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Abstract— Use of wir elesstechnologiesis becoming pervasive
in everyday life. Recently, research began analyzing their use
on board of vehicles for several kinds of applications, ranging
fr om traf�c safety to �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
warnings to advertiseproblemsin vehicular traf�c. The approach
in [1] is basedon static parameters describing the envir onment.
Unfortunately, in real envir onments those parameters may dy-
namically changeover time. In this work we presentperformance
measurements obtained by varying the parameters, to evaluate
how the performance of the approachdependson envir onmental
conditions.

I . INTRODUCTION

Vehicles equippedwith wireless network interface cards
(WNICs) start to be available.This equipmentcanbe usedfor
several applications,rangingfrom �eet managementand co-
operative workgroupto entertainmentandInternetnavigation.
In this work we focus on the problem of vehicular safety.
Wirelessnetworking can be exploited to provide communi-
cation amongvehicles,in order to notify the occurrenceof
problems– e.g., accidents,icy street,obstacleson the road
– to other oncomingvehicles.Warnings are addressedto all
vehiclesapproachingtheplacewheretheproblemoccurred,so
asto allow driversto performtheappropriateactions.Warning
traf�c has servicerequirementsthat must be guaranteedby
the system. Low latency is neededto guaranteethat the
warningcanbe detectedby a driver so that s/hehassuf�cient
time to properly react to the event noti�ed. High reliability
is neededto guaranteethat all interestedvehicles actually
receivea warning.On theotherhand,wirelesslinks havesome
unfavorablecharacteristics,suchas long latency for channel
set-upandlow reliability. Theformeris dueto thetimeneeded
to two devices to synchronizeandagreeaboutthe policy for
channelaccess(suchas the usedcodeor frequency hopping
pattern).Somesolutionshavealreadybeenproposedto exploit
wireless technologiesto supply vehicular safety, some of
whichsupportedby carproducersandgovernmentinstitutions.
In this work, we focuson thestaticapproachproposedby the
PATH project [1] for reliable diffusion of warnings,with the
aim of both understandinghow environmentalcharacteristics
impacton the obtainablereliability, anddevising mechanisms
to dynamically adapt the approach in order to optimize
performanceaccording to changesin those characteristics.
The California PATH Project involves among other things,

researcheson an infrastructureto boostvehicularsafety. The
proposedsolutionaimsat achieving reliabledisseminationof
warningsthroughrepetitions, i.e.,multiple retransmissionsof a
warningsoasto overcomechannelfailuresandcollisionswith
other messages.PATH seemsthe most promising approach,
andit is understudyfor adoptionon U.S.highways.However,
it assumesthat an optimal numberof repetitionsexists for a
certainscenario.Unfortunately, the vehicularenvironment is
highly dynamic.The densityof vehiclesin a certainarea,the
numberof concurrentwarningsourcesand the vehiclespeed
vary over time, and so shoulddo the numberof repetitions.
In this work, we analyzeby simulationshow the numberof
repetitionsneededto achieve reliability variesdependingon
thecharacteristicsof boththevehicularandthedatatraf�c; an
alternative adaptive policy is discussed.A VehicularCollision
Warning Communication(VCWC) [3] has been proposed,
focusing primarily on achieving a low transmissionlatency.
VCWC doesnot take reliability aspectsinto considerations.
Both the above proposalsrely on the DSRC(DedicatedShort
RangeCommunications)multi-channelarchitecture[4]. 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 latency is important. DSRC
is now in the processof standardizationby IEEE as the
WAVE (WirelessAccessin VehicularEnvironments)project;
it is also known as the ISO CALM (CommunicationsAir
InterfaceLongandMediumrange)standard[5]. TheEuropean
ProjectCarTALK/Fleetnet [6], [2] usesUTRA-TDD (UMTS
TerrestrialRadioAccesswith Time DivisionDuplexing) asthe
channelarchitecture,thusadoptinga frequency rangerequiring
licensing.

I I . SYSTEM MODEL

In this work we considera systemcomposedby vehicles
equippedwith wirelessnetwork interfacecards(WNICs). Ve-
hicles have a GPS system.We focus on vehicle-to-vehicle
communication;no roadsidecommunicationinfrastructureis
needed.A vehicle can notify road hazardsto all oncoming
vehicles;communicationis broadcastand addressedto one-
hop neighborsonly. Warningsmay containinformationabout
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 equipped with On-Board Units (OBUs)
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Fig. 1. Layout of the DSRCchannel

that supportcommunicationsamongvehicles.DSRCusesthe
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 averagecommunicationrangeof around300
mt., andup to 1000mt. Channelaccessis performedthrough
CSMA. Channelshavedifferentaims:four of themareService
channelsthatcanbeusedmainly for commondataandprivate
applications,but also for public safety. All Servicechannels
are accessedin a sharedway by all vehicles.The Control
channelis mainlyusedto exchangecontrolinformationneeded
to synchronizevehiclesfor accessto theotherchannelsandto
announcethecorrespondenceamongapplicationsandService
channels.It is alsousedto exchangehighpriority messagesfor
vehicularsafety. Time to accessthe 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 least 200 msec.,and it cannotbe off the
Control channelfor more than 50 msec.A vehicle-to-vehicle
communicationchannelexists,devotedfor instanceto publish
information about the 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 typesof
traf�c andcanbe accessedby multiple vehiclesconcurrently;
hence,collisionsarepossible.In this work we assumethatall
warningsnotifying a problemin vehiculartraf�c are senton
the Control channel[10]. We analyzethe problemsinvolved
with performing retransmissionson that channelin order to
guaranteehigh reliability while at the sametime avoiding
channelcongestion.

I I I . 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 messagesmust be reliably received
by all source's neighborswith a low latency. A warning
has associateda packet lifetime � within which it must be
reliably received by all neighborsbefore becominguseless
becausetoo lateto allow driversto appropriatelyreact:it is an
upperboundon the transmissionlatency. Dueto thebroadcast
diffusion of warnings,acknowledgmentscannot be used to
control reliability, to avoid ack implosion at the sender;for
thesamereason,the RTS/CTS mechanismcannotbeused.The
protocolsproposedconsistsin consideringthe packet lifetime
interval as divided into n slots suchthat n = b� =Tx c where
Tx is the transmissiontime of a warning, dependingon the

�������

slot 0 slot 1 slot 2 slot 3 slot 6slot 4 slot 5

A sends A sends A sends

B sends B sends B sends

Fig. 2. Exampleof PATH protocolexecution
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Fig. 3. Exampleof successfulexecutionof PATH protocol

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

� nodescan perform carrier sensingbeforeaccessingone
of the chosenslots, or not. In the former case,if the
channelis busy, the repetitionscheduledfor that slot is
dropped,thus actually decreasingthe 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
randomlychoosesK slotsamongthen andtries to send
the packet in those slots, or in each of the available
slots transmitsa warning with a uniformly distributed
probability of K =n.

A warning has been reliably delivered when each node in
the communicationrange of the source has received it at
least once. It is worth to notice that, becauseof broadcast
transmissions,anodecanreceiveduplicates.Theprotocolfails
if oneor moresource's neighborsexist thatdo not receive any
warning.As anexample,in �g.2, two sourcesaresendingtheir
warnings,and they performs3 repetitions.They send their
warningsin the slotschosena priori and they collide in slots
2 and5, while transmissionsin slot 1 for sourceA andin slot
4 for sourceB are successful.Let us notice that, becauseof
the hiddenstationproblem,not necessarilya transmissionis
successfulfor all neighbors.In eachrepetitiona sourcecould
reachonly a subsetof its neighbors.In �g.3, a situation is
shown in which none of two repetitions is successful,but
they togetherreachall destinations.What mattershereis that
throughoutthe K repetitionsall neighborshave beenreached
at leastonce.Accordingto simulationresultsdiscussedin [11],
bestperformancehasbeenachieved with slots for repetitions
randomly chosena priori, asynchronousnodes,and nodes
performingcarrier sensingbeforesendinga packet in a slot
(AsynchronousFixed Repetitionwith Carrier Sensing,AFR-
CS protocol). In �g.4, pseudo-codefor AFR-CS is provided.



when (a warningmustbe sent)do
for (i = 1 to K ) slot[i ]  randomlychosenslot;
for (i = 1 to K )

when (currentslot = slot[i ]) do
carriersensing;
if (slot free) then sendi -th repetition;

od
end for

od

Fig. 4. Pseudo-codeof AFR-CS

In [11], ananalyticalevaluationhasbeenperformedaccording
to which the optimal numberof repetitionsis 7, under the
hypothesisthatwarninggenerationfollows a Poissondistribu-
tion and for a speci�c scenariowith communicationrangeof
80 mt., averagedistanceamongvehicles30 mt., 4 lanes,and
75 interferersaroundeachreceiver. It is extremely important
to carefully estimatean appropriatevalue for the numberof
repetitions.Reliability must be obtained,but without risk of
congestingthe Control channel,which must remainavailable
for its other usages.However, analytical evaluation of K
doesnot seemappropriate:in the consideredhighly dynamic
environmentit is impossibleto characterizean averagesitua-
tion so as to optimizeK . The analysisbaseson assumptions
that are not necessarilyvalid in a real environment,suchas
poissoniangenerationof warningsor estimationof thenumber
of interferers.The numberof interferersis not the samefor
all recipients.As a consequence,this approachcan be used
in a real environmentonly by con�guring parametersbasing
on an averagesituation,which could be far from the actual
situation,thus leadingeither to low reliability – for too low
K – or to both congestednetwork and low reliability – for
too high K . As an alternative, a vehicle shouldconsiderthe
current stateof the vehicular traf�c, and dynamically adapt
the numberof retransmissionsneededto disseminateits own
warningsbasingon local observations about the numberof
neighborsand the load of warning traf�c in its surroundings
in the recentpast.

IV. ENHANCING PATH

We performedsimulationsof PATH usingthe NS-2 package
to highlight correlationsamongthe vehicularand datatraf�c
conditionsand the achieved reliability. The parametersused
to evaluatePATH performanceareshown in TableI, andthey
are the sameadoptedin [12]. The aim of the measuresis
to evaluatean upperboundon the retransmissionsneededto
achieve reliability by stressingthe system.In simulations,the
messagegenerationinterval hasbeenset equalto the packet
lifetime so as to guaranteethat eachnodeis always sending
a warning.The channelbandwidthhasbeenset to 18 Mbps,
in accordancewith the considerationsreportedin [12]. In [5]
a data rate of 6 Mbps is assignedto the Control channel,
while theotherchannelshave a datarateof 27 Mbps;we also
performedmeasureswith 6 Mbpsrate.Devicesaredistributed

TABLE I

PARAMETERS FOR PATH PERFORMANCE EVALUATION

Packet lifetime (� ) 100 msec.
Messagegenerationinterval 100 msec.

Packet size 250 Bytes
Control channelbandwidth 18 Mbps

Communicationrange 250 mt.
Messagerange 250 mt.

Meandistanceamongneighbors � 250 mt.
Slot time 147 � sec.

over a small area so that are all in communicationrange.
Packet size allows to communicatecoordinates– according
to a GPS system – indicating where a problem occurred.
From packet sizeand18 Mbps bandwidth,a slot time of 147
� sec.is obtained,slightly greaterthanthepacket transmission
time. As a consequence,the number of slots is n = (� =
slot time)= 681. The communicationrange is in line with
the DSRC characteristics.The messagerange, that is, the
distancefrom the sourceat which the messageshould be
propagated,equalsthe communicationrange,thus enforcing
one-hopdiffusion. Mobility impactson the de�nition of re-
liability, becausevehiclesnearthe warning sourcecan move
out of communicationrangebeforereceiving the packet, and
vehiclescanenterthesourcecommunicationrangewithin the
packet lifetime. To accuratelymeasurethe reliability degree
without having to deal with mobility issues,vehiclesdo not
move in our simulations.Measureshave beenperformedwith
20, 80 and200 nodesin the network, for variablenumberof
repetitions.

A. PerformanceAnalysisand Optimization

For both valuesof control channelbandwidth,simulation
conditionsexist in which 100% reliability cannotbe achieved
(�g.5). For high number of nodes, increasingthe number
of repetitions is not effective when the channel tends to
congest,andtheachievedreliability tendsto stabilize.Channel
congestion(�g.6) increasesalmostto saturation.For larger(18
Mbps) bandwidthand 15 repetitionsstill 1/3 of the channel
is unusedalthoughreliability has alreadystabilized.This is
due to a greaterprobability that nodeschoosethe sameslots
to perform repetitions.Indeed, the probability of a slot to
be chosenby a certainnodeto senda repetition is 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 any of 200 nodes
is 0:98200 ' 0:018 in the former case,while 0:94200 ' 4E-6
in the latter. The carriersensingmechanismhelpsin avoiding
collisions(�g.7), but it con�rms channelcongestion.For high
number of both nodesand repetitions,often a certain slot
chosena-priori cannotbeusedfor sendinga repetitionbecause
alreadyin use.Behavior for 6 Mbps bandwidthis similar; for
200 nodesand15 repetitionsthe probability of �nding a slot
already in use increasesup 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



(a) (b)

Fig. 5. Percentageof warningsreliably delivered with respectto numberof repetitionsissuedby eachnodefor (a) 18 Mbps or (b) 6 Mbps of channel
bandwidth

(a) (b)

Fig. 6. Percentageof slotsusedfor (a) 18 Mbps or (b) 6 Mbps of channelbandwidth,with respectto numberof repetitionsissuedby eachnode

(a) (b)

Fig. 7. (a) Percentageof slotsfound busy with 18 Mbps with respectto numberof repetitionsissuedby eachnode.(b) Percentageof collided packetswith
respectto numberof nodes



are not all in range,the “hiddenstation” phenomenonwould
increasecollisions, which could be much more disruptive
for reliability than repetitions suppressedbecauseof busy
channel.We analyzedthe contribution of eachrepetition to
the globally obtainedreliability. In �g.8, the percentageof
times in which reliable delivery hasbeenachieved in the i -
th repetition is reported.The percentagehas 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
arereachedwith a low numberof retransmissions.By contrast,
the greaterthe numberof nodes,the greaterthe numberof
retriesbeforeachieving reliability. Indeed,nodescontendfor
usingthesameslots:with 18 Mbpsbandwidth,200nodesand
15 repetitionsfor eachwarning, the numberof slots needed
to accommodaterepetitionsof all nodesis 200� 15 = 3000
while only 681 slotsareavailable in a packet lifetime. A slot
couldbe thuschosenby 4-5 sourceson average.Oneof them
succeedsin accessingthe channel,while the othersomit to
perform a repetition and wait for the next slot chosen.As
a consequence,the averagenumberof repetitionsneededto
achieve reliable delivery increasesfor increasingnumberof
nodes.Moreover, increasingthe number of repetitions,the
probability of succeedingwith the �rst repetition decreases;
but on the other handincreasesthe probability of successin
successive 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 adequate.For 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 nodeseemsto
be performingenoughrepetitionsto reacha stablereliability
without high congestion.Furtherdisseminationof information
aboutthe traf�c eventsignaledby thenodecould be obtained
by warnings generatedby other nodes detecting the same
event, or by warning generatedas a consequenceof the
original warning.On theotherhand,congestionon thecontrol
channelmust not occur to avoid making non-accessiblethe
other channels.Indeed, the simplest solution to guarantee
high reliability in any condition would be to exploit carrier
sensing:a nodecontinuouslysensesthe channeland sendsa
repetitionin eachslot it �nds unused,possiblytill thedesired
number of repetitionshas been reached.But this approach
is absolutelynot suitablein order to guaranteeproper work
of other channels.Eachnodeshouldmonitor the numberof
other nodesin its neighborhoodthat are generatingwarning,
and the traf�c load, and computeits numberof repetitions
according to those parameters.The number of repetitions
should be dynamically adaptedaccording to 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 sensesthe
channelfree for the �rst few (3-5) repetitions,thusletting the
channelusableby other nodes.On the other hand, a node
that sensesthe channelbusy could re-schedulethe suppressed
repetitionin oneof thesuccessiveslotsin ordernot to decrease
its probability of successfor inability in using the channel.
Although re-schedulingcould be computationallyheavy. A
better comprehensionof the mechanismscoming into play
in the describedsystem could be obtained by devising a
statistical model of the behavior of nodesand performing
an analytical evaluation.Yet, many phenomenamay impact
on both achieved reliability andchannelusage,which cannot
be easilymodeledanalytically, nor reproducedin simulations.
They arediscussedin the next session.

B. Behaviorin RealEnvironments

Simulationsshow thatthenumberof retransmissionsneeded
to achieve reliability dependson the load offered to the
network and on the densityof devices.Becauseof mobility,
each node may observe dynamic changesof these indexes
as a consequenceof its own movementsand the movements
of the devices in its communicationrange. As an explicit
requirementof theDSRCarchitectureis thattheControlchan-
nel is resilient to congestion,the numberof retransmissions
must be the lower boundneededto achieve reliable warning
delivery. A dynamic policy – able to adapt to the current
network state– is preferableto a static one both to supply
reliability guaranteesandto avoid congestion.As a matterof
fact, in real environmentsmany othersituationsoccur, which
are very dif�cult to reproducewith simulations.A warning
reporting a traf�c problem may be – almost simultaneously
– generatedby all vehiclesnear the position of occurrence
and detecting the problem. One one hand, these duplicate
warnings compete to use the channel, thus making more
dif�cult guaranteeinga reliable delivery of all of them. On
the otherhand,as they signal the sameproblem,it is enough
that a vehicle receives at least one of thosewarnings from
one of the advertisers.Hence,multi-path propagationhelps
achieving reliability. It is dif�cult to evaluate the extent to
which thesecompetingeffects impact on vehicles (drivers)
behavior. 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 slow down,
generatingon their behalfotherwarnings.This chainof events
propagatesthe noti�cation of a traf�c problemover multiple
hops.But vehiclesin the communicationrangeof V, W and
Z receive different warnings concerningthe sameproblem.
This phenomenoncontributes in increasingreliability. It is
worth to noticethat in all our simulationsonly warningtraf�c
hasbeengenerated.In fact, in a real DSRC environmentthe
Control channelis alsousedby other datatraf�c, 1 and those
messagesarenotsubjectto retransmissionsasthey donothave
reliability requirements.This hasa twofold consequence:(i )

1E.g., announcementsof servicesavailableon the otherchannels.



(a) (b)

Fig. 8. Percentageof warningsthat have beenreliably deliveredat the i -th repetition,for (a) 18 Mbps or (b) 6 Mbps of channelbandwidth

concurrency in mediumaccessshouldbe lower than that we
reproduced,also in conditionsof high vehiculardensity;(ii )
datatraf�c with no reliability requirementsrisks to be pushed
out of the network becauseof the aggressivenessof warning
traf�c. As farasthelatterissueis concerned,asdatatraf�c sent
over the Control channelis neededto synchronizeaccesses
to Servicechannels,if nodescannotaccessthe media then
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 otherapplications.In this case,concurrency
amongwarningscouldbeaccuratelymodeledby thepresented
simulations.

V. CONCLUSIONS AND FUTURE WORKS

In this work, an approachis analyzedfor warningdissem-
ination in vehicular networks, with the purposeof deriving
indicationsto make it adaptive. Measurementsprovide sev-
eral ideasabout how to dynamically changenode behavior
accordingto currentvehiculartraf�c andnetwork 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
addressedto 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
communicationrange.In thesecasesmulti-hoppropagationis
needed.In the discussedsimulations,warningsare unrelated
oneto another. A morecarefulanalysiscouldbeperformedto
highlight whethercorrelated,cascadingwarningsareeffective
to propagatea warningover multiple hopsin acceptabletime.
An alternative approachwe are exploring is to set-upad hoc
safety networksdedicatedto the exchangeof warnings, so
that a vehicle always belongto a safetynetwork and is able
to receive warningsof interest.Suchan approachmust cope
with the delaysinvolved in creating,joining and merging ad
hoc networks, and it seemsto require amendmentsto the

802.11 standard.Further simulationsmust be performedto
evaluate the mutual impact of warning traf�c and all other
traf�c. On onehand,concurrency amongseveral traf�c �o ws
would make more dif�cult to provide reliability guarantees.
On theotherhand,it is interestingto measurehow repetitions
for warningmessagesaffect normaltraf�c, in orderto ensurea
fair bandwidthusageamong�o ws,compatiblywith respective
servicerequirements.Moreover, the effectsof mobility could
be analyzedfor differentvehiclespeeds,oncean appropriate
reliability de�nition is characterizedfor the caseof changes
of the destinationgroup.
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