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ABSTRACT
In this papersomeresearchquestions whichpotentiallylie within
thepurview of thenew disciplineof ComputationalTransportation
Sciencearepresented.Someof thesequestionsareno doubtold
andjadedandsomemayrightly residein a differentresearchfield
(or beseenasengineering)but viablesolutionsto all of the issues
presentedare of vital importanceto the efficacy of future trans-
portationsystems.

Categoriesand SubjectDescriptors
J.m [Transportation ]: ComputationalTransportationScience—
communications, control, humanfactors

General Terms
Proposedresearchdirections

1. INTRODUCTION
Currentlydeployed ITS systems (withfew exceptions)have very
little intrinsic intelligence.A concreteexampleis affordedby con-
sideringan electronictolling systemwhich is of greatbenefitto
roadusersbut theinstalledhardwareandsoftwarehardlydeserves
the epithet‘intelligent’. By combiningartificial intelligenceand
machinelearning techniqueswith wirelesscommunicationsand
distributedcomputingmethodsComputationalTransportationSci-
encehasthepotentialof really making‘Intelligent’ Transportsys-
temsintelligent.

Societyasa whole is at a crossroadswhereconnectivity between
people,systemsanddevicesof all typesandat all timeswill soon
bethenormratherthantheexception.Fromthe humblebeginnings
of the ‘InternetCoke Machine’ [2] at Carnegie Mellon University
in themid-1980sit is now notunreasonable todeploy systemscon-
sistingof hundredsof thousandsor evenmillions of (largely iden-
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tical) actively connectedandcooperatingdevicesthat arecapable
of deliveringuseful(andsomenot souseful)services[1, 8]. More
andmore,suchnetworkedsystems willenhanceour daily routine
andwewill belessandlessawareof their presence.

Thefollowing discussionis,of course,taintedby theauthor’swhim
andfancy for which he cravesthe reader’s indulgencebut makes
no apology. The bulk of the material is concernedwith support
systemsfor roadvehiclesandpersonaltravellers.

A quick glanceat the endof the paperwill reveal thatthe refer-
encelist is far from comprehensive. Judicioususeof Googleis
recommended toeasethereader’sdesirefor additionalbackground
material.

To put the paperin context I proffer the following story from the
not-too-distantfuture(takenfrom [12]):

Six o’clock andthealarmsounds.Sleepilyyou reach
over switch it off andgo backto sleep.Half an hour
later you wearily rememberit’s Monday and you’ve
got a meetingwith an importantclient. Fortunately
your car hasn’t slept in andhasalreadyreceived the
latest traffic data via thewirelessinfrastructurethat
hasbeenprovided by the city authorities.You stum-
ble down the stairs,grab a coffee and headinto the
garage.Puttingthekey into theignition silentlybrings
your vehicle tolife. A voice soundsin the cabin in-
forming you that you only have 32 minutes(comput-
ersarestill that literal in thefuture)to make it to your
meetingandthatyou will be in time basedon current
traffic conditions.Fiveminutesinto yourjourney, your
carspeaksup again to tell you thatanaccidentahead
hascausedbad congestionand your revised journey
timewill beanother62minutes.Of youravailableop-
tions, your quickest is the train. Your car notesthat
it will take 9 minutesto drive to the station,where it
hasconfirmed parkingspacesareavailable.Thenyou
have atwo minutewait before16 minutestravel time
on the train anda 5 minutewalk to theoffice. You’ll
only be5 minuteslate (humansstill have no concept
of time in the future). A coupleof minutesinto your
train journey you receive acall from your client. He
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saysheis stuckin onehorrendoustraffic jam. Youjust
smile.

Theoutcomesof CTSresearchwill leadto better ITSin thenot-so-
distantfuture.

2. USERINTERFACES
Theold adage‘you can’t judge abookby its cover’ doesn’t seem
to apply for many software systems.The ‘cover’ is what theuser
mustdealwith onaday-to-daybasisandany improvementsin user
interface technologywill bea boonto boththesoftwaredeveloper
anduseralike.

User interfacesin the transportationcontext are uniquebecause
they are moreoften-than-notwindows into systemsthatareof sec-
ondaryimportanceandshouldnot interferewith theprincipaltasks
of theuser.

2.1 In-vehicle
The interfacebetweenthe driver andthe car has remainedessen-
tially fixed for the last 100 years. Evidently, vehicle interfaces
mustremainuniformandconstantacrossall marquesfor consider-
ableperiodsof time. Indeed,it is only recentlythat thefirst major
intruder on the cleanlines of the interfacehasraisedits discon-
certinglydistractinghead.Thenagging‘after 200metresturn left’
issuingfrom the asyet not quite ubiquitousGPSnavigation sys-
tem can be botha blessinganda curse[3]. Clearly this interface
is one-way. It is very difficult (andevendangerous)to updateyour
GPSnavigatorwhilst driving. And this is just thetip of theiceberg.
Oncededicatedshortrangecommunication(DSRC,5.9GHz ITS
band)becomesan establishedtechnologythe potentialfor driver
distractionby thevehiclegrowsenormously.

It is evident that someform of robust two-way interfacebetween
in-cardevicesandthedriver is needed.This interfaceneeds tobe
robustenoughto functionreliably in thedemandingconditionsof
apotentially noisyvehiclecabinandsimpleenoughthatthecasual
or elderlydriver (who mayneedto accesssafetyandothervehicle
systemsmorethan youngeror moreabledrivers)is not intimidated
or scaredoff. The latter point mentionedabove is a particularly
difficult challengefor theUserInterfaceresearchcommunity.

2.2 Transport ManagementCentre
TransportManagementCentres(TMC) andincidentmanagement
centresin generalarestressfulplacesin which to work. Operators
mustbeableto accessthefunctionalityof awiderangeof unrelated
systemswhichhavebeenaddedto theirconsolesin aseeminglyad
hoc manner. It shouldbe notedthat even the layoutof a console
hasaneffectonoperatorefficiency [5].

Unification of legacy applicationsis possiblethrough theuseof
middleware(perhapswith considerableeffort) andfutureTMC soft-
wareapplicationsshouldbe forcedto adhere toany relevant ISO
standardor ITS architecturerequirements.

Useof novel interfacesshouldbe considered:voice, gestureand
eye-gaze beingobviouscandidates. Eachhastheirown set ofchal-
lenges.

In a noisyenvironmentvoicerecognitionremainsa difficult prob-
lem. Repetitionof spokencommands untilthey areunderstood may

not endear sucha systemto an operatorwho needs toget thejob
done(now).

Theuseof bothgestureandeye-gazeasinputmodalitiesrequirethe
useof video cameras.Aside from the (real or perceived) privacy
issuetherobustcaptureandinterpretationof eye-gazeandgesture
in a potentially clutteredandoften dark environmentremainsan
openproblem.

On thewhole,computeruserswill rapidly give up onusinginter-
facesthatdonothave thesamedegreeof robustnessandreliability
asthefamiliar keyboardandmouse.

3. TRAFFIC MAN AGEMENT
Ultimately traffic managementmustaddresstheissuesof reducing
congestionandimproving thereliability andrepeatabilityof travel
whilst increasingsafetyandreducingenvironmentalimpact.They
mustmanage themovementof peopleandgoodsfrom an origin
to a destinationnot just by switchingsignalsbut by choosing(and
updating)theroutewhichmayincludeurbanroadsandfreeways.

An interestingquestion toponderis just what level of congestion
arepeoplewilling to tolerate?Orphraseddifferently: If anoff-peak
journey takesx minutes,what multiplicative factor, k, is tolerable
to compute therush-hourtravel time, kx. Speculatively, k will
dependon x in a highlynon-linearway. If the functionalform of
k can beapproximatedit maybepossibleto estimate futuretraffic
networkrequirementsin aprincipledway.

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 signalcontrol systems
asembodiedby SCATS andSCOOTperformextremelywell for a
wide rangeof traffic circumstancesanddemands. Phasecontrol,
evenwhennot rigorouslyenforced,is hamperedby thesometimes
unnecessaryconstraintsthat themethodologyimposeson thetraf-
fic streams.An alternateapproach,favoured inthe Scandinavian
countries,is referredto assignalgroupcontrol (or stagecontrol in
theUK). Becausethe individual traffic signalsaretreated,insofar
aspossible,asmaximally independentunits signalgroupcontrol
opensup the possibility of greaterfinessein fairly apportioning
green-timeto vehicles.Thecostof increasedcontrol flexibility is
theinability for adriver to predictwhenherlight will gogreenbe-
causethetraffic signalsarenolongerswitchedin aregular, periodic
manner.

Both SCATS andSCOOTareableto adaptto the traffic demand,
as measuredby inductive loop detectors,by adjustingthe green
time appropriately(by a small deviation from a presetbasetime).
Groups,typically of six or fewer junctions maybelinkedtogether
so that their switchingtime is slaved(‘offset’) from theswitching
timeof aso-called‘critical junctions’.At presentcritical junctions
aredeterminedby experiencedtraffic engineers.

The kerbsidecontrollersusedfor both SCATS andSCOOThave
minimal computationalcapacityandthecalculationof greentimes
and offsets is carriedout at a central facility to which the con-
trollers areconnectedover the publictelecommunications(gener-
ally wired) infrastructure.
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Figure 1: A modelbasedtraffic signal controller

Having described albeitextremelybriefly, the currentstateof the
art in traffic signalcontrolit is possibleto suggestsomeinteresting
directionsfor research,especiallyin thefieldsof machinelearning
anddistributed computing.Thetraffic signalcontrolsystemsof the
futurewill alsosupportadegreeof robustnessandredundancy that
today’s traffic engineerscan onlydreamof. Public transportand
emergency vehiclepriority will be aninherentpart of thesenew
systemsandit is conceivablethatautomaticdetectionof incidents
at junctionsandin links maybefeasible.

Thenext generationof kerbsidecontrollerswill bemuchmore ca-
pable thanthosepresentlydeployed. This will enablethedevelop-
mentof completelynew algorithmsfor traffic signalcontrol. Sim-
ilarly, the devices from which the traffic control systemis com-
posedwill have amuchhigherdegreeof connectivity. Any phys-
ical meansof communicationwill beseamlesslysupportedby re-
quiring that most of the devices at a junction be nodeson an IP
(hopefully IPv6) network. Otherdeviceswill effectively have IP
addressby usingIP-to-serialor IP-to-digital I/O, etc. conversion
devices.Eachlanternroundelwill effectively haveanIP address.

Thesystems willbeself-healing,largely self-configuringandsen-
sor agnostic. A kerbside controllerat one junction will be capa-
ble of ‘taking over’ from a failed controller locatedelsewhereon
thenetwork. Using IPwill ensurethatcontrolandothermessages
will always (with besteffort) find a route from device-to-device.
The traffic engineerwill no longerhave to identify critical junc-
tions. The systemwill learnwhich junctionsare criticalandmay
adjustits choicedynamically(with a suitabletime-constant).The
numberof junctionsslavedoff eachcritical junctionwill bechosen
dynamicallyby thesystemandtheoffsetwill vary from junction-
to-junction. Dynamically adjustinglane usage[14] at junctions
will be commonand coordinatedthroughoutregions of the net-
work. It is likely that the only settingsrequiredat a junction will
bemaximumred time for traffic signalsandminimumgreentime
for pedestrianwalk signals—safety constraintsandlocal traffic law
(andlore)notwithstanding.

It is possibleto imaginea systemin which thekerbside controller
actuallymaintainsamodelof thetraffic in its localneighbourhood.
Sucha model-basedjunction control systemis shown schemati-
cally in Figure1. The local modelsarebuilt from abstractedlow-
level traffic featuresthatareultimatelyderivedfrom traffic sensors.
Local neighbourhoodmodelscan befurther abstractedandcom-
bined to produceregional traffic modelswith somewhat reduced
fidelity. Useof a modelhierarchy reducesthe apparent complex-

ity of the system,keepingit manageableandhelpingto tamethe
‘curseof dimensionality’. Of course,the modelhierarchy can be
continuedupward to yield economicor environmentalmodelsof
useto traffic plannersandforecasters.

Modelling the traffic stateenablesthe estimationof traffic infor-
mationon roadsegmentsthataredevoid of sensors.For example,
a traffic model can track vehiclesfrom one junction to the next
(preemptingtheir arrival with muchgreateraccuracy thancurrent
systems)therebyenablingthedownstreamjunctionto takepreemp-
tive actionto minimisedelay. In circumstancesof heavy traffic, a
modelcanmake betterreal-time estimates ofqueuelengththan a
simplequeuedetectionsystemthat relieson a singledetector ata
fixedpoint.

Any new traffic signalcontrolsystemshouldbeableto work with
any or all available traffic sensorswhich will also be distributed
throughout theroadnetwork. Control shouldfall backgracefully
as sensorinputsdegradein performanceor becomeunavailable.

Clearlytraffic signalcontrol is anareawhereCTScanmake areal
andmeasurabledifferencein performanceandreliability.

3.2 Freeway
Traffic managementon freewaysfalls into threeclasses

1. Entryandexit control,

2. Speedcontroland

3. Incidentdetection.

Entry onto many freeways is controlled by someform of ramp
metering—a special caseof traffic signalcontroldesignedto ensure
that the capacityof thefreeway is not exceededandthatqueueing
onto theurbanstreetsis minimised [13]. Traffic exiting a freeway
hasto interactwith urbantraffic. Exit rampsareoften signalisedto
aid themerging of two clearly disparatetraffic flow regimes.Nei-
therof thesecases arediscussedfurtherhere.

Discussionof speedlimiting on freewayswill notbepursued.

Incidentdetectionon freewaysis traditionallycarriedoutusingthe
outputsfrom inductiveloopsensorsin conjunctionwith oneof sev-
eral comparatively old algorithms. The archetypeof these algo-
rithmsis embodiedin thesocalledCaliforniaAlgorithm of which
#8 is thebestperforming[11]. Thesealgorithmsneedto betuned
to the local operatingenvironment whichis a somewhat tedious
operation.

Disregardingthe fact thatenhancingthe traffic sensors willlikely
increasethe incident detectionand discrimination rate,it seems
likely that modernstatisticalmachinelearningtechniquesasem-
bodiedby supportvectormachines(SVM) [4] would provide vast
performancegains. In particularthe so-called1-classSVM [10],
which is essentiallya statisticaltool for detecting theoutliersof a
learneddistribution may provide arapid andeasyto deploy solu-
tion requiringminimal local tuning.
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4. DATA COLLECTION, MINING AND DIS-
SEMINATION

4.1 The SensorRevolution
Whilst DSRCwill ultimatelyturneveryvehicle intoasensor, there
is considerablework left to be donein the ‘classical’ sensordo-
main. Indeed, theprincipalaim of researchin this areashouldbe
to produceanabove groundvehiclesensor systemthathastheper-
formance, robustness, reliabilityandeaseof setupexhibitedby the
venerableinductive loop. Inductive loops functionperfectlywell
in thehigharctictundraof NorthernFinlandandthescorchingout-
backof CentralAustralia.In orderto bepracticalthecostof instal-
lation andmaintenanceof thesenew devicesmustbe on par with
thatof the inductive loop.

EvenwhenDSRCcomesto dominate inthefirst world, therewill
still bescopefor roadsidesensorsbothin developingcountriesand
in theinfrastructurepoorregionsof themorewell-to-do.

4.2 DedicatedShort RangeCommunications
Glossingover all of the wirelessissuessuchas jamming, black
holerouting, etc.;thebiggestissue withDSRCseemslikely to be
theinjectionof falsemessagesthat come(or appear tocome)from
legitimatesources.Even if thesemessages areincapableof pro-
ducingmaterial harmthey wouldstill becapableof producingtraf-
fic networkchaos.Somedegreeof resiliencemay beaffordedby
usingsecurepositioning[6] but it is simpleto conceive of a situa-
tion wheresecurepositioning techniqueswouldnotsolve theprob-
lem. Indeedconstructionof hardwaredesignedto defeatproposed
time-of-flightpositioningschemes[7] doesnot seeminfeasiblefor
a determinedattacker. Is it ethical tosimply ignorea vehicleof
indeterminate positionthatis cryingout for help?

Suchproblemsneedto be solved robustlyandreliably for DSRC
to beseenasa trustedandsafevehicularcommunicationplatform.
Come-what-mayDSRCwill surelyplay arole in thefutureof ITS.

4.3 ‘Transport Radar’
Ultimately the sensornetworkof which the traveller is an intrin-
sic (and perhapsunwilling) part will enablethe computationof
origin-destination(OD) information for all travellersboth before
departureandduring travel (eachtraveller maywell bea partof a
transportsystemmodelof suitablefidelity). Sucha systemwill be
a kind of ‘transportradar’ keepingthe traveller (or goodscarrier)
informedof thecurrent bestmeansof reachinghis destinationin a
giventimeor via theshortestroute(or with theleastcostor . . .).

Presentingthe routeandmodal choices toa traveller both before
and(dynamically)throughouttheir journey will requirethedevel-
opmentof novel hardwareandsoftware.It is conceivablethat such
functionalitywill bebuilt into theever increasinglylessphone-like
mobilephone. Suchsystemsshouldbecontext aware[9] (for ex-
ample,a textual interfaceis a poor choicefor the driver of a ve-
hicle which is engagedin thetraffic stream—andmaybeillegal—
but perfectly legitimate for a passengerin the samevehicle),po-
sition awareandcurrent transport-modeaware. Infrastructureand
in-vehiclesupportwill be requiredto realisethe full potentialof
sucha systemandleveragingoff a burgeoningDSRC-basewould
appearprudent.

5. STANDARDS AND TEST SITES
5.1 Standards
John Donnewrotethat ‘No manis anisland’ andin no caseis this
moreevident thanwhensitting in a traffic jam! However, thesen-
timentcarriesacrossto thepracticalapplicationof theoutcomesof
CTSasembodiedin ITS deploymentonthekerbside.No deployed
systemwill exist in isolation. The only way to ensureseamless
interoperabilityis to lay down standardAPIs andcommunication
protocolsto which systemsfrom different vendorsmust adhere.
Thisdoesnoteliminatecompetitionbecausesuchstandards(asre-
alisedas APIs,etc.) mustbeopen andextensiblein a proprietary
manner. In theparlanceof objectorientedprogramming,thestan-
dardswill definethe ‘baseclasses’from which extendedsystems
maybeseamlessly‘derived’.

5.2 TestSites
Simulationcan onlytakeyousofar. Ultimately thealgorithmsand
systemsthat we develop in our researchhave to be deployed on
thestreets.However, the ‘streetsaretough’ andtheCTScommu-
nity will needto interactwith theownersof kerbsideinfrastructure
(usuallygovernment),data(governmentandprivate)andvehicles
(usuallyprivate).

Wouldn’t it beniceto just beableto install someequipmentat the
kerbsidewith (almost)noquestionsasked?(Safetywill be anissue
andany organisationthat allows kerbsideinstallationwill always
have their own fallbacksystemsin place).

WhattheCTS(andITS) community needsis atown sizedtestfacil-
ity that is largeenoughto berepresentative yet smallenoughto be
understandable.Requirementsmight includea significantnumber
(say50) of signalisedjunctions,a majorrailhead(and/ormoderate
sizedport) anda servicingfreeway or arterial. Sucha site would
allow realworld comparisonof differentsystemsoverextendedpe-
riodsof time.

6. CONCLUSION
The discussionabove barelyscratchesthe surfaceof potentialre-
search problemsfor CTS.Thoseespousedtendto have apractical
bentasindeedthey should.WhatCTSmustdo is developthenext
generationof ITS by leveragingthelatesttechniquesfrom machine
learning,distributedsystems,constraintsprogramminganda host
of otherCSdisciplines.

The inevitableand,seeminglyinexorablegrowth in computingpower
andnetworking technologieswill enablethe transportand traffic
engineersof the future to realisethepower of grid computingand
to run real-time(andevensupra-realtime)transportnetworkmod-
elsoncomputingsystemsthatareintrinsically partof thetransport
networkbeingmodelled. Themodelhierarchy describedin Sec-
tion 3.1 above will be mirroredin the computingenvironmenton
which themodelexecutes.

Transportationneedsaredrivenby therequirementsof societalmo-
bility (asembodiedin work requirements,family andvacations),
goodsdeliveryand(morerecently)environmentalsustainability. It
is thedemandfor consumergoodscoupledwith theneedfor sus-
tainability thatis pushingup thecostof petroleum.Theincreasein
petroleum pricewill in turn, hindersocietalmobility.

For millenniapeoplewererestrictedin their potentialfor travel by
the lackof means. If governmentsare not careful thispastand,
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extremelyrestrictive stateof affairscouldreturn—atthevery least
for overseas travel.

The rising costof petroleumshouldexpedite thedevelopmentof
non-petroleumpoweredroadvehiclesby industryandtheproactive
developmentof public transportinfrastructureby government.It is
evident,however, that thepersonalautomobilewill not disappear.
Thefreedom itprovideswill betoomuchfor societyto lose.

Futuretrips to the Pyramidsor Stonehengeor the 22nd Interna-
tionalConferenceonComputationalTransportationScience(!) may
well bevirtual but weshouldall sleepsoundlysecurein theknowl-
edgethattraffic jams will bearoundfor agoodfew centuriesyet.
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