanstreetss minimised [13]. Taffic exiting a freeway

hasto interactwith urbantraffic. Exit rampsareoften signalisedo

aid thememing of two clearly disparatéraffic flow regimes. Nei-

therof thesecases arediscussedurtherhere.

Discussiorof speedimiting on freewayswill notbe pursued.

Incidentdetectionon freewaysis traditionally carriedout usingthe

outputsfrom inductive loop sensorsn conjunctionwith oneof sev-

eral comparatrely old algorithms. The archetypeof these algo-
rithmsis embodiedn the so calledCalifornia Algorithm of which

#8 is the bestperforming[11]. Thesealgorithmsneedto betuned
to the local operatingervironment whichis a somevhat tedious
operation.

Disregardingthe fact thatenhancinghe traffic sensors willlikely

increasethe incident detectiomnd discrimination ratejt seems
likely that modernstatisticalmachinelearningtechniquesas em-

bodiedby supportvectormachinegSVM) [4] would provide vast
performancegains. In particularthe so-calledl-classSVM [10],

which is essentiallya statisticaltool for detecting theoutliersof a

learneddistribution may provide arapid andeasyto deploy solu-

tion requiringminimalllocal tuning.



4. DATA COLLECTION, MINING AND DIS-
SEMINATION

4.1 The SensorRevolution

Whilst DSRCwill ultimatelyturn every vehicle intoasensorthere
is considerablework left to be donein the ‘classical’ sensordo-
main. Indeed, theprincipal aim of researchn this areashouldbe
to produceanabove groundvehiclesensor systerthathasthe per
formance, robstness, reliabilitpndeaseof setupexhibitedby the
venerableinductive loop. Inductive loops functionperfectly well
in thehigharctictundraof NorthernFinlandandthescorchingout-
backof CentralAustralia.In orderto be practicalthe costof instal-
lation and maintenanc®f thesenew devicesmustbe on par with
thatof the inductve loop.

EvenwhenDSRCcomesto dominate irthe first world, therewill
still be scopefor roadsidesensordothin developingcountriesand
in theinfrastructurepoorregionsof the morewell-to-do.

4.2 DedicatedShort RangeCommunications
Glossingover all of the wirelessissuessuchas jamming, black
holerouting, etc.the biggestissue withDSRCseemdikely to be
theinjectionof falsemessagethat comgor appear tacome)from
legitimate sources.Evenif thesemessages ar@capableof pro-
ducingmaterial harnthey would still be capableof producingtraf-
fic networkchaos. Somedegreeof resiliencemay be afforded by
usingsecurepositioning[6] but it is simpleto conceve of a situa-
tion wheresecurepositioning techniquesould not solve the prob-
lem. Indeedconstructiorof hardwaredesignedo defeatproposed
time-of-flight positioningscheme$7] doesnot seeminfeasiblefor
a determinedattacler. Is it ethical tosimply ignore a vehicle of
indeterminate positiothatis crying outfor help?

Suchproblemsneedto be solved robustlyandreliably for DSRC
to be seenasatrustedandsafevehicularcommunicatiorplatform.
Come-what-maypSRCwill surelyplay arolein thefutureof ITS.

4.3 ‘Transport Radar’

Ultimately the sensometwork of which the traveller is an intrin-
sic (and perhapainwilling) part will enablethe computatiorof
origin-destination(OD) informationfor all travellers both before
departureandduringtravel (eachtraveller may well be a partof a
transportsystemmodelof suitablefidelity). Sucha systemwill be
a kind of ‘transportradar’ keepingthe traveller (or goodscarrier)
informedof the current bestneansof reachinghis destinationin a
giventime or via theshortestoute (or with theleastcostor . . .).

Presentinghe route and modal choices t@ traveller both before
and(dynamically)throughoutheir journey will requirethe devel-

opmentof novel hardwareandsoftware. It is concevablethat such
functionalitywill bebuilt into theeverincreasinglylessphone-lile

mobile phone. Suclsystemsshouldbe context aware[9] (for ex-

ample,a textual interfaceis a poor choicefor the driver of a ve-

hicle whichis engagedin thetraffic stream—andnaybeillegal—

but perfectly legitimate for a passengein the samevehicle), po-

sition awareandcurrent transport-modawvare. Infrastructureand
in-vehicle supportwill be requiredto realisethe full potentialof

sucha systemandleveragingoff a burgeoningDSRC-basevould

appeaiprudent.
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5. STANDARDS AND TEST SITES
5.1 Standards

John Donnavrotethat'No manis anisland’ andin no caseis this
moreevidentthanwhensitting in a traffic jam! However, the sen-
timentcarriesacrosgo the practicalapplicationof the outcomef
CTSasembodiedn ITS deploymentonthekerbside .No deplojed
systemwill exist in isolation. The only way to ensureseamless
interoperabilityis to lay down standardAPIs and communication
protocolsto which systemsfrom different vendorsmust adhere.
This doesnot eliminatecompetitionbecausesuchstandardgasre-
alisedas APIs,etc.) mustbe open andextensiblein a proprietary
manner In the parlanceof objectorientedprogrammingthe stan-
dardswill definethe ‘baseclassesfrom which extendedsystems
maybe seamlesslyderived’.

5.2 TestSites

Simulationcan onlytake you sofar. Ultimately the algorithmsand

systemsthat we develop in our researchhave to be deployed on

the streets.However, the ‘streetsaretough’ andthe CTS commu-
nity will needto interactwith the ownersof kerbsidenfrastructure
(usuallygovernment) data(governmentand private) andvehicles
(usuallyprivate).

Wouldn't it be niceto justbeableto install someequipmenttthe
kerbsidewith (almost)no questionsasked?(Safetywill be anissue
andary organisationthat allavs kerbsideinstallationwill always
have their own fallbacksystemsn place).

WhattheCTS(andITS) community needs atown sizedtestfacil-
ity thatis large enoughto be representatie yet smallenoughto be
understandableRequirementsnight includea significantnumber
(say50) of signalisedunctions,a majorrailhead(and/ormoderate
sizedport) anda servicingfreeway or arterial. Sucha site would
allow realworld comparisorof differentsystemsver extendedpe-
riodsof time.

6. CONCLUSION

The discussiorabove barely scratcheshe surfaceof potentialre-

search problemfor CTS. Thoseespousedendto have apractical
bentasindeedthey should. WhatCTSmustdo is developthe next

generatiorof ITS by leveragingthelatesttechniquegrom machine
learning,distributed systemsgconstraintgorogramminganda host
of otherCSdisciplines.

The inevitableand,seeminglyinexorablegrowth in computingoower
and networking technologiewvill enablethe transportand traffic
engineerf the future to realisethe power of grid computingand
to run real-time(andeven supra-realtimejransportnetworkmod-
elson computingsystemghatareintrinsically partof thetransport
network beingmodelled. Themodelhierarcly describedn Sec-
tion 3.1 above will be mirroredin the computingervironmenton
which themodelexecutes.

Transportatiomeedsaredrivenby therequirementsf societaimo-

bility (asembodiedin work requirementsfamily and vacations),
goodsdelivery and(morerecently)environmentalsustainability It

is the demandfor consumeigoodscoupledwith the needfor sus-
tainability thatis pushingup the costof petroleum.Theincreasen

petroleum pricewill in turn, hindersocietalmobility.

For millennia peoplewererestrictedin their potentialfor travel by
the lackof means. If governmentsare not careful thispastand,



extremelyrestrictive stateof affairs could return—atthe very least
for overseas tneel.

Therising costof petroleumshouldexpedite thedevelopmentof
non-petroleunpoweredroadvehiclesby industryandtheproactive
developmeniof publictransportinfrastructureby government.lt is
evident,however, thatthe personakutomobilewill not disappear
Thefreedom itprovideswill betoo muchfor societyto lose.

Futuretrips to the Pyramidsor Stonehenger the 22nd Interna-
tional Confeenceon ComputationallransportatiorScienc€) may
well bevirtual but we shouldall sleepsoundlysecuren theknowl-

edgethattraffic jams will bearoundfor agoodfew centuriesyet.
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