Using Ad-hoc Inter -vehicle Networks For Regional Alerts

Qixiang SunandHectorGarcia-Molina
ComputerScienceDepartment
StanfordUniversity
{gsun,hector @cs.stanford.edu

Abstract

Ad-hocinter-vehiclenetworkswill soonbe a real-
ity as cars becomeequippedwith wirelesscommuni-
cation system.Oneuseof an inter-vehiclenetworkis
to propagate alerts sud as accidentsand road con-
ditions within a region. Unlike previouswork in the
areathatfocusesn instantaneoudeliveryof an alert
to all readhable cars, this work studiesthe problem
whee an alert needsto be maintainedfor a duration
oftime In this paper weformally definethe problem
and its correctness.We provide an efficient protocol
that minimizesthe numberof broadcastsneededfor
maintaininga regional alert over a periodoftime and
we evaluateour protocolthroughsimulation.

1 Intr oduction

In recent years, car manubcturers like BMW,
DaimlerChrysler and Toyota have included global
positioning system (GPS), map service, and IEEE
802.11 wirelesscommunicationsystemin their up-
coming commercialvehicle designs. Thusthe future
of anad-hocinter-vehicle network will soonbe upon
us. From consumersperspectie, we wantthesenew
high-techadditionsin our carsto improve our driving
safetyandexperience.

In this paper we focus on one suchapplication: a
regional alert system(RAS) thatwarnsus aboutroad
andtraffic conditionsaheadof us. For example,con-
siderthescenarialepictedn Figurel. Supposear X
hasjustdrivenover a bridgeanddiscorereda patchof
blackice onthesurface. ThenX shouldautomatically
notify other carsvia wirelesscommunicationso that
they areawareof the conditionbeforemoving within

- ~
7

Safety s T
Radius / \ \

Iy @ \ \

\ N ®/ /
777777777 <7 4
\ R
N | 7\
~ B _ 7 Operating
~ ‘@ — Radius
~

Figure 1. A scenario of regional alert.

the safetyradius. Moreover, we want this icy-bridge
alertto remainin effect sothatnew cars,e.g. car Z,
arealsonotifiedbeforeenteringthesafetyradius.Thus
evenwhenX leavestheregion,someonelse,e.g.car
Y in Figurel, shouldcontinueto propagatehe alert.
Of coursethealertis not propagatedinfinitely far” In
Figurel, thereis anoperatingadiusbeyondwhichno
carswill disseminatehealert.

Informally, theregionalalertproblemis asfollows:
givenanalertwith alocation,atime duration,andthe
safetyand operatingradius,if feasible,all carstrav-
eling throughthe alert region during the time of the
alertshouldbe notified beforebreachinghe safetyra-
dius. The goalis to designa systemthat usesasfew
broadcastaspossible Precisadescriptiorof theprob-
lem and assumptionsare given in Section3 and Ap-
pendixA. As seerfrom theexamplein Figurel, RAS
is usefulfor disseminatingnformationlike roadcon-
ditions, accidents,congestion,road repairs, detours,
etc.. Thekey characteristicef aRAS are:

1. No associatiorbetweersendersaindan alert. An
alert is associatedwvith a location ratherthan a



particularsenderor car Theredoesnot exist an
“owner” of analert. Thereis, however, an origi-
natorof analertwho first detectsandpropagates
thealertcondition.

2. No stationary‘repeater"attheorigin of thealert.
In otherwords,the originatorof analertdoesnot
remainatthesiteof thealertto continuouslyrelay
the alert. Unlike accidentsvherea disabledcar
may function asa repeaterroad conditionalerts
originatefrom passingcars,thusit is unreason-
ableto assumerepeateattheorigin.

3. No pre-determinedset of recevers. Receving
carsaredeterminedy theirlocationwith respect
to analert,i.e., highly dynamic.

4. A time durationfor the alert. Whenan alertoc-
curs,instantaneoudeliveryto carsin theaffected
region is not sufiicient. One mustcontinuously
inform othercarscominginto theregion.

5. Many carsare expectedto enterand leave the
alertregion duringthealertduration.

Thesecharacteristicsequire a solution that is more
thanjust the traditionalflooding or store-and-fonard

scheman ad-hocand mobile networking. Any RAS

solutionmustaddresdoththegeographicatonstraint
andthetime durationconstraintof analert. Insteadof

the traditionalproblemof routing a messagénstantly
via an ad-hocnetwork to a specificclient or group of

clients,RAS mustroutean alertto all clientsin are-

gionfor aduration, evenif theunderlyingad-hocnet-

work changesas carsenterandleave the region. As

faraswe know, we arethefirst to studythe problemof

guaranteeinghe delivery of the alertandthe problem
of maintaininganalertfor aduration.

In this paper we studyhow to build sucharegional
alertsystenby only relayingalertsbetweercarsusing
wirelesscommunicationj.e., an ad-hocintervehicle
networks. We alsoanswetthe questionon whetherwe
canguarantedf analertcanbepropagatedo “all” af-
fectedcars. We choosethis ad-hocapproachbecause
carswill be equippedfor both sendingand receving
data,thusmakingit easyandcheapo deploy aninter
vehiclesolution.!

!Onecanbuild aregionalalertsystemusingadditionalinfras-
tructurelik e cellulartowers. Althoughsimplierthananad-hocso-
lution, infrastructure-basesblutionhasto dealwith anotherprob-
lemssuchasstandardizationdeployment,servicing,andpricing.

One simple solution for building a regional alert
systemis to have vehiclesthat know aboutan alert
“continuously” rebroadcasthile the alert is still ac-
tive. Althoughthis solutioncanprovide all thedesired
functionalityof a RAS, the operatingoverheads high
becausamary periodic broadcastare wastedin that
they do not reachary newv cars. Onemay aguethat
propagatingone single alert doesnot generatenuch
traffic evenif broadcastingll thetime, or perhapghe
broadcasmessagesanbe piggybacled on othertraf-
fic. However, consideran“emeigeng” scenariosuch
asasnowv stormin the New Englandarea. The storm
would causemary local alertsto be generated.The
simplesolutionof broadcastingcontinuously” by all
carsis badbecaus¢heaggrgatetraffic is highandthe
interferenceamongbroadcastdecomesa seriousis-
sue.Thuswe wanta solutionthatminimizesthe num-
berof broadcasteeededn maintainingthealerts.

Our approach,the Bidirectional Perimeterbased
Propagation (BiPP), provides an elegant solution for
building RAS usingad-hocintervehicle networks by
exploiting onecrucialobseration— carscanonly en-
ter the alert region if they crossthe boundaryor the
“perimeter” of the alertregion. The challengeof this
approachs how to maintaintheperimeterdynamically
whencarsenter move around,andleave the alertre-
gionwhile ensuringto notify “all” cars.

In this paper we describeour BiPP protocol and
demonstrateéhatit is efficient andprovably “correct’
Ourkey contritutionsare

¢ A simplifiedmodelandaformal characterization
of whatit meango guarantealelivery of analert
to“all” affectedcarsin analertregion.

e BIiPR a protocol that usescarstraveling in op-
positedirectionsto reducebroadcastingverhead
andguarantealertdelivery.

e Proofof correctnessor BiPP

¢ A demonstrationyia simulation,that our proto-
col hasverylow overheadn thenumberof broad-
casts.

As a clarification, for this work we usea simple
modelwith assumptiongcludingmaximumspeedor
cars,GPS,andmaps(Section3. While onecouldar
guethatit may be more efficient to implementRAS
within thelower-level MAC layer, we view RAS asan



application-lgel protocolthatshouldbeimplemented
on top of a broadcasprimitive. The remainderof the

paperis organizedas follows. Section2 provides a

high level overview of the BiPP protocoland how it

relatesto otherwork. Section3 givesour modeland
definesdelivery correctnessSectiond thendescribes
in detail hov BiPP operates. Section5 shavs some
simulationresults.We concludein Section6.

2 Overview

In this section, we informally describe BiPP
through a few exampleson a single two-way road.
Considerthe scenariodepictedin Figure 2(a) where
two carsU andV aremoving towardsthe alertonthe
right. In this example,carU alreadyknows aboutthe
alert,indicatedby arectangulabox, while carV does
not, indicatedby aroundoval.

In orderto propagateéhe alertfurtherto theleft, car
U hasto periodically broadcasthe alert, hopingthat
carV eventuallyis in communicatiorrangebeforeV’
reacheshesafetyradius.In Figure2, we usea shaded
boxtoindicatethatcarU is broadcastingNotethatcar
U hasto broadcastvery frequently” becauset does
notknow whetheithereis acarV behindit orwhencar
V would bein communicatiorrange.If U broadcasts
only oncein awhile, thenit is possiblethatcarV may
creepinto andout of communicatiorrangeby quickly
acceleratingandthendeceleratindbetweersuccessie
broadcastby U.

If carV is in rangeto receve U’s broadcastthen
V canrealize,by consultingits GPScoordinateand
maps,thatit is furtherto the left of the alertthanU.
Therefore,V is more suitedto propagatehe alertto
theleft thanU. As aresult,V would begin to broad-
castasshavn in Figure2(b). Now if carU receves
V’s broadcastthenby the samelogic that V' is more
suited, car U will stop broadcastingdepictedby U
changingfrom a shadedbox to a clearbox in Figure
2(b). Thusfrom thatmomenton, car V' “takesover”
thebroadcastingesponsibilityfrom carU.

The examplesin Figure 2(a) and 2(b) illustrate a
fundamentalimitation on how well we canpropagate
analertif thereareno traffic in the oppositedirection.
WhencarsU andV areout of communicatiorrange,
commonlyknown asfragmentationit is impossibleto
propagatean alert. On the otherhand,if they arein
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Figure 2. Example of alert propagation

range thenonly theleft-mostcar, carV in this exam-

ple, will actively broadcasthealert. CarV is saidto

beonthe perimeterandis responsibldor propagating
thealertfurther

Whenthereis traffic in the oppositedirection, as
in Figure 2(c), BiPP takes adwantageof the traffic to
alleviate the fragmentationproblemdiscussedrevi-
ously Moreover, the periodicbroadcastanbe much
lessfrequentwithout sacrificingguaranteesn reach-
ing asmary carsasfeasible.Toillustrate,considercar
W in Figure2(c). Initially, car W is not broadcasting
becausd’ is furtherto the left. WhenW eventually
“passes’U asin Figure 2(d), car W takes over the
broadcastingesponsibility Obviously thefragmenta-
tion problemis solvedbecausearV would eventually
benotifiedby W whenthey “pass”eachother

Unlike U whichhasto broadcastrequentlybecause
anothercarmay sneakinto andout of communication
rangequickly, car W canbelessaggressie in broad-
casting,i.e., avoiding unnecessarkroadcastsFor in-
stance,to guaranteghat V' hearsaboutthe alert, W
only hasto broadcasfrequentenoughsothatV does
not move into W'’s range, continueto passW, and
leave W's rangebetweeni¥’s successie broadcasts.
Thistime interval is muchlargerthantwo carstravel-
ing in the samedirectionthat creepinto eachothers
rangemomentarily; henceusing carsin the opposite
directionleadsto a muchmoreefficient protocol.

Thereare,however, mary issueswith carstraveling



in theoppositaedirection.As alludedto in theintroduc-
tion, whencarW in Figure2(d) eventuallyleasesthe
operatingradius,car V' hasto “take over” the broad-
casting. Moreover, car W is only useful becauset
wasleaving thearea.In Section4, we give detailson
whenandhow we caneffectively usecarsin opposite
directionwhile guaranteeingn alertis propagatedo
all “reachable’cars.Wealsodiscusshow intersections
arehandledn AppendixD.

2.1 RelatedWork

The three most relevant paperson disseminating
alerts are Role-basedMViulticast (RBM)[4], TRADE
[15], andInterVehicleGeocas{IV G)[1, 2]. Ourwork
differ from this previous work in threeimportantas-
pects:

1. wedonotassumestationaryrepeateratthealert
locationandhandleatime durationfor analert,

2. we usecarsleaving the alert areato efficiently
disseminat@analert,

3. we guarantedo propagatean alertto all “reach-
able” cars.

RBM, TRADE, and IVG only use cars moving to-
wardsthe alert, thussuffering from the fragmentation
problemmentionedearlier The threeschemediffer
in how they addresghe fragmentation.n RBM, they
delayrelayingbroadcastsasopposedo flooding im-
mediatelyafterthe alertbegins. They alsouseatime-
to-live counteffor theiralertsratherthananactive time
durationfor analert. TRADE and IV G usea similar
techniqueof maintainingbroadcastsiearthe perime-
terto addressheproblem.They donot, however, have
acleannotionof safetyradiusandoperatingradius.
Asidefrom propagatingnalertas“far” aspossible,
thereis alsothe issueof multiple carsin closevicin-
ity receving the samebroadcasiand rebroadcasting
simultaneouslyi.e., a broadcaststorm problem[13.
To solwe this simultaneousrebroadcastingproblem,
the DistanceDelayed Time (DDT) [15] mechanism
is used. In DDT, after receving a broadcasfrom a
senderonesetsa time-outbeforerebroadcastinghat
is inverselyproportionalto the distanceto the sender
In otherwords,fartheraway carswill rebroadcadirst,
thus suppressingqiearbycars from rebroadcastingt
all. ThisDDT techniquecanalsobeusedin ourwork,

althoughwe do not addresst specifically A similar
techniquebasedn prioritizing differenttypesof mes-
sageswith differentdelaysis usedfor disseminating
emepgeny messagem the VehicularCollision Warn-
ing Communication(VCWC) protocol[17.

Maintainingalertsis alsosimilar to variousflavors
of ad-hocmulticast[3, 9, 10, 16, 11, 8] becausene
cantreatall carsneedinganalertasa multicastgroup.
Mostof thesemulticastshowever, build atreeandrely
on the traditionalunicastrouting[14 7, 13]. For cars
ontheroadwherethead-hometwork is never stable a
differenttypeof routingtechniquelik e interest-based,
is moreappropriate For example,content-basedhul-
ticast(CBM)[18] anddirectiondiffusion[6] both use
application-lgel semanticqor interests)in the rout-
ing. Althoughwe focuson the applicationlevel, other
work suchas CarTalk [5] addresdechnicalissuesat
the physical,data-link,andnetwork layers.

3 Model, Assumptions,and Definitions

We discretizetime andlocationto createa simple
modelfor RAS. For simplicity, we will focuson han-
dling a singleactive alertfor the remainderof the pa-
per As aresult,our modelis asfollows.

1. Communicatiorandprocessingccurin synchro-
nized rounds. We assumecars have GPS de-
vices,thusthey canachieve synchronizealocks.
Car movementsand processingpf messagesc-
cur duringtheround. Transitionfrom round: to
round: 4+ 1 happensta pre-specifiedime inter-
val, e.g.,every200milliseconds.Communication
occuronly attheendof theround.

2. A global mapknown by every vehicle. We dis-
cretizethe map on a 2D grid, and model it as
agraphG = (V,E). For simplicity, carscan
only resideat thesenodelocationsand move be-
tweenconnectechodes.Figure3 shavs anexam-
ple of two parallelroadsandoneintersectingper
pendicularroad. The distanceD(z,y) between
two pointsz andy is the hop count(numberof
edges)n the shortespathfrom nodez to nodey
inG.

3. Carsandtheir trajectory We model eachcar’s
trajectoryasa setof pairs (location, time). To
model car’s movement,at eachtime step,a car



Figure 3. Example map and comm unication.

may eitherstayatits currentlocationor move to
an adjacentgrid points. We only allow carsto
make U-turnsat intersections. Carsalsoknow
their own locationfrom their GPSdevices.

4. A singlealert(asasimplificationfor easeof dis-
cussion). We representthe alert as a tuple of
the form (location, starttime duration, safety
opemte). The starttime andduration fields in-
dicatewhenthe alertis active andfor how long.
The safetyfield gives the desiredradius of the
alert.

5. Thereis asourcecar S who initiatesthealert.

For wirelesscommunicationwe malke the following
simplifying assumptions:

e Two cars can communicatewirelessly if their
hop countdistanceon the mapG is lessthanor
equalto somecommunicationrangeW. Note,
thisassumptiorisallons two carsontwo uncon-
nectedparallel roadsfrom communicating. To
illustrate,considerthe roadmapdepictedin Fig-
ure 3. Whenthe communicationrangeW is 4
grid points,despitethe factthat A and B arelo-
catedonly 2 grid pointsapart,they cannot com-
municatewith eachotherbecausehereis no path
of at most4 hopshetweenthemonthe map. On
the otherhand,C and D cancommunicatewith
eachother

e All carsbroadcastomni-directionallyand have
the samecommunicatiorrangel? .3

e A carcanbroadcastipto one messag@erround.

2This restrictionis not as severe as onemay think. In prac-
tice, thereareusuallystructuresbetweerparallelroadsthatinter
fere with or prevent communicatiorbetweenparallelroads. We
male this simplificationto avoid thecomplity causedy “cross-
communication’betweertwo parallelroadsin formal analysis.

3Communicatiomangecannotbearbitarilylargebecaus&CC
hasregulationson the maximumtransmissiopower level.

¢ Noimplicit messagacknavledgmentbf wireless
broadcastsln otherwords,a carwill notknow if
its broadcasts receved by anyone.

¢ We do not modelMAC-layermessagdransmis-
sionsor lossesg.g.,signalinterferenceretrans-
missionsetc.. We do not expectour application-
level protocolto have controlover how the MAC-
layer operates. We assumethere exists an API
for broadcastinga messageln the extreme,the
underlyingMA C-layercanoperatein a Time Di-
vision Multiple Accesg(TDMA) mode,like cell
phonesto ensureno interferencebetweermulti-
ple broadcastérom nearbycars.

3.1 Reachability and On-time

In aregional alertsystem(RAS), therearetwo im-
portantconcepts:readability andon-time We give
informal definitionshere. Appendix A gives formal
definitions.

Informally, for a given alert A, a car X is read-
able subjectto the operatingradiusconstraintjf there
exists a “path of cars” over time that canrelay the
alert A from its originatorto X. For example,con-
sider the casein Figure 2(c). Supposecar U is the
originatorof an alert. Now evenif carU andV are
neverin communicatiorrange carV is still reacdable
becausehere exists a “path” from U to V, namely
P=U— W — V. In this pathP, carsU and
W arein rangeof eachotherat somepointin time.
Lateron, asshavn in Figure2(d), carsW andV are
alsoin range.Noticetwo importantpoints: 1) theexis-
tenceof a pathin reachabilitydoesnotimply thatary
implementatiorof RAS mustroutethealertalongthis
path,2) evenif all successie pairsof carsin this path
‘P arenotin rangeof eachothersimultaneouslyover
time by relayingthe alert alongthe path P, the alert
canreachcarU.

Thenotion of on-timecaptures'when” is a car no-
tified aboutanalert. For a RAS to be useful,we must
notify carsbeforethey breachthe safetyradius. Sup-
posea car X breacheghe safetyradiusof analert A
attime ¢, thenwe call the delivery of analert A to X
on-timeif car X recevesa broadcasaboutA before
timet.



Figure 4. Inbound and outbound.

3.2 Correctnessand Problem Definition

With the notionof reachabilityandon-time,we can
discusghemeaningof implementinga RAS correctly.
Againwe only give theinformal definitionhere.

Definition 1. (CorrectnegsGivena setof cars V, an
alert A, theoriginator S of A, andthesafetyandoper

ating radius,animplementatiorof a RASR is correct
if for everycar X € V sud thatthere is a readable
pathfrom S to X befoe X first crossedhe safetyra-

dius,thenRR deliveisthealert A to X on-time

Note that the correctnesonly saysto deliver an
alerton-time,not assoonaspossible.Thusanimple-
mentationcandelay propagatingan alertif it is more
“efficient” anddoesnot violate the on-timecriterion.

Problem Definition: Devise a distributed protocol
thatcorrectlyimplementsaregionalalertsystemwhile
minimizesthe numberof broadcasts.

4 Details of Our Protocol BiPP

We describeBiPPin thecontet of asingletwo-way
roadfirst. AppendixD explainshow BiPP handlesn-
tersectingoads.To succinctlyexplain BiPP, we intro-
ducethe notionof inboundandoutboundcars.

Definition 2. A carisinboundwith respecto analert
A if it is moving toward the alert. Otherwiseit is out-
bound

Figure4 illustratesour classificatiorof inboundand
outboundcarson a two-way road. Carsin the clear

areaareinbound;carsin theshadedreaareoutbound.

As we will seeshortly our protocolusescarsdiffer-
ently basedon whethera caris inboundor outbound.

4.1 Perimeter Tokens
For a single two-way road, BiPP maintainstwo

typesof perimeteitokers, namelyleft andright tokens,
asshawvn in Figure5. In this figure, if a car knows

! |
Left Right
Token Token

Figure 5. Perimeter Tokens.

aboutthe alert, we usea squarebox; otherwise,we
useanoval. Carsholdingtokensare representedy
shadingthe correspondindpox. In the example,carU
holdsa right token. Car W holdsa left token. BiPP
usesokensin two ways:

1. A carwith atokenknowsthealertandbroadcasts
periodically(seebelow) to disseminat¢healert.

2. (Invariant’) A car betweenary pair of right and
left tokensknows aboutthealert. (In Figure5, car
Z is betweertheleft token W andtheright token
U. ThusZ mustknow the alert, asindicatedby
thesquarebox.)

BiPP efficiently maintainsthesetokensbeyondthe
safetyradius (if feasible),thus notifying all carsbe-
fore they breachthe safetyradius.As illustratedin the
Overview (Section2), a left token is passedo a car
thatis furtherto the left; a right tokenis passedo a
carthatis furtherto theright. Althoughwe only have
two typesof tokens,therecanbe multiple “active” to-
kensof the sametype. For example,carU in Figure5
holdsaright token. WhenU broadcastshealert,cars
X andY bothreceve the alert. Without ary global
coordination,both X andY believe they should“be-
come”theholderof aright token. As aresult,all three
carsU, X, andY now hold aright token. Eventually
whenY broadcastssarsU andX will droptheirright
tokens.

4.2 PassingTokens

Efficient passingof the tokensis the key in BiPP.
Thetwo typesof tokenarepassedn a similar manner
Here,we describehow aright tokenis passecamong
cars.Therearetwo scenarioso consideldependingn
wherethetokenis: 1) tokenis within thesafetyradius,
and?2) tokenis beyond the safetyradius. Figure 6(a)
and 6(b) depictthe two cases. Token passingin the
two casess different.

4For the purposeof corveying the generalprinciple of BiPR
herewe ignored one exceptionto this invariant when using the
broadcassuppressionptimizationsdescribedaterin thesection.
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In casel wherethetokenis insidethesafetyradius,
thetokenholder saycar X, mustbroadcaséverytime
step (round) to propagatethe alert as quickly to the
right as possible,regardlesswhethercar X is anin-
boundor an outboundcar If X doesnot broadcast
every round,thena carthatis aboutto enterthe safety
radiusmay not receve the alert on-time. Therefore,
thetoken passings simply basedon therelative loca-
tion of thecars.When&eracar X recevesabroadcast
fromasendefY” thatis to theleft of X, carX creates
right tokenfor itself andbeginsbroadcastingWWhenY
receves X'sbroadcastit will dropits righttoken. For
the examplein Figure 6(a), the token will passfrom
carU to W andthento V.

Case2 is differentbecauseutsideof the safetyra-
dius,thereis lessurgeng to propagatehetokento the
right, hencemoreroom for optimization. As argued
in the Overview (Section2), anoutboundcaris more
efficientto carryatokenbecausd broadcasttessfre-
quently (The exactamountof delaybetweersucces-
sive broadcastss givenin the next section.)With the
exceptionof onecasejt canbeshowvn thatit is notnec-
essaryfor aninboundcarthatrecevesan alert while
outsideof thesafetyradiusto createatokenfor itself.

The exception casecorrespondgo when an out-
boundcarwith atokenleavesthe operatingradius,in
which casewe will permanentljjosethetoken. When
this exceptionoccurs,the only solutionis for “some”
inboundcar to createa new right token. Note that
if we always maintainthe right token with the right-
most outboundcar which is very closeto the oper

ating radius,thenthis exceptioncasewill occurvery
frequently Thustherewill be a constanfuggling of
tokensbetweerninboundandoutboundcars.

BiPP minimizesthe occurrenceof this exception
caseby usinga someavhat counterintuitive approach
— insteadof propagatinghe token asfar to the right
aspossiblewe maintainthetokenon anoutboundcar
that is just beyond the safetyradius Figure 6(c) il-
lustrateshis concept.In this example,bothoutbound
carsU andW have aright token;andBiPPwill main-
tainthetokenwith carU. To keepthetokenatU and
dropthetokenat W, notefirst thatbothU andW will
be broadcastingperiodically becausdghey have a to-
ken.WhencarW recevesabroadcastrom U (which
includesU’s currentlocation), by consultingits own
map andlocationandthe alertradii, car W dropsits
right token becausdJ is closerto the safetyradius,
resultingin Figure 6(d). Note thatthe right token is
actually being passedo the left in this case. To fa-
cilitate this token passingn the oppositedirection,in
BiPP an outboundcar automaticallygenerates new
tokenwhenit crosseghe safetyradius.For the exam-
plein Figure6(d), whencarV is eventuallybeyondthe
safetyradius,it will createatokenfor itself andstart
broadcastingCar Vs broadcastn turn will causel/
to dropits token.

Our approactof maintainingthe token just beyond
the safety radius alleviates but doesnot completely
eliminatethe exceptioncasewheresomeinboundcar
hasto createa new token. BiPP handleghenew token
creationon inboundcarsby having “inactive” tokens
with a “timeout” In otherwords, an inactive token
becomesnactie token aftera pre-specifiedime de-
lay. For instancewhenaninboundcar X recevesa
broadcasfrom anoutboundcarY’, car X will create
aninactive tokenwith atime delaythatlower bounds
the amountof time for Y to leave the operatingra-
dius. The detail of inactive tokensis a specialcase
of suppressinginnecessarproadcastsvhich we de-
scribenext.

4.3 Suppression

We usesuppressiomasanoptimizationfor reducing
unnecessarproadcastsvithout explicit coordination.
Suppressioroccursin two cases:1) an inboundcar
with aninactive token,and2) anoutboundcar broad-



castinginfrequently To implementsuppressioneach
carmaintainsgasuppressionounterfor eachtokenthat
it has.Recallthata carwith atokenis responsibldor
broadcastinghe alertat every time step.The suppres-
sion counteris thensimply a mechanisnfor delaying
the broadcasts.More specifically at every time step
(round),thecounteris decrementedWhenthecounter
reached), the car broadcastsaind resetsthe counter
if appropriate.The two typesof suppressiousethe
counterdifferently

InboundSuppession Inboundsuppressiois afail-
safemechanisnfor regeneratinga tokenif “all” out-
boundcarsleft the operatingradius. Therefore when
aninboundcar X receves a broadcasfrom an out-
boundcarY’, car X createsninactvetoken. Thesup-
pressioncounterfor the inactive token is determined
by how far from the operatingradiusY is. If Y is at
a distanced away, thenthe suppressounterfor the
inactive tokenis setto d. We male a conserative as-
sumptionthat car Y would travel that the maximum
allowable speed,i.e., one position per round. Thus,
the counteris decrementedhy 1 eachroundto ensure
thetokenbecomesctive beforeoutboundcarY leaves
theoperatingadius.Whenthecounterexpires,thein-
active token becomesactive. Note that while we are
decrementinghecounterif X recevesanothebroad-
castfrom an outboundcar, the counteris resetedac-
cordingto the new positiondata.

OutboundSuppession After an outboundcar X
broadcastdf is notnecessarjor X to broadcasagain
atthe next time step;insteadX candelayfor a period
of time beforethe next broadcastThe exactdelaype-
riod dependenthecommunicatiomangeandhow fast
X is moving. Specifically it is unnecessarto broad-
castaslongasaninboundcarY (currentlyjustbeyond
the communicatiorrange)cannot move into commu-
nicationrange passcar X, andthenmaove outof range
or breachthe safetyradius. Sinceit is impossibleto
tell without communicatiorwhethersuchacarlike Y
exists or how fastY is traveling, BiPP makesa con-
senative assumptiorthatcarY exists andis moving
atthe maximumallowablespeedi.e.,onepositionper
time step.

Underthis conserative assumptionif anoutbound
car X's distanceo the safetyradiusis s andthe wire-
lessrangeis W, then X cansafelyusea suppression
countof C = W + min{W — 1,s}. Thelogic be-

hind C is thatif X is stationary thenit takesan in-
boundcarY atleastW time stepsto reachX’s posi-
tion from beyondthecommunicatiomangeandatleast
min{W — 1, s} beforeit leaves X's rangeor breaches
the safety Now if X is alsomoving, thenX andY
may getout of rangeof eachotherfaster To account
for this, suppressiogounterfor anoutboundcaris up-
datedasfollows. If X doesnot move in the current
time step,the suppressiorcounteris decrementedy
1; otherwise the suppressiorcounteris decremented
by 2. It canbe shavn that X andY do not misseach
otherusingthe above suppressioounterupdate.

4.4 Protocol

Informally, eachcarin BiPP keepstrack of which
tokensit hasandthe correspondinguppressioroun-
ters. Every round, if atoken is not suppressedhen
the car broadcastsAfter a broadcastthe suppression
counteris resetas describedpreviously to schedule
whento broadcashext. If a cardoesnot broadcast,
thenthe suppressiorrounteris decrementedWhen-
ever a carrecevesabroadcastdependingon whether
acaralreadyhasatokenor not, therelative locationto
the senderandtraveling directionof both cars,it can
decideto createa token for itself or destry its own
token. In all casesthe suppressiortountersarealso
updatedo reflectthe latestinformation. The pseudo-
codedescriptionof BiPPanddetailedrulesfor manag-
ing the tokensandsuppressiorounterswhenrecev-
ing abroadcasaregivenin AppendixB.

Although BiPP doesnot always use the optimal
(i.e., minimum) numberof broadcast$or a particular
traffic pattern,we can, however, give a strongstate-
mentonits correctness.

Theorem 3. BIiPP correctly implementsa regional
alert systenasdefinedn Sectior3 onatwo-wayroad.

How BiPP handlesintersectiondo guaranteeorrect-
nessis explainedin AppendixD. Intuitively, under
BiPP thereis “always” a car beyond the safetyradius
“broadcasting. This car may not be the left-mostor

theright-most;neverthelessary inboundcarseventu-
ally passthe broadcastingarandgetthe alertbefore
breachinghe safetyradius. The detailedproof, deal-
ing with reachabilityand on-time aspectof the cor

rectnesscondition, is givenin AppendixC. Another



interestingguestions whetherBiPPis “minimal,” i.e.,
iS every messagaecessaryo guaranteeorrectness?
In SectionD, besidegliscussingntersectionsye also
offer our conjecturghatBiPPis “minimal.”

5 Evaluation

We experimentallyquantify via simulation thecost
and benefitof using BiPR, as comparedo two other
protocols: (1) the naive protocol that always broad-
castsand(2) thelV G protocolthatonly usesinbound
carsfor disseminatinghe alert.  This sectiongives
somesimulationresultson reachabilityandoverhead.
AppendixE givesadditionalsimulationresultson the
impactof communicatiorrangeandsafetyradius.

5.1 Simulation Setup

Thedetailedsimulationsetupandmechanicsrede-
scribedin AppendixE. Herewe give therelavent pa-
rametersmeededo understandhe resultswe present.
We comparedhe protocolson a singletwo-way road,
consistingof 99 nodes(positions)connectedn a lin-
earchain. Theoperatingadiusis setsuficiently large
to cover the entireroad. The communicatiorrangeis
10 positions.We variedthe numberof carsin the sim-
ulation. Eachcar entersthe road at a randomtime,
selectediniformly from 1 to 1000; it alsochoosesan-
domly to go from left to right or from right to left on
theroad. In this simulation,eachcar hasoneof eight
differentspeedsThealertis in the middle of theroad
(node50) andis active from time 132 to 790.

5.2 Reachability

Unlike other protocolssuchas |V G, BiPP ensures
thatall vehiclesreceve the alertif feasible. To illus-
trate this property we ran our simulationswith each
of the three protocolswith safetyradius10 and dif-
ferentcar densities. The resultis shavn in Figure7.
The x-axis gives the car density The y-axis shavs
the precentagef thesecarsare notified beforethey
breachedhe safetyradiusof the alert. The cruwve for
BiPPoverlapswith the curve for Broadcastvherecars
thatknow aboutthealertcontinuouslybroadcasatev-
eryopportunity Notethatevenwith continuousroad-
castsfewerthan100%of thecarsarereachedecause
notall carstravel duringthelife of thealert.
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Figure 7. Number of cars notified on-time .

TheBiPPcure coincideswith theBroadcastune,
demonstratinghat our algorithm doesindeedreach
“all” carsasthe correctnesgonditionrequires.How-
ever, the IV G curwe is belov the Broadcasturve for
low density shawing thatit failsto notify all cars.The
reasoris thatif two inboundcarsarenotcloseenough,
thealertmessagevill notbepropagatetby IV G. BiPP,
ontheotherhand,is ableto overcomehis difficulty by
using outboundcarsto carry the message Whenthe
densityis higher sayabove 500 carsfor this particu-
lar evaluationsetup,lV G achieresthe samecoverage
of carsasBIiPP If we changehe setupto usea safety
radiusof 40, i.e., reducingthe distancebetweenthe
operatingand safetyradii, then even at high density
IV G doesnotreachall cars.

5.3 Overhead

Thesecondbijectie of BiPPisto reducethebroad-
castoverheadas much as possible. We now shav
that BiPP givessignificantreductionagainstthe naive
broadcastlgorithmandis comparablegainstiV G in
performancewhile giving the extra correctnesgjuar
antee.Our simulationvariesthe car densityanduses
a safetyradiusof 40. Theresultis shavn in Figure8.
Thex-axisis the cardensity They-axisis thenumber
of broadcastsshavn in log scale.

Naturally theoverheadf thebroadcasprotocolin-
creaseslmostlinearly asthenumberof carsincrease.
In contrast,IVG and BiPP are not very sensitve to
car density ThereasonlVG’s overheadincreasesn
the low densityrange(from 50 to 500) is purely be-
causdV G stopsprematurelywhenit cannotreachall
thecars.

The importantthing to note from Figure 8 is that
whenBiPP and IV G both reachthe samenumberof
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Figure 8. Overhead in number of broadcasts.

cars(i.e., for cardensity> 500), BiPP’s overheadis

no worse than twice of IVG’s overheadWe cannot
comparethe two protocolfor lower car densitiesbe-

causelV G stopsbroadcastingprematurely Interpret-
ing this obsenration differently BiPP’s performance
penaltyfor guaranteeindo reachall carsis actually
small. Evenwith this performancepenalty compared
to the naive broadcasprotocolat high density BiPP’s

overheads almosttwo ordersof magnituddower.

6 Concluding Remarks

This paperexploreshow to build an efficient re-
gional alert systemby using bidrectionaltraffic and
maintaininga perimetetintelligently for a singlealert.
We demonstratethatour protocolBiPPis efficientin
propagatingan alert. For practicalpurposesBiPP’s
overheadis independentf the safetyradiusand car
density BiPP alsoperformssuperblyin notifying cars
of thealertevenwhenthecommunicatiomangeis very
small. Moreover, BiPP’s overheadis within a small
constantfactor (typical within a factorof 2) of IVG’s
overheadwhile providing much strongerguarantees
andtolerancédor limited communicatiorranges.
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A Formal Definitions

In this appendixwe give formal andrigorousdefi-
nitions of reachability on-time,andcorrectness.

A.1 Notation

Recallthatwe modeleachcar’s trajectoryasa set
of pairs (location,time). For example, car X
{((1,1),1),((1,2),2),((1,3),3),...} denotesa car
that startsat coordinate(1, 1) attime 1, continuesto
coordinate(1, 2) attime 2, andsoon. To modelcar's
maovement,at eachtime step,a car may eitherstayat
its currentlocationor move to anadjacengrid points.
Thusif X = {(L1,1),(L2,2),..., (L, k)}, thenwe
enforcetheinvariantD(L;, L; 1) < 1.

A.2 Reachability and On-time

Oneimportantaspecbf propagatinglertsis to de-
liverthealertto all “reachable’carswithin atime du-
ration. Anotheraspecis to deliver thealert“on-time”
beforea car breacheghe safetydistanceof an alert.
Here,we formalizethesetwo notions.

Reachability We beggin with the readability graph
definedover a setof cars. A reachabilitygraphis a
directedgraphbasednthetrajectorieof thecars,the
alertlocation A, andtheoperatingadius.LetV bethe
setof carsand W be the transmittingrange,we use
R(V, W, A, operating) to denotethe resultingreach-
ability graph.

In R(V, W, A, operating), eachcar X € V is de-
scribedby a setof nodesXy, Xs, ..., X where X
representsar X attime 1, X, representsX attime 2,
andsoforth. For eachX;, thereis adirectededgefrom
X; to X;4+1. Thereis alsoa directededgefrom node
Y;tonodeZ; ., if D(Y;,Z;) < W (i.e.,,carY andZ
arewithin communicatiorrangeat time ) andcar X
is within the operatingradiusof alert A attime . For
example,supposedherearetwo carsA andB. Car A
hastrajectory{((1,1),1),((1,2),2),((1,3),3)}. Car
B hastrajectory{((1, 3), 1), ((1, 2),2), ((1,1),3) }. I
the transmissionrange W is 1, then the resulting
reachabilitygraphis shovn in Figure 9. BecauseAd
andB areonly in rangeof eachotherattime 2, there
is anedgefrom A, to B3 andanedgefrom B to As.
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Figure 9. Example of a reachability graph

Fromthis reachabilitygraph,we candefinereacha-
bility betweertwo carsasfollows.

Definition 4. Givena setof carsV, analert 4, ara-
dius operating, and a transmissiommange W, a mes-
sage at car X at time Z canreacha car Y before
time F if there existsa directedpath from Xz to Yr
in thereadability graph R(V, W, A, operating). \\e
usethenotation X7 — Yz toindicatereadability.

Notethatthe abore definitiononly tells uswhether
it is feasible i.e., existsa path,to propagateamessage
from car X attimeZ to carY attime F. Thereach-
ability definition doesnot, however, insist or guaran-
teeamessagenustactuallybeforwardedbetweerthe
cars. The decisionof whenandwhatto communicate
is to bedetermingay algorithmsthatpropagatealerts.

On-time A regionalalertsystenmustalsoensurghat
carsare notified, if possible,beforethey breachthe
safetydistanceof analert. To formalizethis concept,
we first definethefirst crossingtimecC.

Definition 5. For a car X =
{(L1,1),(L2,2)...} and an alert A =
(loc, start, duration, sa fety, operate), the first

crossing time of car X with respectto alert
A is the earliest time C > start sud that
D(L¢,loc) < safety. We usethe notationC(X, A)
to denotethefirst crossingtime of car X with respect
to alert A.

Notethefirst crossingtime is alwaysafterthe alert
becomesactive. In otherwords,we excludethe case
whenacar X crosseghe safetyboundarybeforethe
alertbeganbecausave cannever notify X “on-time”.
NeverthelessX would mostlikely hearaboutthealert
as the protocol tries to notify other carsbeyond the
safetyradius.

Fromthefirst crossingiime, we candefineon-time




Definition 6. An alert A is deliveeed on-timeto car
X if car X receivesa messge about A befoe the
firstcrossingtimeC(X, A). We usethe notation A ~»
Xe(x,4) todenoted arrivedat car X befoeC(X, A).

A.3 Correctness

With thenotionof reachabilityandon-time,thecor
rectnessonditioncanbeformally statedasfollows.

Definition 7. (Correctnegs Wth transmission
range W, an algorithm A4 correctly imple-
ments a regional alert systemif for all pos-
sible sets of cars V, for all possible alert
A = (loc, start,duration, sa fety, operating),
and alert A’'s associatedsource car S € YV, the
following conditionholds.

e for eadh car X € V, if start < C(X,A4) <
start + duration and Ssart — Xc(x,4), then
A~ XC(X,A)-

B BIiPP Protocol Details and Rulesfor Man-
aging and PassingTokens

Wefirst give pseudo-codéor the BiPP protocoland
thentalk aboutthe detailedrulesfor token passing.

B.1 BiPP Pseudo-Code
To implementBiPP, eachcar needso maintainthe

following local statevariables:

1. right_token andleft.tokert booleanvariablesfor
whetherthe carhastheright or left token.

2. right_suppess and left. suppess suppression
counterfor the tokens. If the counteris greater
thanO, thenthetokenis temporarilyinactve.

3. my.alert: thecontentof thealertif ary. Thisvari-
ableis unsetif the cardoesnot know aboutthe
alert.

4. c_loc: thecar's currentGPSlocationonthe map.

5. direction this variablecantake on the value of
left or right to indcatethe directionof travel.
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When a car broadcaststhe messagdormat of the
broadcasis asfollows:

(alert,b_loc, b_type, token_held)

The alert, c_loc, and b_type fields containthe ac-
tual alert information, currentsenderlocation, and
which token causedhe broadcastyespectirely. The
token_held field clarifieswhich tokensthesendehas.
Eventhoughthe sendemay only be broadcastindpe-
causeof aright token, it may have aninactie left to-
ken. The presenc®f aninactive tokenin our message
hastwo uses:1)if appropriatetherecevercanusethis
informationto remove its own token without needing
the senderto wasteanotherbroadcastvhentheinac-
tive token becomesactive, 2) error checkingto detect
anomalies.

The protocol can be describedin pseudo-codes
in Figure 10. The protocol hastwo components:a
sendingmoduleand a receving module. The send-
ing moduleis executedonceper roundto determine
whetherthe car shouldbroadcasthis round. There-
ceving moduleis executedonceperreceving broad-
castto updateits alert,tokenholding,andsuppression
counters.For brevity, we only give right-coderelated
to theright token.

The reset routine schedulesvhenthe next broad-
castshouldbe. For anoutboundcarwith thealertand
beyondthesafetyradius the next broadcasis delayed
accordingto the suppressiorrules describedn Sec-
tion 4.2. Otherwise,it broadcastvery round. The
decrement_counter routine reduceshe suppression
countertowardsthe next broadcastWe now describe
therulesfor tokenmanagement.

B.2 Rules

BiPP relieson passingandsuppressinghe left and
theright tokensamongcarsto maintaina perimetemon
a singletwo-way road. The detailedrulesfor how the
tokensmove andwhetherthey active or notdependn
four factors: 1) traveling direction of the senderand
recevers, 2) relative locationsof the senderand the
recever, 3) relationto thesafetyradius,and4) whether
therecever know thealertor not.

Figure 11 gives detailedrules for managingthe
right token,i.e.,thesendehastheright token. Theta-
ble summarizesvhatactionthereceverwill take upon



send_right():

1: if right_token= Trueand right_suppress< 0 then
2:  broadcast(myalert, c_loc, right, right.token and
left_token)

3.  reset(rightsuppress)

4: else

5: decrementounter(rightsuppress)

6: endif

7: updatec_loc

8: if my_alertnotnull and c_loc > my_alert.loc+safety
then

9:  right_token= True,right_suppress= 0

10: endif

reset(right_suppress) :

1: if c_loc < my_alert.loc+sa fety then

2:  right_suppress 0

3: else

4:  right_.suppresss W + min(W-1, c_loc - my_alert.loc
- safety)

5: endif

decrement_counter(right_suppress) :

1: if direction= left then
2:  right_suppress right_suppress 1
else
if carmovedthisroundthen
right_ suppress: right_suppress 2
else
right_suppress right_suppress 1
endif
end if

recv():

1: updateright_token, right_suppressmy_alertaccording
to tokenpassingules.

Figure 10. Pseudo-code
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hearingabroadcasaboutthealert. Themeaningof the
differentcolumnsin thetableareasfollows:

¢ RecvKnows Indicateswhetherthe recever al-
readyknowsthealertor not.

e Sender/Rec\Dir.: Give the senders and re-
ceiver’s traveling direction.

¢ Sender/Recv> safety Indicate whether the
sendemrandtherecever areto theright of thealert
locationandbeyondthe safetyradius.

e Recv> Sendernndicateswhetherthe recever is
theright of the senderor not.

For the table entries, we also use the notation
distance_to_right for thedistancerom the sendetto
theright end-pointof operatingadiusontheroad. We
use|Sender — Recv| for thedistancebetweerthetwo
cars.

The Action column provides specifictasksfor the
recever. In BiPP the action consistsof two compo-
nents:1) decidewhetherto createan active token, in-
dicatedby the booleanvariable Recv.right, and 2)
manipulatethe suppressiortounterfor the token, in-
dicatedby Recv.right_suppress. For example,con-
sidertherule in thefirst row. The sendeiis traveling
to theright andbeyondthesafetyradius. Therecever,
whodoesnotknow thealert,is traveling to theleft and
to theright of thesenderBecausehesendelis anout-
boundcarbeyondthe safetyradius,it is moreefficient
for thesendeto continuepropagatinghealert. There-
fore, therecever will createanactive right tokenand
suppresgt. Thesuppressioaountis setto thedistance
from the sendetto right end-pointbecausef thereare
no morecarson theroad,the recever will eventually
becometheright token holderwhenthe sendeleaves
the area. Sincethe recever doesnot know how fast
the sendemwill travel, it takesa conserative estimate
and assumehe sendemwill travel asfastas allowed,
i.e, onepositionperround.

Otherrulesin thetablefollow the samelogic. The
only additionis that new right tokens are generated
whenan outboundcar passeghe right safetyradius.
Thistokengeneratiorstepis to efficiently maintainthe
tokenascloseto thesafetyradiusaspossibledescribed
in Section4.2.



Recv | Sender| Sender| Recv| Recv | Recv> Action
Knows | Dir. > safety| Dir. | > safety| Sender
No Right Yes Left - Yes | Recvright=True
Recvright. suppress distanceto_right.end
No Right Yes Right - Yes | Nothing(unlessintersection)
No - No - - Yes | Recvright=True
No Left Yes - - Yes | Recvright suppress 0
Yes Right Yes Right - Yes | Recvright=False
Recvright. suppress -1
Yes Right Yes Left - Yes | Recvright suppress distanceto_right
Yes Right No - - Yes | Anomaly broadcasbnceto suppressender
Yes Left - - - Yes | Recvright=True
Recvright. suppress 0
No Right Yes Left Yes No Recvright = True
Recvright suppress distanceto_right
No Right - Right - No ERROR
No Right Yes Left No No
No Left - - - No
Yes Right - Left - No Recvright suppress distanceto_right
Yes Right Yes Right - No Nothing (our next broadcastwill suppressender)
Yes Left - Right - No Recvright suppress: |Sender — Recv|
Yes Left - Left - No Recvright = False
Recvright. suppress -1
Yes Right No Right - No Recvright = True

Recvright suppress distanceto_right

Whenacar X thatholdsanactive (possiblysuppressedjght tokenis leaving theright-endpointof the operating

radius,X initiatesa singlebroadcasat the boundaryof the operatingradius.

For acar X thatsatisfieghefollowing threeconditions:1) traveling to theright, 2) knows aboutthe alert,and3)

onthesafetyradiusto theright of thealert, X generates new right tokenwith suppressiorounterof 0.

Figure 11. Rules for managing the right token in BiPP on a single two-way road.
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Theleft tokenis managedn asimilarandsymmet-
ric manner BiPP doesuseone additionaloptimiza-
tion. Whenacarbroadcastdhebroadcasinessagan-
cludeswhich tokensthe carcurrentholdsandwhether
they areactive or not. Thereceving carprocessethe
active token asdescribedn Figure11. For theinac-
tive token, it only appliesthe two ruleswhereatoken
may be destryed, i.e., the rulesin Figure 11 where
Recv.right = False. (Note, if we processthe in-
active token with all the rules,we will not be ableto
suppressinnecessargroadcastaseffectively.)

C Correctness Proof for Single Two-Way
Road

One distinguishingfeature of BiPP is that BIPP
guaranteeto delivery analertto all reachablearson-
time. In this sectionwe prove this claimfor thesingle
two-way road casein two steps. First, we shav the
correctnessf asimplerversionof BiPP. And then,we
shav thatBiPP notifiesthe samesetof carson-timeas
the simplified version.

C.1 Correctnesof Simplified BiPP

Consider a simplified BiPR, denoted by sBiPR
wherewe always maintainthe token as closeto the
operatingradiusaspossible Any tokencarrieralways
broadcast®very round, regardlesswhetherthe token
carrieris inboundor outbound. In otherwords, we
do not usethe optimization,describedn Section4.2,
wherewe maintainthe token on an outboundcar that
is just beyondthe safetyradius. Unlike BiPP wherea
right tokenmay be passedo theleft amongoutbound
cars,in sBiPR aright tokenis alwayspassedight.

The specificrulesfor sBiPParelistedin Figure12.
Wheneer a car receves a broadcastaboutthe right
token, it createsatokenfor itself. If thereceveris fur-
therto theright thanthe senderthenthetokenis im-
mediatelyactie, i.e.,thereceverwill begin to broad-
castimmediately Otherwise thetokenis suppressed
for a period of time until it's possiblefor the sender
to have left the operatingradius. We nowv shaw that
sBiPPhasthe sameguaranteessthe naive protocol
whereevery car broadcastingontinuouslywithin the
operatingradius after receving the alert, denotethe
latternaive caseasBROADCAST.
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Recv> Action
Sender
Yes | Recvright=True

Recvright. suppress 0

No Recvright = True

Recvright suppress distanceto_right

Figure 12. Simplified BiPP’s rules for manag-
ing aright token.

Lemma 8. For all timet, thelocationof theright-most
broadcastingcar undersBiPPis the sameastheloca-
tion of theright-mostbroadcastingcar underBROAD-
CAST

Proof We prove by induction. Supposehatattime,
locationsof theright-mostcarfor sBiPPandBROAD-
CAST areidentical. We needto shaw for time ¢ + 1,
thelocationsof theright-mostcarsarestill thesame.

There are three casesto consider: 1) under
BROADCAST, theright-mostcaratt + 1 is thesame
ast (i.e., the samecar continuedto move), 2) under
BROADCAST, theright-mostcarat ¢ + 1 receveda
broadcastrom theright-mostcaratt (i.e., tokenpass-
ingtotheright), and3) underBROADCAST, theright-
mostcaratt left the operatingareathusatt + 1, the
secondight-mostcarbecomegheright-most.

By constructionof sBiPP where all cars sharing
the samelocation as the right-mostcar all have ac-
tive tokens, for casesl and 2, sBiPPbehaesidenti-
cally as BROADCAST. For case3, note that sBiPP
suppressetheright tokenof the secondight-mostcar
while BROADCAST doesnot. However, becauseur
suppressiois conserative in thatit assumetheright-
most car would travel at maximumallowable speed,
the suppressiogountemwould have expired beforethe
right-mostcarleavesthe operatingradius. Therefore,
in case3, thesecondight-mostcarin sBiPPwould be
broadcastingat ¢ + 1, i.e., hasan actwve right token.
Consequentlythe locationsof the right-mostbroad-
castingcarareidenticalfor sBiPPandBROADCAST,
asrequiredby theinduction. O

Similarly, the left-most broadcastingcars also have
identical location under sBiPP and BROADCAST.
From this, we canshav that sBiPP satisfiesthe cor-
rectnesgriterion.



Lemma 9. sBiPP correctly implementsa regional
alert systemasdefinedn Section3.

Proof. Proofby contradiction. SupposesBiPPis not
correct,thenthereexist amap M, atraffic patternP,
an alert A, and safety/operatingadii S and O such
thatacarC € P is notnotified on-timeundersBiPP
while BROADCAST did notify C.

Withoutlossof generality supposear C entershe
operatingradiusvia theright. Let ¢, bethetime car
C entergheoperatingadiusandlet ¢, bethetime car
C breacheghe safetyradius. BecausdBROADCAST
did successfullynotify C' beforetime t,, thereexistsa
car from which C receved a broadcasbetweentime
te andt;. Theremay be multiple suchcars,solet us
choosecar D andtimet,, wheret, < t, < t, suchthat
1) car D wasin communicatiorrangeof C attimet,,,
2) D broadcastedttimet,, and3) carC' did notknow
thealertbeforeD’sbroadcastlin otherwords,D isthe
first carto notify by C. By constructioncar D must
theright-mostcarattime ¢,, underBROADCAST. By
Lemmas8, car D would have broadcastedndersBiPP
attime t,, also. A contradictionsinceC would have
known aboutthe alert beforebreachingthe safetyra-
dius. O

C.2 Correctnessof BiPP

From the correctnes®f sBiPP we canshav BiPP
is alsocorrect.We needthefollowing lemma.

Lemma 10. For all timet, if thelocationof theright-

mostbroadcastingcar undersBiPPis beyondtheright

safety radius, then there exists a car scheduledto

broadcasunder BiPP that is beyond the right safety
radius. If the location of the right-mostbroadcasting
car undersBiPPis within theright safetyradius,then
BiPP hasa car broadcastingat the samelocation as
sBiPP

In otherwords,BiPP s just asaggressie assBiPP
to propagatehe tokenwhentheright-mostbroadcast-
ing is within the safetyradius. BiPP is lessstringent
when the cars are beyond the safety radius. Here,
scheduledto broadcastmeansthe car will broad-
castsuficiently frequentlyto ensureall carspassing
throughits rangeare notified beforebreachingsafety
radius.
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Proof. Proofby induction. Supposdahelemmaholds
for time ¢, needto shav for time ¢t + 1. Thereare
four casedo considerdependingnthelocationof the
right-mostbroadcastingarundersBiPPattime ¢ and
t+1.

Case 1. the right-most broadcastingcar under
sBiPPis beyond the right safetyradiusat both time
t andt + 1. Two thingscanhappen:1) no carhasleft
the operatingradius,and 2) the right-mostcar under
sBiPPhasleft the operatingradius. If no carhasleft,
thereis only oneway for the induction hypothesigo
befalseattimet 4+ 1 — attime ¢, aninboundcar F
is broadcastingandat time ¢ + 1, F' movesinto the
safetyradius. However, this scenariocannothappen
becausdy constructioncar F' underBiPPwould only
becomeactive to broadcasif it did not meetary out-
boundcarto suppressts broadcastMoreover, all the
inboundcarswould bebroadcastingvith thetokenbe-
ing passedo theright. Thereforejf theright-mostcar
in sBiPPis beyond the safetyradius,i.e., not F, then
theremustbe anotherinboundcar beyond the safety
radiusthathasalsobeganbroadcastinginderBiPP,

The situation when the right-most car £ under
sBiPPleavestheoperatingadiusis morecomplicated.
Therearetwo sub-casesA) BiPP did not schedulea
caratthesamelocationascar E to broadcastandB)
a car at car E’s locationwas scheduled. SubcaseA
is trivial becausehe induction hypothesisstill holds
sinceBiPP scheduledanothercar that hasnot left the
operatingradius. For subcaseB, thereare two sce-
narios. The first scenariois an inboundcar, beyond
the safetyradius,took over the broadcastindpecause
thesuppressioountethadexpired. Fortunately both
sBiPPandBiPP dothe samething, thusour claim still
holds. Thesecondscenarias thatundersBiPPanother
outboundcar F, beyond the safetyradius,is broad-
casting.In this secondscenariothereareno carsbe-
tweenFE andF'. Now underBiPR if F knowsthealert,
then F' would have generated new right tokenwhen
it passedhe safetyradius. This tokencanonly bere-
moved if F' knows anotheroutboundcar beyond the
safetyradiusis also broadcasting. Therefore,either
F or anotheroutboundcar beyond the safetyradius
is broadcasting. The remainingpossibility of F' not
knowing the alertcanonly happenif car E holdsthe
only left andtheright tokensattime ¢; otherwise car
F wouldhave passedheleft tokenholderandreceved
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Figure 13. Over time, the location of the right-
most car scheduled to broadcast.

thealert. However, if F' knows the alertundersBiPP
attime t, thenthe inductionhypothesisappliedto the
left token,guaranteethatattime ¢ somecarto theleft
of F' holdsa left token, which is contradictoryto car
FE holdingthe only left token. Therefore,car F must
know the alertat time ¢; hence,asshawvn earlier the
inductionhypothesisoldsfor timet + 1.
Theotherthreecasesarearguedin similar manner
For brevity, we omit them. O

Similarly, the left token has the same property
FromLemmal0, we cannow shawv that BiPP is cor-
rect.

Theorem 3. BIiPP correctly implementsa regional
alert systemasdefinedn Section3.

Proof. Let f(¢) be thelocation of the right-mostcar
underBiPP that is scheduledo broadcasiat time ¢.
For convenienceet f(t) > 0 meanthe caris to the
right of thealert,thusf(t) > safety impliesthecaris
beyondthe safetyradius. This function f(¢) is piece-
wise “continuously” with a few “jumps” that strictly
decreasethevalueof f(¢). More formally,

_ ) @+l
f(t+1)_{ f(t) —§& for some &

The “continuous”plus or minus1 adjustmentsare
from the movementof the cars. The “jumps” occur
whenthe tokensare passed.The jumpscanincrease
f(t) if the tokensare passedetweeninboundcars;

or they candecrease () if the tokensare passede-
tweenoutboundcars. Figure13 illustratesthe various
cases.The x-axis givesthe time; the y-axis givesthe
location. Thedottedline highlightthe“jumps”in f(t).
Thevalueof f(¢) graduallyincreasesf thetoken car
rier is outbound. Similarly, f(t) decrease# the car
rier is inbound.Therearethreethingsto note,namely
labeledA, B, andC' in Figurel3. Thejumpsat A cor
respondo token beingpassedrom aninboundcarto
anotherinboundcar further to the right. The transi-
tion at B indicatethe token hasheenpassedrom an
inboundcar to an outbound. And jumpsat C occur
whentokensare passedetweenoutboundcars. For
clarity, we use f(t) = operating to indicatethatthe
caris attheoperatingradius

With this definitionof f(¢), we prove our claim by
contradiction. SupposeBiPP doesnot notify a car D
on-timewhen sBiPPdoes. Let t. be the time when
D entersthe operatingradius. Let ¢, be thetime D
breacheshe safetyradius. Let g(¢) denotethe loca-
tion of car D attime ¢t. Note g(t.) = operating,
g(ts) = safety,andg(t) is continuous Considerf (t)
fromt, tot,. If therearenojumpsin f(t), thenf(t) is
continuous By theintermediatesaluetheorem,f and
g mustcrosseachotherat sometime ¢.. By construc-
tion, BiPPwould have notifiedcar D “around”timet,,
dependingpn whenthe suppressiorounterexpires.

Now let us examinewhat happensvhenthereare
jumps.If thejumpis upwardattime ¢;, thenthetoken
is passedo aninboundcar Supposey(t;) < f(t;),
thenthebroadcasthatcausedhetokento jumpwould
have notified D also— a contradiction. If g(¢;) >
f(t;), thenwe ignorethe jump andconsiderf andg
from time ¢; to t;. As aresult,we canignoreall up-
wardjumpsandfocuson dowvnwardjumps.

Considerthe first dovnward jump, say occur at
sometime t; wheret, < t; < t,. Thenew f(t;)
value can be belown the safetyradiusor abore. By
Lemmalo, f(¢) canonly bebelov safetyif andonly if
the right-mostbroadcastingar undersBiPPis within
the safetyradiusat time ¢;. In otherwords, if f(t;)
is belav safetyradius,thenit mustbe the casethat
an outboundcar left the operatingradiusandthe sec-
ond right-mostcar is within the safetyradius. Note,
an outboundcar leaving the operatingradiusimplies
f(t; — 1) = operating. Now becausef(t.) <
operating, f(t) is continuous,and g(t) is continu-



ously decreasing,f and g would intersectby the in-

termediatevaluetheorem At the point of intersection,
carD would have receved a broadcasaboutthe alert
— acontradiction.Thus,we canassumgumpsnever

yield anew f(t) valuebelow safety

For the secondcasewhere f(t;) > safety, if
f(t; —1) > g(t; — 1) + W whereW is thecommu-
nicationrange,thenby the sameargumentas before,
f andg would have crossedeachotherearlierand D
would have recevedabroadcasaboutthealertbefore
tj. gt —1)+ W > f(t; — 1) > g(t; — 1), then
D canalsohearthe broadcasthatcausedheright to-
kento passbackwards. Thusthe only remainingcase
is f(t; — 1) < g(t; — 1). In this case,we cansim-
ply ignoretime from ¢, to ¢; — 1 andrepeatheabove
analysisof dovnwardjumpsfrom time ¢; andonward
to time ¢, until thereareno further dovnward jumps.
Let thattime bet,.

At time t; when there are no more dovnward
jumps, f(tq) < g(tq). Becausef is continuousand
g(ts) = safety < f(tq), f andg mustcross.ThusD
would be notified by an outboundcar— a contradic-
tion. Therefore,BiPP notifiesthe samecarson-time
assBiPP BecausesBiPPis correct,BiPP is alsocor-
rect. O

D Intersections

BiPP handlesntersectiondy dividing intersecting
roadsinto four road segmentsand handlingeachsey-
mentindividually as a single two-way road. In this
approachwe needto addresgwo questionsl) where
arethe alert locationson variousroad sggments,and
2) whatarethe safetyandoperatingadii for thesesay-
ments.

Weillustrate,via a simpleexampleof oneintersec-
tion shavn in Figure14(a),howv we sggmentaninter
sectioninto road sgmentsand assignalert locations
andradii for thevarioussggments.In thisexample the
originalalertlocationisin roadsegmentD. Thesafety
radiusof the alertis entirelyin segmentD, while the
operatingradiuscoverstheintersection.

BiPP partitionsthe intersectioninto four segments,
namelyA, B, C, and D, asshavn in Figure 14(b). In
orderto runoursingletwo-wayroadalgorithmoneach
of thesesggmentsindependentlyBiPP mustassigna
“virtual” alertlocationand*“virtual” radii for the seg-
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section.
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Figure 15. Comple x example of inter sections

ments.Figure14(c)shavs how theseassignmentare
donefor this simple example. Becausesegment D

containsthe original alert, it simply retainsit. How-

ever, sggmentD’s safetyand operatingradii are both
extendedso that they cover the intersection. To en-
surecorrectnessthe safetyradiusmustbe expanded
becausdBiPP maintainsthe perimetemearthe safety
radiusinsteadof theleft-mostor right-mostcars.As a
result,the left-mostcar nearthe intersectionmay not
be broadcastingOnecanconstructcounterexamples
wherethe car nearestthe intersectionmust continu-
ouslybroadcastn orderto notify carson-timebefore
they breachthe safetyradius.

Unlike segment D, sgmentsA, B, and C do not
containthe alert or the safetyradius. In orderto run
BiPP on thesesegments,we introducesa virtual alert
location at the intersectionfor thesethree segments.
The safety radii for the segmentsare also setto 0,
i.e.,attheintersectionpecaus&o carscanviolatethe
safety condition on theseroad segments. Segments
A, B, and C alsoretainstheir original operatingra-
dius. For carson thesethree segments,they simply
executeBiPP with thevirtual alertlocationandradii.

In additionto the simple example shavn in Fig-
ure 14 with only oneintersectionFigure15 shavs a
scenarion a city-grid wherethe operatingradiusen-
compassesultiple intersections. The safetyradius
is setaccordingto a fixed traveling distancefrom the
alertlocation,thuscoverssomepartsof roadandinter
sections.SeggmentA in Figure15is in asimilar situa-
tion asthe simplerexamplewith just oneintersection,
asin Figure 14. Hence,BiPP would setup a virtual
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alertlocationfor sqgmentA attheintersectiorwith an
appropriateoperatingradiusand a safetyradiusof 0.
SegmentsC and E in Figure 15 arein identical sit-
uationassegmentD in Figure14. ThusBiPP would
expandthesafetyradiusof thosesggmentdo coverthe
entireroad segment. Becausdhe safetyradiuscover
the entire sgment, wherewe placedthe virtual alert
locationonthosesegmentsdoesnot matter BiPP sim-
ply putsthealertlocationin themiddle of thesegment.

Unlike the otherssegmentsB and D in Figure 15
arealittle different.For segmentD, becaus¢hesafety
radiusoccurson bothend-pointswe have to propagate
an alertalongthe middle sectionof the road segment
as quickly as possibleto ensurecorrectness.There-
fore,we againhave to extendthe safetyradiusto cover
theentiresggment.For segmentB, onemaythink that
we canmore“lazy” in propagatingandbroadcasting
the alert; unfortunately “lazy” propagationdoesnot
work. We muststill propagateasquickly aspossible.
Considera counterexamplewherethereis acar X at
the intersectionof segmentsB and E. Also suppose
thatthereis anothercarY at the intersectionof seg-
mentsB andC. Now if car X recevesa broadcast
aboutan alert, thenit may be the casethat the only
way to notify Y aboutthe alertis for X to propagate
the alert as quickly as possiblealongsegment B via
othercarson sggmentB to carY . As aresult,we can
nottake ary adwvantageof the“lazy” propagatiorin the
singletwo-way roadcase.

Fromthis grid exampleshawn in Figure15, we il-
lustratedhatevenif aroadsegmentis notin thesafety
radiusof an alert, we may still have to treatthe say-
mentasif it wasentirely within the safetyradiusand
propagatethe alert quickly. Under BiPP, we usethe
simplerule belov to determinewhetherthe safetyra-
diuswould be expandedor a particularsegment.

e For a sgment X, if both end-pointsof X are
within theoperatingadiusof analertA, thenseay-
mentX shouldbetreatedasif it is entirelywithin
the safetyradius.

In other words, for the grid examplein Figure 15,
the safetyradiuswould expandto include segments
B, C, D,andF in theirentirety asshavnin Figurel6.

Theorem 11. BiPP, with road sggmentationand ex-
pandedsafetyradius,correctlyimplementsa regional
alert systemasdefinedn Section3.
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Figure 16. The expanded safety radius after
segmentation

The proof usessimilar agumentsasin the single
two-way road case. With the expandedsafetyradius
to cover all intersectionsn the operatingradius,the
alertwould be propagateasquickly aspossible.We
skip thedetailshere.

TheexpandedsafetyradiusdoesrequireBiPPto use
morebroadcasimessagedkecallthatwhile insidethe
safetyradius,to guaranteeorrectnessgars“pushes”
thealertto theleft-mostandright-mostcarsasaggres-
sively aspossible Hence thesuppressiocomponents
of BiPPwill notbeusedatall. However, it is unclear
whetherarything moreintelligentcanbedone.In par
ticular,

Conjecture ProtocolBiPPis minimalin thatif we re-
move ary broadcasmessagérom the execution,then
thereexistsa“similar” traffic patternthatwould cause
BiPPto violatethe correctnessondition.

Here, “similar” can be definedas identical traffic
patternup to the point wherea BiPP broadcasimes-
sageis consideredo be unnecessaryThe conjecture
couldbetruebecausdaving agrid of intersectionsn-
troducesmary “loops” and routesthat carscantake
beforethey enterthe safetyradius.Ontheotherhand,
the conjecturecould be falsebecausénaving multiple
carsfrom differentsegmentsbroadcastingeara sin-
gleintersectiordoesnotappeato beminimal. If BiPP
is not minimal, it would interestingto find additional
optimizationsor rulesto make BiPP minimal.
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E MoreEvaluation

Wefirst give the detailedsimulationsetup.We then
shaw resultsfrom differentcommunicatiorrangeand
safetyradius. For varying communicatiorrange,we
comparedur BiPPwith IV G to seehow therangeaf-
fect carsnotified on-timeandthe broadcasbverhead.
For varyingsafetyradius,we areinterestedo seehow
BiPP’s broadcasbverheads affected.

E.1 Detailed Simulation Setup

Our goalis notto modelsomespecificroador sce-
nario, but ratherto constructa simple syntheticervi-
ronmentthat makesit possibleto quantify the differ-
encebetweenschemesThuswe usea simpleround-
basedsimulation® For the simulation,we useasingle
two-wayroadrepresentetly alinearchainof 99nodes
(roadpositions).Therearenolimits onhow mary cars
canbe at a single nodesimultaneouslyi.e., the road
hasasmary lanesasnecessary

Duringeachround,acarmaymoveinto anadjacent
nodeor stayatits currentnode. Thetrajectoryof acar
is generatedso that the car moves continuouslyfrom
oneendof thelinear chainto the other i.e., thereare
no U-turnsin the movementof the cars. We alsouse
oneof eightdifferentspeeddor eachcar, choserran-
domly. The differentspeedsareemulatedasfollows.
For theslowestspeedacarmovesto theadjacenhode
in oneroundand pauseqi.e., doesnot move) in the
next round. This move andpausesequencés thenre-
peateduntil thecarreachesheotherend.For the next
slowest speed,a car moves for two roundsandthen
pauses.Similarly, for the higherspeedsa car moves
for k roundsandthenpauses.

After all the carshave moved in around, ary car
canbroadcash messageegardlessvhetherit moved
or not. All the broadcastdy differentcarsoccurat
the sametime. We do not simulatecollisionsbetween
multiple broadcast®r messagdosses.All broadcasts
aredeliveredto carswithin thecommunicatiorradius.
In this section we usea broadcastadiusof 10 nodes.
Uponreceving a broadcasteachcaris giventhe op-
portunity to processhe messagand adjustits state.

SWe did notuseamorerealisticsimulatorlike NS-2thatsimu-
latesMAC-layerprotocolsbecauseve areonly interestedn quan-
tifying thedifferenceslueto the application-l@el protocols.
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Figure 17. Reachability with Varying Range

We do not, however, allow a car to changeits own
broadcasafterhearingothercar’s messagelf acarre-
ceivesmultiple broadcastin a singleround,the order
of messagarrival is arbitrary i.e.,wedonotguarantee
messagefom theclosestcararrivesfirst.

In our simulation,we usea singlealertevent. The
alertis generatedy one of the cars, chosenat ran-
dom. Thischosercarwill initiate thealertasit passes
throughthe middle of road,i.e., whenit reachesode
50 on our 99-nodegwo-way road. (Notethatbecause
we choosea randomcar to startthe alert, the actual
starttime of thealertis notthebeginningof thesimula-
tion. Thussomecarswould have passe@longtheroad
beforethealertevenbegins.) The durationof thealert
is alsochoserrandomlybetweer500 to 1000 rounds.
In this sectionwe usea safetyradiusof 10 nodes.Our
operatingareafor the carsincludetheentireroad,i.e.,
carswill participatein disseminatinghe alertuntil it
leavestheroad.

We also usedifferent car densitiesin our simula-
tions. For eachof our simulation,carsdo notall enter
theroadatthe same.Insteadwe allow eachcarto en-
ter the roadat a randomtime choserbetweerrounds
1 and1000. Thus,we control the densityby having
differentnumberof carsin our simulation. We varied
the cardensitybetweeri0 to 1000 carsfor our simu-
lations.

E.2 Varying WirelessRange

The communicationrange affects the number of
carsreachedandthe overhead. To illustrate, we ran
anexperimentwith 500 cars,a safetyradiusof 20, and
differentwirelessranges.Figures17 and18 shawv the
resultwith BiPP andIV G. The x-axis givesthe com-
municationrangeW .
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Thenumberof carsreacheds shavn in Figure17.
Note that communicationrangehasalmostno effect
on BiPP as we reachapproximatelythe samenum-
ber of carsfor rangesof 4 and 20. Even though
therearemorecarfragmentationsvith smallerranges,
our useof outboundcarscanovercomemostof these
fragmentation. On the other hand, IVG which only
usesinbound cars can not handlesmall communica-
tion rangesas evident from the shapedeclinein the
numberof carsreachedvith smallerranges.

One may amue that rather than using our BiPR,
one can simply use IVG with very large communi-
cationrange. However, thereare two pitfalls in the
argument. First, with larger communicationrange,
sendersare much more likely to interferewith each
others transmission.We did not modelinterference
in our simulation becausewve assumedhe commu-
nicationrangewould be small. If oneis to usevery
large rangestheninterferencanustbe considerede-
fore onecanclaim thatlargercommunicatiorrangeis
sufiicient. Second,in reality, communicationranges
cannot beincreasedrbitrarily becauseyovernmental
regulatorybodieslike the FCClimits thetransmission
power level. Hence simply extendingcommunication
rangein IV G is notaviable solution.

Despitethe factthatsmallercommunicatiorranges
in BiPP do not affect the numberof carsreached,
it doesincreasethe broadcastoverhead. Figure 18
shawvs that BiPP’s overheaddeclines steadily with
larger communicatiorrange. The sameoverheadre-
ductionholdsfor IV G, thoughwith noticeablylessef-
fect. (Theinitial increasdor IV G wasdueto thatfact
that IV G is ableto reachmore carswith biggercom-
municationrange.)
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Figure 19. Varying safety radius

E.3 Varying SafetyRadius

The size of the safety radius also affects BiPP’s
overheadbecausene aggressiely propagatean alert
beyond the safetyradius. However, oncewe bgjgin to
maintainthealertnotificationbeyondthesafetyradius,
having a larger safetyradiushasminimal impact. To
illustratethis, we ran simulationswith varying safety
radius.Theresultsareshavn in Figure19. Again, the
x-axisis the cardensity They-axisis the numberof
broadcasts.

As predictedJarger safetyradiusincursmoreover-
head,asseernin thegraph,to accountfor theextraini-
tial costof pushingthe alert out of the safetyradius.
However, the gapin the overheadis constantfor the
variousdensitieswhich suggestshatthereareno ad-
ditional costsoncetheinitial alerthasbeenpropagated
beyondthe safetyradius.
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