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Abstract

This short paper outlineschallenges of delivering con-
tinuousmediaandtraffic informationto mobileCar-to-Car
Peerto-Peer (C2P2) networkof devices. We analyzenet-
work connectivityof a C2P2 cloud as a function of ra-
dio range of each device A novel conceptintroducedby
C2P2is on-demanddelivery of continuousmedia, audio
andvideoclips, to moving vehicles.

1 Introduction

Automobilemanugcturersalongwith numerouscience
fiction movies ervision smartvehiclesthat navigate their
occupantgo a target destinationusingthe fastestpossible
pathwhile entertaininghe passenger&.g.,thosechildren
who repeatedlyask “Are we thereyet?”). One may find
elementf this vision in today's automobiles.For exam-
ple, the currenthigh-endnavigation systemscan provide
turn-by-turninstructionsto directa driver to a destination.
Many manuficturersof minivansoffer their customersvith
the optionto purchasean entertainmensystemthat might
include a fold-down screenyvideo gameconsole wireless
headphones DVD player, etc.

A peerto-peemetwork technologycanenhancdoday’s
automobilecapabilitiesto provide additionalinformation
services. This technologywill dependcrucially uponthe
availability of low-costdevices equippedwith a powerful
processarabundantamountof storageandawirelesscom-
municationdevices'. As we shawv in Section2, whenafrac-
tion of carsareequippedwith suchdevices,they canform
an effective information network. Sucha mobile peerto-
peernetwork is capableof providing timely, personalized,

Lintel, for example, offers small devices for approximately$85 that
consistof a500 MHz processowith awirelessdevice thatoperatesn the
5 GHz spectrum. The radio bandwidthof the device is on the order of
MegabitspersecondMbps)with aradiusof tensof meterg17].
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on demandtraffic informationto the driver. The informa-
tion canbe usedby anon-boardnavigationsystemto com-
putethefastespathfrom origin to destinatiorusingcurrent
roadstatugsay no morethantensof second®ld). Thenet-
work may also provide other multimedia(audio/video-on-
demandpgndtraditionalinformationservicego the passen-
gers(email, web browsing), possiblyin conjunctionwith a
cellularbasedapproach.

For traffic information, eachdevice in the network is
both a consumerand a producerof data. It producesdata
asfollows. First, it is equippedwith a GPSanda database
of the surfacestreets, e.g.,Los Angelesbasin. A freeway
(or a surfaceroad)is partitionedinto segments. Eachsey-
menthasawell definedstartandendpoints,speedrofiles,
etc. A cartraversinga segmentmight measurets speedor
thenumberof carsit obsenesin thatsegment.If it obseres
eitheralower speedhanexpectedaverageor alargernum-
berof carsthanusualin thatstretch,t producesbeliefthat
this sggmentis congested.

The informationflow within the network may be deter
minedby eithera pull or a push-basethechanismFor ex-
ample, with a push paradigm,the belief/reportgenerated
by eachcaris broadcastetb the othervehiclesin its range
whichrepeathisinformationto othercarsin orderto prop-
agateit throughthe ad-hocnetwork to a vehiclethat might
considemassingthroughthis segment. Datareceng is an
importantconsideratiorthat may be managedy attaching
lifetime fieldsto reports(say1 minute),which forcereports
to be deletedwhen exceeded. If the samereportis inde-
pendentlygeneratedby a differentdevice, thelifetime may
be doubledat eachreceving device. In a pull paradigm,
thereports(taggedwith geographicaidentifiers)would be
returnedonly if specificallyqueriedfor by a nodein the
network.

Eachcarin the network may chooseo make routeplan-
ning decisionseither once— at the beginning of its trip —
or dynamically asnew informationabouttraffic conditions

2|t might utilize the GPSof anexisting navigation system.



becomesavailable [3]. It may treatthe map as an edge-
weightedgraph,with roadstretchesasedgesandintersec-
tionsasvertices.Thetraffic informationobtainedfrom the
network is usedto mark eachedgewith a costthat corre-
spondsto expectedtravel time throughthe corresponding
road stretch. In the absenceof specificreports,a default
travel time may be associatedvith eachroadstretch. The
navigation software on the car can then solve a shortest-
path problemon the graphin orderto determinethe least
delayroutefrom thecurrentlocationto thedestinatiorindi-
catedby thedriver. This effectively turnsthetransportation
network into a controllednetwork, andone questionto be
investigateds if this mightresultin oscillatoryeffects. We
believe thatsucheffectscanbe mitigatedby datagathering
stratgiesthat filter out momentarychangesdn traffic. In-
deed,we aguethatthe widespreadiseof suchon-demand
traffic information systemswould result in “congestion-
control” on the transportationnetwork, through effective
loadbalancing.

We termthis network of mobile devicescarto-car, peer
to-peemetwork, or C2P2for short. C2P2sharesnary sim-
ilarities with existing peerto-peemetworks. Onemaycate-
gorizeexisting peerto-peemetworksinto thosebasednei-
theranad-hocor anaddressablplacemenbf data.With an
addressablplacementf data,e.g.,CAN [13], Pastry[14],
OceansStord?2] etc., a requestfor a referenceddataitem
is routedto a specificdestinatiomnodecontainingthis data
item. With an ad-hocplacemente.g., Gnutella[5], are-
guestloodsthenetwork andmaysearchmary nodedor the
referencedataitem. Addressabl@etworksarefurthercat-
egorizedinto thosethatutilize eitheracentralizedirectory,
e.g.,Napster or a de-centralizechddressingpacesuchas
a partitionedspaceto identify a targetnodecontainingthe
referencedlataitem.

Similar to Napstey someof the currentefforts ervision
utilizing centralizedbasestationsfor communicatiorwith
mobiledevices. A C2P2device communicateds informa-
tion with a centralizedbasestationthatmakesdecisionson
the road status. Similarly, whena C2P2device is queried
for arouteto a specificdestination|t requestghe central-
ized basestationto provide it with statusof specificroad
stretchedor route planning. In the absencef centralized
basestationg(remoteareas)the devicesmay communicate
with one anotherand renderlocalized beliefs on the sta-
tus of differentroadstretches.In this scenariothe propa-
gationof informationis similar to how Gnutellaprocesses
gueries:the devicesmay broadcasbeliefsamongsthem-
selhesin the hopethat a device might be interestedin a
broadcastebelief. A deviceinquiringaboutthecurrentsta-
tusof a specificstretchof aroadis awareof its own current
geographicalocationandthetargetroad's geographicalo-
cation[9, 8]. Usingthesurfaceroadsasaguide,the system
knows how to route the informationto communicatewith

a device that recently traversedthat segmentof the road.
Thisdynamicroutingmechanisnsharesimilaritieswith an
addressablpeerto-peerrouting, e.g.,with CAN’s routing
mechanismsgiven a startingCAN nodeanda destination
zone,CAN routesa requestwith the objective to getclose
to the destination. C2P25 routing may take advantageof
the structureof roadsin combinationwith GPSreadingsof
differentroutingdevicesto guidearequesto its destination.

If we wish to extendthe useof C2P2networks for the
streamingof continuousmediafrom a basestationfor en-
tertainmentthereare additionalchallenges First, the size
of areferencectlip might exceedthe storagecapacityof a
C2P2device. Secondpncethedevice startsthedisplayof a
stream|t shoulddisplaytherestof it freefrom disruptions
anddelays(hiccups).A novel concepthereis for C2P2de-
vicesthat arewithin the samegeographicaproximity and
moving in thesamedirectionto form clusters. While asin-
gle device may not be ableto storethe entirerepository a
clusterof devicesmight be ableto storea significantfrac-
tion of this repository The systemmay also utilize hypo-
theticalclustersfor prefetchingdatain orderto deliver the
right sgmentof dataattheright time to aconsumingC2P2
device. Intelligentcachingandprefetchingof dataarealso
approachethatwill minimizelateng for applicationssuch
ase-mail,webbrowsing,chat-roomsetc.

In the following section,we provide someof our pre-
liminary researchresultson how to determineconnectvity
betweentwo C2P2devices when their placementis con-
strainedby linear structuressuchasroads. This analysis
includesa study of what percentageof vehiclesmustbe
equippedwith C2P2devicesto provide connectvity. Next,
Section3 elaboratesn several future researchdirections
thatwill shapeour actiities.

2 Ad-hoc Network Connectivity

A key differencebetweenthe C2P2network andtradi-
tional peerto-peernetworks is that its topology changes
with time becausef themobility of componenhodes.Ser-
eralroutingalgorithmsaredesignedo move datafrom one
nodeto anotherin suchmobile ad-hocnetwork. Theseare
catgyorizedinto thosethat employ geographidocationin-
formationsuchasLAR [9] andGPSR][8], andthosethatdo
not usethis informationsuchasDSR[7], AODV [12], and
ZRP[6]. However, all thesealgorithmsassumdundamen-
tally thatthe underlyingnetwork is indeedconnectedinda
pathexistsbetweerary two nodes.

Only recently hasthe questionof the network density
requiredto ensureconnectvity beenstudiedin ary detail.
Resultsby GuptaandKumar[4], Xue andKumar[16], and

3The systemmay even hypothesizeaboutclustersexpectedto appear
sometimen thefutureusingthe destinatiorinformationof differentC2P2
devices. Thesearetermedhypotheticaklusters.
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Figure 1. Screen capture of the simula-

tor showing movement of various C2P2-

equipped vehicles on a Manhattan-like
grid of streets, along with the instanta-
neous network topology .
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Figure 2. Cumulative probability density
function for link duration times with dif-
ferent radio ranges.
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Krishnamacharj10] etc.,have shovn thatthereis a“phase
transition” with respecto theradiorange.Thereis a criti-

cal valuetransmissiomangesuchthatbelow this, nearlyall

randomlygeneratedetworks are disconnectedandabove
it all randomly generatechetworks are connectedwith a
high probability. They have concludedhateachnodemust
be connectedn averageto logn nodesto ensurethat the
entire network is connected. With our target application,
thesestudieshave two limitations: First, they arefocused
on static, randomensemblespermitting nodesacrossthe
entire space. It is not clear how theseresultsmight hold

for mobile vehiclesthat are constrainedby surfaceroads.
Secondthey focuson the connectvity of ALL nodesin a
network insteadof applicationspecificissueghatmight be
lessstrict. For example,it may suffice to determineif a
given car canobtaininformationfrom ANY C2P2device
neararegion of interestthroughthe network (regardlesof

its globalconnectvity).

We usedsimulationstudiesto investigatenetwork con-
nectvity and dataavailability in a C2P2network. These
studiesassume Manhattan-lile modelconsistingof a reg-
ular rectangularcity grid of roads. Eachblock is 50m by
50m. We consider squaraegionof 10x10blocks.A given
numberof carsn move throughtheroadsin this area. For
eachvehicle,a randomvelocity is chosenat eachsimula-
tion time interval (onceevery .25 secondspetween0 and
50 kmph (approximately30 mph). In addition, eachvehi-
cle alsopause®nceduringtheentiresimulationfor a short
while (a parametetypically setto 5 secondsht a random
timeinstance Thecarstravel througharandomsetof inter-
mediatewvaypointsin arandomlychosergrid. Betweerary
two waypoints the carstake (with equalprobability) ary of
the several possibleshortestpaths. Eachentire simulation
is discretizednto .25 secondntervals, andis typically run
for 400seconds.

Our obtainedresultsareshowvn in Figuresl-4. Figurel
shaws a snapshotf the simulatorshaving the vehiclesin
thegrid forming a C2P2network. The C2P2network topol-
ogy is highly dynamic,with relatively shortlink durations
thatincreasewith theradiorangeof individual devices,see
Figure2. Figure3 shavs the connectvity of C2P2mobile
networks. It alsoshowsthecritical thresholdbehaior asso-
ciatedwith randomlylocatednodes:for a givenvalueof n,
thereis a critical radio rangebeyond which the network is
almostalways connected.This thresholdbecomesmaller
andthetransitionbecomesharperlswe increase¢he num-
berof nodesin anarea(from 20to 50).

Figure4 shows boththe connectvity anddataavailabil-
ity in the C2P2network. In the simulatedscenariopne of
the nodesin the network is requestingtraffic information
abouta particularintersectionfrom ANY nodein the net-
work thatis near(within 200mof) thislocation. Thisfigure
thusillustrateshow evenwhenthecompleteglobalconnec-



tivity is aslow as25%, morethan75% of the application-
level needsof the C2P2 network may be fulfilled. This
suggestshatwhat may beimportantis not somuchglobal
connectvity of all nodes,but dataavailability within the
network.

In generalwe find that for radio rangeson the order of
100-200meters20-50nodesareneedeger10km of road-
way. For a typical traffic densityof 1 car per 10 m, this
translatego a penetratiorevel of 2 - 5 % for effective per
formanceof a C2P2network.

3 Future Research Directions

Automobileindustrydefinegelematicsasanautomobile
network systemthat useswirelesscommunicationsGPS
trackingandcall centergto give driversbetteraccesgo in-
formationandservices.A cloud of C2P2deviceswith cell
phonebasestationsprovidesthe infrastructurefor telemat-
ics. Conceptssimilar to C2P2have beendescribedn sen-
sornetworks[1] andmobileinformationmanagementL5].
The most relevant study is CarNet[11]. Thesestudies
re-enforcethe vision of a qualitatively new classof mo-
bile peerto-peernetworks. A novel conceptintroducedby
C2P2is on-demanddelivery of continuousmedia, audio
andvideoclips, to moving vehicles.

C2P2systempresenseveralchallengeslongtwo inter-
relatedfronts: networking and datamanagement.While
therehasbeensomeinitial work onroutingprotocolsn mo-
bile ad-hocnetworksin recentyears,anumberof analytical
issuesremainunresolhed. Scalability bandwidth,and la-
teng/ concernsare paramountndneedto be quantifiedto
answerquestionsuchas: “How mary traffic reportscanan
individual vehicle request?”,"Under what conditionscan
thenetwork guaranteea datalateng of lessthanx seconds
perhop?”,etc.

Therearealsoa numberof significantopenproblemson
how to manageinformationin suchnetworks. It will be
importantto develop efficient and securemechanismgor
in-network storagegquerying,anddataprocessingParticu-
larly for the data-specifidraffic informationsystemjt may
be necessaryo develop data-centricrouting mechanisms
(the flow of nameddatafrom producerso consumersjn
additionto address-centricouting (end-to-endcommuni-
cationof arbitrarydatabetweeraddressablaodes).

Our efforts are also directedtowards ensuringthe in-
teroperability of C2P2 networks with centralizedinfras-
tructuressuch as cellular and other static base stations.
Sincewirelesscommunicatioris typically more expensve
in termsof bandwidthand can suffer from harshchannel
conditions, it may be necessaryto employ the notion of
“driving datato the groundas quickly aspossiblé. It will
be importantto designC2P2 architectureghat allow for
a flexible compromisebetweencentralized,decentralized,
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andhybrid approaches.
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