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Abstract— Use of wir elesstechnologiesis becoming pervasive
in everyday life. Recently reseach began analyzing their use
on board of vehiclesfor several kinds of applications, ranging
from traf ¢ safetyto eet managementand cooperative work, to
entertainment and Inter net browsing. In this work, we focuson
safety applications and in particular on the approach proposed
in the framework of the PATH project [1] for reliable diffusion of
warningsto advertise problemsin vehicular traf c. The approach
in [1] is basedon static parameters describing the environment.
Unfortunately, in real environments those parameters may dy-
namically changeover time. In this work we presentperformance
measulements obtained by varying the parameters, to evaluate
how the performance of the approach dependson environmental
conditions.

I. INTRODUCTION

Vehicles equippedwith wireless network interface cards
(wNiIcs) startto be available. This equipmentcanbe usedfor
several applications,rangingfrom eet managemenand co-
operatie workgroupto entertainmenand Internetnavigation.
In this work we focus on the problem of vehicular safety
Wireless networking can be exploited to provide communi-
cation amongvehicles,in order to notify the occurrenceof
problems— e.g., accidents,cy street,obstacleson the road
— to other oncomingvehicles.Warnings are addressedo all
vehiclesapproachindhe placewherethe problemoccurredso
asto allow driversto performthe appropriateactions.Warning
traf c has service requirementshat must be guaranteedoy
the system.Low latency is neededto guaranteethat the
warningcanbe detectedvy a driver so that s/hehassufcient
time to properly reactto the event noti ed. High reliability
is neededto guaranteethat all interestedvehicles actually
receve awarning.Ontheotherhand,wirelesslinks have some
unfavorable characteristicssuch as long lateng for channel
set-upandlow reliability. Theformeris dueto thetime needed
to two devicesto synchronizeand agreeaboutthe policy for
channelaccesqsuchasthe usedcodeor frequeng hopping
pattern).Somesolutionshave alreadybeenproposedo exploit
wireless technologiesto supply vehicular safety some of
which supportedy carproducerandgovernmeninstitutions.
In this work, we focuson the static approachproposeddy the
PATH project[1] for reliable diffusion of warnings,with the
aim of both understandindhow environmentalcharacteristics
impacton the obtainablereliability, and devising mechanisms
to dynamically adapt the approachin order to optimize
performanceaccordingto changesin those characteristics.
The California PATH Project involves among other things,
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researchesn an infrastructureto boostvehicularsafety The
proposedsolution aims at achieving reliable disseminatiorof
warningsthroughrepetitionsi.e., multiple retransmissionsf a
warningsoasto overcomechannefailuresandcollisionswith
other messagesPATH seemsthe most promising approach,
andit is understudyfor adoptionon U.S. highways.However,
it assumeghat an optimal numberof repetitionsexists for a
certain scenario.Unfortunately the vehicularervironmentis
highly dynamic.The densityof vehiclesin a certainarea,the
numberof concurrentwarning sourcesand the vehicle speed
vary over time, and so should do the numberof repetitions.
In this work, we analyzeby simulationshow the numberof
repetitionsneededto achieve reliability varies dependingon
the characteristicef boththe vehicularandthe datatraf c; an
alternatve adaptve policy is discussedA VehicularCollision
Warning Communication(VCWC) [3] has been proposed,
focusing primarily on achieving a low transmissionlatengy.
VCWC doesnot take reliability aspectsinto considerations.
Both the above proposalgely on the DSRC (DedicatedShort
RangeCommunicationsinulti-channelrchitecturg4]. DSRC
has been explicitly designedfor use in vehicular systems.
DSRC proposescommunication services for both private
applicationsand public safety with the possibility of using
high power transmissionwhen lateng/ is important. DSRC
is now in the processof standardizationby IEEE as the
WAVE (WirelessAccessin Vehicular Environments)project;
it is also known as the ISO CALM (CommunicationsAir
InterfaceLong andMediumrange)standard5]. The European
ProjectCarTALK/Fleetnet[6], [2] usesUTRA-TDD (UMTS
TerrestrialRadioAccesswith Time Division Duplexing) asthe
channehrchitecturethusadoptinga frequeng rangerequiring
licensing.

Il. SYSTEM MODEL

In this work we considera systemcomposedy vehicles
equippedwith wirelessnetwork interface cards(wnics). Ve-
hicles have a GPS system.We focus on vehicle-to-\ehicle
communication;no roadsidecommunicationinfrastructureis
needed.A vehicle can notify road hazardsto all oncoming
vehicles;communicationis broadcastand addressedo one-
hop neighborsonly. Warningsmay containinformation about
the zoneaffectedby the noti ed problem.The wirelesstech-
nology is basedon the 802.11 standard[7]. In particular
the channelstructureis determinedby the DSRC proposal
[4]. Vehicles are equippedwith On-Boad Units (OBUS)
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Fig. 1. Layoutof the DSRCchannel

that supportcommunicationamongvehicles.DSRC usesthe
transmissionrange 5.850 to 5.925 GHz. The transmission
rangeis divided into 7 channelsof 10 MHz each( g.1); the
data rate supportedis up to 27 Mbps. MAC and physical
layers are provided by the IEEE 802.11pproposal[8], [9].
DSRC has an averagecommunicationrange of around 300
mt., and up to 1000mt. Channelaccesss performedthrough
CSMA. Channelshave differentaims:four of themare Service
channelghatcanbe usedmainly for commondataandprivate
applications,but also for public safety All Servicechannels
are accessedn a sharedway by all vehicles. The Contol
channeis mainly usedto exchangecontrolinformationneeded
to synchronizevehiclesfor accesdo the otherchannelsandto
announcehe correspondencamongapplicationsand Service
channelslt is alsousedto exchangehigh priority messagefor
vehicularsafety Time to accesghe Control channelmustnot
be greaterthan 100 msec.;the channelmust not fail in case
of congestion.A device must listen to the Control channel
for intervals of at least200 msec.,and it cannotbe off the
Control channelfor more than 50 msec.A vehicle-to-vehicle
communicatiorchannelexists, devotedfor instanceto publish
information aboutthe mobility patternof a vehicle,in order
to forecastthe possibility of accidentsand forewarn drivers.
The last channelis dedicatedto the exchangeof warnings
for public safety All channelsare usedfor several types of
traf c andcanbe accessedby multiple vehiclesconcurrently;
hence collisionsare possible.n this work we assumehatall
warningsnotifying a problemin vehiculartrafc are senton
the Control channel[10]. We analyzethe problemsinvolved
with performing retransmission®n that channelin order to
guaranteehigh reliability while at the sametime avoiding
channelcongestion.

I1l. CALIFORNIA PATH PROJECT

In the framework of the California PATH project, six
protocols have been proposed[11] to diffuse warnings for
vehicular safety within a boundedtime, while guaranteeing
high reliability. Warning messagesnust be reliably receved
by all sources neighborswith a low latengy. A warning
has associateda padeet lifetime  within which it must be
reliably receved by all neighborsbefore becominguseless
becauseoo lateto allow driversto appropriatelyreact:it is an
upperboundon the transmissiorateng. Dueto the broadcast
diffusion of warnings, acknavledgmentscannotbe usedto
control reliability, to avoid ack implosion at the sender;for
the samereasonthe RTS/CTS mechanisntannotbe used.The
protocolsproposedconsistsin consideringthe paclet lifetime
interval asdivided into n slotssuchthatn = b =T, c where
Ty is the transmissiontime of a warning, dependingon the
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Fig. 2. Exampleof PATH protocol execution

collision i O
OKI X) coIIlsm@\ OK!

S e

Q
o

: collision
4 OK! N
@ Q @ collisio
collision
repetition 1 repetition 2

Fig. 3. Exampleof successfukxecutionof PATH protocol

paclet size and the channelbandwidth.Hence,a paclet can
be sentin a slot. The protocolspresentedn [11] differentiate
in threerespects:

nodescan perform carrier sensingbefore accessingone
of the chosenslots, or not. In the former case,if the
channelis busy, the repetitionscheduledfor that slot is
dropped,thus actually decreasinghe numberof repeti-
tions performed;
nodesare synchronizedon slot beginning, or slots are
locally determinedaccordingto the instanta warning is
generated;
when a node has a warning to send, either it a priori
randomlychooseK slotsamongthen andtriesto send
the paclet in those slots, or in each of the available
slots transmitsa warning with a uniformly distributed
probability of K =n.
A warning has beenreliably delivered when each node in
the communicationrange of the source has receved it at
leastonce. It is worth to notice that, becauseof broadcast
transmissionsa nodecanreceve duplicatesThe protocolfails
if oneor moresources neighborsexist thatdo not receve ary
warning.As anexample,in g.2, two sourcesaresendingtheir
warnings, and they performs3 repetitions.They sendtheir
warningsin the slots chosena priori andthey collide in slots
2 and5, while transmissionén slot 1 for sourceA andin slot
4 for sourceB are successfullet us notice that, becauseof
the hidden station problem, not necessarilya transmissioris
successfufor all neighborslin eachrepetitiona sourcecould
reachonly a subsetof its neighbors.In g.3, a situationis
shavn in which none of two repetitionsis successful,but
they togetherreachall destinationsWhat mattershereis that
throughoutthe K repetitionsall neighborshave beenreached
atleastonce.Accordingto simulationresultsdiscussedn [11],
bestperformancehasbeenachiered with slots for repetitions
randomly chosena priori, asynchronousodes, and nodes
performing carrier sensingbefore sendinga paclet in a slot
(AsynchronoudFixed Repetitionwith Carrier Sensing, AFR-
CS protocol).In g.4, pseudo-coddor AFR-CSis provided.



when (a warning mustbe sent)do
for (i= 1toK) slot[i] randomlychosenslot;
for (i= 1toK)
when (currentslot = slot[i]) do
carrier sensing;
if (slot free) then sendi-th repetition;
od
end for
od

Fig. 4. Pseudo-codef AFR-CS

In [11], ananalyticalevaluationhasbeenperformedaccording
to which the optimal numberof repetitionsis 7, under the
hypothesighat warninggeneratiorfollows a Poissordistribu-
tion andfor a speci ¢ scenariowith communicatiorrangeof
80 mt., averagedistanceamongvehicles30 mt., 4 lanes,and
75 interferersaroundeachrecever. It is extremelyimportant
to carefully estimatean appropriatevalue for the numberof
repetitions.Reliability must be obtained,but without risk of
congestinghe Control channel,which mustremainavailable
for its other usages.However, analytical evaluation of K
doesnot seemappropriatein the consideredhighly dynamic
ervironmentit is impossibleto characterizean averagesitua-
tion so asto optimize K . The analysisbaseson assumptions
that are not necessarilyalid in a real environment, such as
poissoniargeneratiorof warningsor estimationof the number
of interferers.The numberof interferersis not the samefor
all recipients.As a consequencehis approachcan be used
in a real environmentonly by con guring parameterdasing
on an averagesituation, which could be far from the actual
situation, thus leading either to low reliability — for too low
K — or to both congestechetwork and low reliability — for
too high K. As an alternatve, a vehicle should considerthe
current state of the vehiculartrafc, and dynamically adapt
the numberof retransmissionseededo disseminatéts own
warnings basingon local obsenations aboutthe number of
neighborsand the load of warningtrafc in its surroundings
in the recentpast.

IV. ENHANCING PATH

We performedsimulationsof PATH usingthe Ns-2 package
to highlight correlationsamongthe vehicularand datatraf ¢
conditionsand the achieved reliability. The parametersised
to evaluatePATH performancereshawn in Tablel, andthey
are the sameadoptedin [12]. The aim of the measuress
to evaluatean upperboundon the retransmissionseededto
achieve reliability by stressinghe system.In simulations.the
messagejenerationinterval hasbeenset equalto the paclet
lifetime so asto guarantedhat eachnodeis always sending
a warning. The channelbandwidthhasbeensetto 18 Mbps,
in accordancevith the considerationseportedin [12]. In [5]
a datarate of 6 Mbps is assignedto the Control channel,
while the otherchannelshave a datarate of 27 Mbps; we also
performedmeasuresvith 6 Mbpsrate.Devicesaredistributed

TABLE |
PARAMETERS FOR PATH PERFORMANCE EVALUATION

Paclet lifetime ( ) 100 msec.

Messagegenerationntenal 100 msec.

Paclet size 250 Bytes

Control channelbandwidth 18 Mbps
Communicatiorrange 250 mt.
Messageange 250 mt.

Mean distanceamongneighbors 250 mt.

Slot time 147 sec.

over a small areaso that are all in communicationrange.
Paclket size allows to communicatecoordinates— according
to a GPS system— indicating where a problem occurred.
From paclet size and 18 Mbps bandwidth,a slot time of 147

sec.is obtained slightly greaterthanthe paclet transmission
time. As a consequencethe numberof slotsis n = ( =
slot time)= 681 The communicationrangeis in line with
the DSRC characteristicsThe messagerange, that is, the
distancefrom the source at which the messageshould be
propagatedequalsthe communicationrange,thus enforcing
one-hopdiffusion. Mobility impactson the de nition of re-
liability, becausevehiclesnearthe warning sourcecan move
out of communicatiorrangebeforereceving the paclet, and
vehiclescanenterthe sourcecommunicatiorrangewithin the
paclet lifetime. To accuratelymeasurethe reliability degree
without having to deal with mobility issues,vehiclesdo not
move in our simulations.Measureshave beenperformedwith
20, 80 and 200 nodesin the network, for variable numberof
repetitions.

A. PerformanceAnalysisand Optimization

For both valuesof control channelbandwidth,simulation
conditionsexist in which 100% reliability cannotbe achieved
(9.5). For high number of nodes,increasingthe number
of repetitionsis not effective when the channel tends to
congestandtheachieredreliability tendsto stabilize.Channel
congestior( g.6) increaseslmostto saturationFor larger(18
Mbps) bandwidthand 15 repetitionsstill 1/3 of the channel
is unusedalthoughreliability has alreadystabilized. This is
dueto a greaterprobability that nodeschoosethe sameslots
to perform repetitions. Indeed, the probability of a slot to
be chosenby a certainnodeto senda repetitionis the ratio
(numberof repetitions/ n), which for 15 repetitionsamounts
to 0:02 for 18 Mbps and 0:06 for 6 Mbps. Hence, The
probability for a slot of being not usedby ary of 200 nodes
is 0:982°° ' 0:018in the former case,while 0:94°%° ' 4E-6
in the latter. The carriersensingmechanismhelpsin avoiding
collisions( g.7), butit con rms channelcongestionFor high
number of both nodesand repetitions, often a certain slot
chosera-priori cannotbe usedfor sendinga repetitionbecause
alreadyin use.Behavior for 6 Mbps bandwidthis similar; for
200 nodesand 15 repetitionsthe probability of nding a slot
alreadyin useincreasesup to 92:56%. On the other hand,
also under critical conditionsthe probability of collisions is
negligible (g.7 (b)). It is worth to notice that, in casenodes
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arenot all in range,the “hidden station” phenomenorwould
increasecollisions, which could be much more disruptive
for reliability than repetitions suppressedecauseof busy
channel.We analyzedthe contritution of eachrepetitionto
the globally obtainedreliability. In .8, the percentageof
timesin which reliable delivery hasbeenachieved in the i-
th repetitionis reported.The percentagéhas beenevaluated
over a numberof warningsequalto (50 numberof nodes).
For a few nodes thereis greaterprobability that they choose
different slots to perform repetitions.Hence,all destinations
arereachedvith alow numberof retransmission®y contrast,
the greaterthe numberof nodes,the greaterthe number of
retriesbeforeachieving reliability. Indeed,nodescontendfor
usingthe sameslots: with 18 Mbps bandwidth,200nodesand
15 repetitionsfor eachwarning, the numberof slots needed
to accommodateepetitionsof all nodesis 200 15= 3000
while only 681 slotsare availablein a paclet lifetime. A slot
could be thuschoserby 4-5 sourceson average.One of them
succeedsn accessinghe channel,while the othersomit to
perform a repetition and wait for the next slot chosen.As
a consequencehe averagenumberof repetitionsneededto
achieve reliable delivery increasedor increasingnumber of
nodes. Moreover, increasingthe number of repetitions, the
probability of succeedingwith the rst repetition decreases;
but on the other handincreaseshe probability of successn
successie repetitions thusyielding a betterglobal reliability
thanwith only a few repetitions.

Several considerationscan be inferred from the results
presentedabove. First of all, a statically determinednumber
of repetitions(7 accordingto the analysisperformedin [1])
is not always adequateFor instance,with low number of
nodesless repetitions(3 -5) are enoughto reliably diffuse
warnings, without at the sametime congestingthe Control
channel. The most appropriatedecisionfor a node seemsto
be performingenoughrepetitionsto reacha stablereliability
without high congestionFurtherdisseminatiorof information
aboutthetraf ¢ eventsignaledby the nodecould be obtained
by warnings generatedby other nodes detectingthe same
event, or by warning generatedas a consequenceof the
original warning.On the otherhand,congestioron the control
channelmustnot occur to avoid making non-accessiblehe
other channels.Indeed, the simplest solution to guarantee
high reliability in any condition would be to exploit carrier
sensing:a node continuouslysenseghe channeland sendsa
repetitionin eachslotit nds unusedpossiblytill the desired
number of repetitionshas beenreached.But this approach
is absolutelynot suitablein orderto guaranteeproperwork
of other channels Each node should monitor the number of
other nodesin its neighborhoodhat are generatingwarning,
and the trafc load, and computeits numberof repetitions
according to those parameters.The number of repetitions
should be dynamically adaptedaccordingto variations in
the numberof neighbors.The most promising solution, and
the one we are going to evaluate with further simulations,
allowing to reducecongestionand contentionon slot usage,
consistsin having a node that refrains from performing all

the repetitionsinitially scheduledin the event it senseshe
channelffree for the rst few (3-5) repetitionsthusletting the
channelusableby other nodes.On the other hand, a node
that senseshe channelbusy could re-schedulehe suppressed
repetitionin oneof the successie slotsin ordernotto decrease
its probability of succesdor inability in using the channel.
Although re-schedulingcould be computationallyheary. A
better comprehensiorof the mechanismscoming into play
in the describedsystem could be obtained by devising a
statistical model of the behaior of nodesand performing
an analytical evaluation. Yet, mary phenomenamay impact
on both achieved reliability and channelusage which cannot
be easilymodeledanalytically nor reproducedn simulations.
They arediscussedn the next session.

B. Behaviorin Real Environments

Simulationsshav thatthenumberof retransmissionseeded
to achieve reliability dependson the load offered to the
network and on the density of devices. Becauseof mobility,
each node may obsene dynamic changesof theseindexes
as a consequencef its own movementsand the movements
of the devices in its communicationrange. As an explicit
requiremenbf the DSRCarchitecturas thatthe Controlchan-
nel is resilientto congestionthe numberof retransmissions
must be the lower bound neededto achieve reliable warning
delivery. A dynamic policy — able to adaptto the current
network state— is preferableto a static one both to supply
reliability guaranteesindto avoid congestionAs a matterof
fact,in real ervironmentsmary other situationsoccur, which
are very dif cult to reproducewith simulations.A warning
reporting a trafc problem may be — almost simultaneously
— generatedby all vehiclesnearthe position of occurrence
and detectingthe problem. One one hand, these duplicate
warnings competeto use the channel, thus making more
dif cult guaranteeinga reliable delivery of all of them. On
the otherhand,asthey signalthe sameproblem,it is enough
that a vehicle receives at least one of those warningsfrom
one of the adwertisers.Hence, multi-path propagationhelps
achieving reliability. It is dif cult to evaluatethe extent to
which these competingeffects impact on vehicles (drivers)
behaior. A warning can trigger the generationof cascading
warnings.In casea driver suddenlybrakes, his/her vehicle
V sendsa warning to oncomingvehicles,let us say W and
Z. Thosevehiclesin turn are forced to brake or slov down,
generatingon their behalfotherwarnings.This chainof events
propagateshe noti cation of a trafc problemover multiple
hops.But vehiclesin the communicatiorrangeof V, W and
Z receve different warnings concerningthe same problem.
This phenomenorcontributes in increasingreliability. It is
worth to noticethatin all our simulationsonly warningtraf ¢
hasbeengeneratedin fact, in a real DSRC environmentthe
Control channelis alsousedby otherdatatrafc, ! andthose
messagearenot subjectto retransmissionasthey do nothave
reliability requirementsThis hasa twofold consequence(i)

1E.g.,announcementsf servicesavailable on the other channels.
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Fig. 8. Percentagef warningsthat have beenreliably deliveredat the i-th repetition,for (a) 18 Mbps or (b) 6 Mbps of channelbandwidth

concurreng in mediumaccessshouldbe lower thanthat we
reproducedalsoin conditionsof high vehiculardensity; (ii )
datatraf c with no reliability requirementsisksto be pushed
out of the network becauseof the aggressienessof warning
traf c. Asfarasthelatterissueis concernedasdatatrafc sent
over the Control channelis neededto synchronizeaccesses
to Servicechannels,f nodescannotaccessthe mediathen
the whole systemis disrupted.A solution could be to equip
vehicleswith two wNics — accordingto WAVE speci cation.
Oneantennais devotedto safetyapplicationswhile the other
oneis usedfor all otherapplicationsln this caseconcurreng
amongwarningscould be accuratelynodeledby the presented
simulations.

V. CONCLUSIONS AND FUTURE WORKS

In this work, an approachis analyzedfor warning dissem-
ination in vehicular networks, with the purposeof deriving
indicationsto make it adaptve. Measurementprovide ser-
eral ideasabouthow to dynamically changenode behavior
accordingto currentvehiculartraf c and network conditions,
and what parametersto consider for this purpose.These
ideas must be validated by further simulations. Moreover,
other future developmentscan be imagined. A warning is
addressedo one-hopneighborsof the source.Dependingon
the vehicle speed,this could be not enough,for instanceif
the speedis so high that the route covered by a vehicle
beforearriving to the placea problemoccurred— or needed
to a driver to brake beforearriving there— is larger than the
communicatiorrange.In thesecaseanulti-hop propagatioris
neededIn the discussedsimulations,warningsare unrelated
oneto anotherA morecarefulanalysiscould be performedto
highlight whethercorrelated cascadingvarningsare effective
to propagatea warningover multiple hopsin acceptabldime.
An alternatve approachwe are exploring is to set-upad hoc
safety networksdedicatedto the exchangeof warnings, so
that a vehicle always belongto a safetynetwork andis able
to receve warningsof interest.Suchan approachmustcope
with the delaysinvolved in creating,joining and memging ad
hoc networks, and it seemsto require amendmentdo the

802.11 standard.Further simulationsmust be performedto
evaluatethe mutual impact of warning trafc and all other
traf c. On onehand,concurreng amongseveraltrafc ows
would make more dif cult to provide reliability guarantees.
Onthe otherhand,it is interestingto measurénow repetitions
for warningmessageaffect normaltrafc, in orderto ensurea
fair bandwidthusageamong o ws, compatiblywith respectre
servicerequirementsMoreover, the effects of mobility could
be analyzedfor differentvehicle speedspncean appropriate
reliability de nition is characterizedor the caseof changes
of the destinationgroup.
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