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Abstract

We presentanapproachto simulatingadhocnetwork proto-
colsintegratedwith theirintendedapplication.Weimplement
theprotocollayersandtheapplicationusingtheSpecification
andDescriptionLanguage(SDL). Then,we simulatethe ad
hoc network directly from the SDL model. Using the inter-
faceof the SDL software tool, we incorporatethe mobility
modelfor hostsdescribedin tracefiles.

We suggestapplyingmobile ad hoc networks to commu-
nicatingvehiclesin roadtraffic. As an example,we look at
vehiclesexchangingmessagesto detecttraffic jamson high-
ways.Simulationsof thisapplicationin a realistictraffic sce-
nariodemonstratethepowerfuleffectandrobustnessof rather
simple,distributedprotocolscommunicatingthrougha mo-
bile adhocnetwork.

I NTRODUCTI ON

Many recentstudieshaveproposedandsimulatedsinglelay-
ersof communicationprotocolsfor mobilead hocnetworks
[1, 2, 3, 4]. An adhocnetwork consistsof mobilehoststhat
communicatevia wirelesslinks. Due to mobility, the topol-
ogy of the network changescontinuouslyandwirelesslinks
breakdown andreestablishfrequently. No fixed infrastruc-
ture supportsthe communicationin ad hoc networks. Un-
doubtedly, the mobility of hostsinfluencesthe performance
of thesenetworks[5].

We believe that studyingthe application—andhencethe
mobility model as well—plays a significant role in under-
standingad hoc networks. As an example, we focus on
applyingad hoc networks to direct wirelesscommunication
betweenvehicles in road traffic [6, 7]. The vehiclesare
equippedwith a computercontrolledradiomodemallowing

themto contactotherequippedvehiclesin their vicinity. In
our application,the vehiclescollaboratethroughsuchan ad
hoc network to detecttraffic jamson highways. Testswith
off-the-shelfdevices[8, 9] have shown the generalfeasibil-
ity of radiomodemsin the2.4GHz industrial,scientific,and
medical(ISM) band. In field experiments[8], connections
lasted5s betweentwo oncomingcarsdriving at a speedof
130km/h in oppositedirectionson a Germanhighway.

Thevehiclesdisseminatemessagesusingscopedflooding
in which the outermostreceivers forward messagesearlier
thanreceiverscloserto the senderof the message[10]. As
a secondmodificationof simpleflooding,we make vehicles
wait to forward a messageuntil they find new communica-
tion partners[6]. Thismechanismhelpsto copewith network
fragmentationwhich occursdueto sparsedeploymentof the
systemwhenintroducedto themarket.

In this article, we proposeintegrating the protocol stack
with theintendedapplicationandsimulatingthenetwork in a
realisticscenario.We specifyour algorithmsusingtheSpec-
ificationandDescriptionLanguage(SDL) [11, 12] whichex-
hibits objectorientation.Thus,SDL canexpressmultiple in-
stancesof the protocolstackforming the network. SDL of-
fers rich semanticsallowing the software tools to simulate
thebehavior of themodel.Throughtheinterfaceof theused
SDL tool,wecombinethenetworksimulationwith amobility
modelthatwederive from a microscopictraffic simulation.

PROPOSED PROTOCOL S

The intervehiclecommunicationsystemconsistsof five lay-
ersmodeledasSDL blocks. Figure1 depictsthesystemar-
chitecturefor thedevice usedto equipa vehicle.We assume
that the systemis connectedto a navigation system,which
inputsdatasuchasthe currentposition,velocity, andstreet
type. In this section,we sketchthealgorithmsof eachblock
startingwith the lowestlayer. For a detaileddescriptionand
implementationof thesystemreferto [13].

As an interfaceto the wirelesschannel,we implementa



block bTJam
/* application */
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Figure1. Overview of systemarchitecture

simplemediumaccesscontrol in block bMAC. Themedium
accesscontrol offers two primitives to the upper layers—
sendingand receiving a packet. If a sendrequestreaches
thelayerwhile busyeithersendingor receiving anotherdata
packet,thepacketrequestingto besentisdropped.If multiple
transmissionsof packetsoverlapin timeat thereceiver, all of
themarediscardedascollidedpackets.TheblockbMAC thus
resemblesa carriersensemultiple accessscheme,in which
no back-off strategy exists—if the channelis busy, thenthe
packet to besentis lost. Hence,packetsaresentimmediately
withoutdelayif thechannelis idle.

The next layer bNHSimplementsa neighborhoodservice
that keepstrack of the list of currentneighbors.The block
bNHS employs a simple heartbeatmechanismin which it
sendsits own identity periodically like a heartbeat.It also
collectsthe heartbeatmessagesfrom othervehicles. When
bNHSstopsreceiving the heartbeatof existing neighbors,it
removesthemfrom its list. If the neighborhoodservicede-
tectsa heartbeatfrom unknown neighbors,it addsthem to
its list. The neighborhoodservicereportsall changesin the
neighborhoodlist to theupperlayers.

ThelocalizedgroupmembershipservicebLGMStracksthe
membershipof theadjacentneighbors.Theapplicationdeter-
minesthemembershipof its own systemandrequeststo join
or to leave the group. Then, bLGMS installs views on the
membershipof neighbors.A view comprisestheidentitiesof
neighborswhich arecurrentlyperceivedasmembers.Non-
membersalwayshave an emptyview. Membersarealways
includedin their own view.

The layer bFlooding responsiblefor disseminatingmes-
sagesthroughtheadhocnetwork usesa processpMsgMan-
agementanda genericprocesstype ptResend. The process
pMsgManagementkeepstrack of previously seenmessages.

/ send (msg)
timer expires

N: current neighbors
S: senders so far

msg: message to be forwarded
WT: waiting time

if not N\S == {}
/ set timer

if

if not N\S == { }
/ send (msg)

if N\S == { }

(WT)

N\S == { }

Send

WaitForNeighbor

WaitToResend

Figure2. Statechartof ptResendprocessinstances

The systemusesscopedflooding to routemessagesthrough
the ad hoc network. We limit the propagationof a message
to a certainnumberof hopsthata messagecantake andto a
givenlife time. Everytimeit forwardsamessage,theprocess
pMsgManagementspawnsanew instanceof theprocesstype
ptResend. The statetransitiondiagramfor ptResendis de-
pictedin Figure2. We distinguishbetweentwo states“Wait-
ToResend”and“WaitForNeighbor.”

The processof type ptResendinitializes a list of known
senderswith the identity of the message’s sender. Then,the
processcomputesthesetdifferenceof thecurrentneighbors
without theknown sendersto decideon thenext step.If this
setdifferenceis not empty, the vehiclehasneighborsother
thanthe senderof the previously receivedmessage,andthe
processentersthe “WaitToResend”state.A timer is setto a
waiting time

���
determinedby thedistance� of thevehicle

to thesenderof themessage.Thefunctionfor thetimeto wait���
yieldsa shortervaluefor moredistantsenders,suchas

givenin Equation1:
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where ��* distanceto sender���������� * maximumwaiting time� * transmissionrange+

To understandour motivation for waiting ratherthan re-
sendingthemessageimmediately, considerthebroadcastna-
ture of radio waves. Multiple hostscan receive the same
packet simultaneously. Then,animmediateresendingwould
causeburst-like traffic on thechannel.We try to avoid peak
loadby forcingthereceiversto wait. Usingthefunction

���
,

hostsattheborderof thereceptionareaaremostlikely to take
partin forwardingthemessagequickly.

While theprocessawaitsthemomentto resend,it still up-
datesthesetsof neighborsandknown senders.Then,it sub-



tractsthesetof known sendersfrom thesetof neighbors.If
on any of theseupdatesthis setdifferencebecomesempty,
theprocessswitchesinto the“WaitForNeighbor”state.Oth-
erwise,it forwardsthemessageafterthetimerexpiresandthe
calculatedwaiting time is over.

If at the creationtime of the processthe setdifferenceof
neighborswithoutknownsendersis alreadyempty, thenthere
areno new receiversnearbyandtheprocessimmediatelyen-
tersthe “WaitForNeighbor”state. In this mode,the process
waitsuntil anupdateof thesetof neighborsoccurssuchthat
thesetdifferenceof neighborswithout known sendersis not
emptyanymore.Then,thesystemforwardsthemessage.Af-
ter forwardingthemessage,theprocessinstanceterminates.

The top layerbTJam implementstheapplicationandis in
our exampleresponsiblefor detectinga traffic jam. It issues
the join andleave requestswhenthe velocity of the vehicle
exceedsor falls below certainvalues.Usingtheview on the
local groupmembership,theblock bTJamalsoclassifiesthe
vehicleasat the beginning or at the endof the congestion.
If the groupof slow vehicleshasat leasttwo membersand
the vehicleis the outermostgroupmember, bTJam initiates
a messageto be sentto the otherendof the traffic jam. In
thecasethatthejammedvehicleis alone,it initiatessporadic
messagesaboutits position.Dueto ourroutingschemework-
ing in sparselypopulatedand fragmentednetworks, sucha
messagemightstill reachanotherjammedvehiclein thesame
driving direction. If a vehicleat theborderof the traffic jam
receivesa messagefrom anotherborderlinevehicle,it calcu-
latesthedistancebetweentheoriginatorof themessageand
itself to detectthesizeandpositionof thetraffic jam.

M I CROSCOPI C TRAFFI C SI M UL ATI ON

To analyzetheproposedprotocols,wesimulaterealistichigh-
way traffic that is proneto jam formation. We distinguish
macroscopicand microscopictraffic models. Macroscopic
modelsconsiderthedynamicsof vehicledensityandaverage
velocity of road segments. However, in order to study the
distributedsystemasa collectionof protocol instances,our
traffic simulationrequiresa microscopicmodelwhich deter-
minesthedynamicsof individual vehicles.Thechallengeis
to find a simplemodelof a singlevehiclethat leadsto a jam
formationfrom a macroscopicperspective.

In this article,we utilize themicroscopictraffic modelde-
scribedby Krauß [14], which hasbeendevelopedto study
jam formationwith a minimal driver model. The modelfor
onevehicleconsistsof four parametersandfour rulesfor each
timestep.Theseparametersarethemaximumvelocity , ���� ,
the maximumacceleration- , the maximumdeceleration.
andthe amountof noise / that introducesstochasticbehav-
ior to the model. The time is discreteandticks with an in-
terval of 0 � �21 second.Thespatialvaluesof positionsare
continuousandone-dimensional.

The rulesof the modeldescribehow the vehiclechooses

a new velocity , andappliesit to reacha new position 3 in
thenext timestep.First, themaximumvelocity ,'4 ��576 is com-
putedso that thevehicledoesnot collide with thevehiclein
front. Then,thedesiredvelocity ,'8 6 4:9"; 6 8 is theminimumof
eitherthemaximumvelocity in themodel,or thecurrentve-
locity plusthegreatestaccelerationpossiblein this timestep,
or thesafevelocity , 4 ��576 to preventthevehiclefrom driving
into its predecessor. In the next rule, the actualvelocity for
thenext timestepequalsthedesiredvelocityminusarandom
term that reflectsthe inaccuracy humanperceptionof speed
and distance,if not negative. The formulaefor the update
rulesare:

,'4 ��576 �<,'=>�@? -BA�
C,'= ��DD7E � D with D E � ,'=>�F, 5G � . (2)
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, � � �Q0 � �	����RTS>J U)&:,'8 6 4:9"; 6 8V
C/ � - � 0 � ��W RX!ZYZ[T� � � O (4)

3 � � �Q0 � �	�<3 � � �\�F, � � �C0 � � � 0 � & (5)

where, = is the velocity of the leadingvehicle, , 5 is the ve-
locity of the follower and ? -BA is the gapbetweenthe leader
andthefollower.

We apply themicroscopictraffic modelto a highway sce-
nario on a straightroad. We hadto setthe numberof lanes
perdriving directionto onebecausetheextensionof thetraf-
fic model towardsmultilane traffic is not trivial. For more
thanonelane,the modelrequireslanechangesto copewith
traffic in onelane influencingthe traffic in a neighborlane.
Also, wedonotaddressotherphenomenalike traffic conges-
tionscausedby curiosityof driversin theoppositedirection.

For traffic simulations,the traffic density ] describesthe
numberof vehiclesperkilometerandlane.We wantto cause
the traffic jam in directionone(that is wherethex-positions
of the vehiclesincreaseover time.) Therefore,we set ] to
a high valuein this directionandto a mediumvaluefor the
oncomingdriving direction.

Initially, thetraffic scenariospreadsthevehicles’positions
on the laneaccordingto ] . For higherdensity] , the chance
that a traffic jam evolves is higher, but we cannotcontrol
when,whereor if the jam grows. Therefore,we disturbthe
initial settingby stoppingthefirst ^_�a` vehicles.For smaller
^_b�` , thetraffic simulationdid not causea traffic jam in ev-
ery run. Thevehicleswill not stopfor long becausethefore-
mostvehiclequickly acceleratesagainhaving nopredecessor
in its lane. Nevertheless,the intrusionis enoughto reliably
causea traffic jamfor ^��a` .

Table1 summarizestheparametersof theroadandthetraf-
fic model,whicharederivedfrom Krauß[14]. Thesimulation
capturesa durationof fifteenminutes.The traffic jam simu-
lator outputstracefiles with the positionof vehiclesduring
time. Thesetracefiles provide the mobility modelusedfor
theadhocnetwork simulation.



Table 1. Parametersof traffic model

Description Value

Lengthof simulatedroad 10km
Numberof lanesperdirection 1
Traffic densityc 15vehs/km

(in directiononeandtwo) 5vehs/km
Numberof stoppedvehiclesd 5
Spaceoccupiedby vehicle 7.5m
Maximumvelocity eXfhg�i 36m/s j 80mph
Maximumaccelerationk 1.5m/sl
Maximumdecelerationm 4.5m/sl
Influenceof noisen 1.5
Reactiontimeof driver o 1s

system MANETSimulator

block type btVehicle

block bScenario block bMedium

[ Done ]

[ PacketStart.ind,
  PacketEnd.ind ]

[ PacketStart.req,
  PacketEnd.req ]

1(1)

Vehicles (MaxN) : btVehicle

[ UpdateVehicle ]

Figure3. Overview of integratedsimulatorin SDL

AD HOC NETWORK SI M UL ATI ON

Thead hocnetwork simulationreproducesthe behavior and
the interaction of multiple communicationdevices. The
simulatorconsistsof the multiple modulesfor the vehicles
equippedasdescribedaboveandasseenin Figure1, a mod-
ulecontrollingthetraffic scenario,andachannelmodulethat
organizesthe exchangeof messages.Figure 3 providesan
overview of theintegratedsimulator.

The scenariomodulecontrolsthe simulationrun. It pro-
cessesthe tracefiles generatedby the traffic simulatorand
updatesthe positionsof thevehiclesperiodically. Whenthe
endof the tracefile is reached,the moduleshutsdown the
simulatorproperly.

Thechannelmodelassumesperfectreceptionof messages
in transmissionrangeandalwaysdropspacketsoutsidethe
circulartransmissionarea.Also, we modelreceptionfailures
at stationsthat eithersendthemselvesor receive a message
from anothersendersimultaneously. In the latter casewhen
two or moretransmissionsoverlapin time at thereceiver, all
of the messagesare lost. Table2 summarizesthe main pa-
rametersof theadhocnetwork simulation.

Table 2. Main parametersof network simulation

Description Value

Transmissionrangep 600m
Transmissiondurationof traffic jammessage 5ms
Transmissiondurationof groupmessage 1ms
Transmissiondurationof heartbeat 0.5ms
Maximumnumberof hops 20
Maximumwaiting time q fhg�i�rts 40ms
Heartbeatrate 1s
Velocity to escapejam 70km/h
Velocity to becomejammed 40km/h

M ETRI CS AND RESULTS

To evaluatethe generalbehavior of the communicationsys-
tem,we comparethe sizeandthe positionof the traffic jam
ascalculatedby thevehiclewith theactualsizeandposition
of thecongestionon theroad. For othermetricsto studythe
layersbelow theapplicationreferagainto [13].

We distinguishbetweenthe situationwith all vehicleson
the roadandthe situationreducedto only the equippedve-
hicles. Figure4 shows an exampleof thesetwo situations.
As the background,we usethe space-timeplot with all ve-
hiclesin Figure4(a)andthespace-timeplot reducedto only
theequippedvehiclesin Figure4(b). In space-timeplots,we
print onepixel at the correspondingposition for all mobile
entitiespertimestep.Then,everyvehicleleavesatraceof its
movementasa curve consistingof singlepixels. Fastvehi-
clescreateslopesaccordingto theirvelocity, whereasslow or
stoppedvehiclesremainin theirpositionovertimedescribing
analmostverticalline.

Thetraffic jamatajammedvehicleisdetectedwhenames-
sageregardingthetraffic jamis receivedandthevehicleclas-
sifiesitself asbeingattheborderof thejam. Then,thevehicle
determinesthejamsizeandpositionasthepairof its own po-
sition andthedistanceto theoriginatorof themessage.Each
time anequippedvehicledetectsa traffic jam, we plot a cir-
cle at its currentpositionanda horizontalline of the length
correspondingto thedetectedsizeof thejam.

The example in Figure 4 shows that the traffic jam de-
tection for an evolved jam works fairly well with only 5%
equippedvehicleson theroad.Reducedto thesituationwith
only equippedvehiclesleft, the two jamsin this simulation
runaredetectedalmostperfectlyby theoutermostvehicles.

For every detectionof a traffic jam, we comparethe de-
tectedsize and position with both typesof jams—with the
realjamthatcontainsall vehicles,andwith theequippedjam
that is reducedto the equippedvehicles. Figure5 provides
anexampleof our metricsto measuretheerrorof traffic jam
detection. At the displayedtime, the secondequippedand
jammedvehicledetectsthejam by receiving a messagefrom
behind.Then,theabsoluteerrorof therealtraffic jam sizeis
thesumof lengths(1) and(2). Theabsoluteerrorof thereal
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Figure5. Exampleof errorof traffic jamdetection

traffic jam positionis thedistance(2) to thebeginningof the
jam. The correspondingmeasuresfor the equippedjam are
thedistance(3) to theactualfirst equippedandjammedvehi-
cle. Theendof theequippedtraffic jam is detectedperfectly.

As a freeparameterof simulationruns,we variedtheper-
centageof equippedvehiclesontheroad—threedifferentset-
tingsweretestedfor 1, 2, and5%of equippedvehiclesonthe
road.For eachparameter, wecarriedout 100simulationruns
capturinga simulateddurationof 900seconds.

Table3 summarizestheresultsof theerrorof traffic jamde-
tectionfor jamsof all vehiclesandfor jamsthatcontainonly
equippedvehicles,respectively, alongwith theconfidencein-
tervals. In the secondand third column, we find the mean
valuesof absoluteerrorsof traffic jam sizeandpositionasa
functionof thepercentageof equippedvehicleson theroad.

Table 3. Resultsfor errorof traffic jamdetectionwith confi-
denceintervalsfor uv��`>w

Percentage Meanerror Meanerror
of equipped of traffic jam of traffic jam
vehicles[%] size[m] position[m]

1 2543 x 253 1314 x 123all
2 2475 x 201 1287 x 97vehicles
5 2101 x 180 1107 x 87
1 742 x 189 354 x 89equipped
2 1102 x 171 580 x 80vehicles
5 1327 x 174 727 x 83

For real traffic jamsconsideringall vehicleson the road,
both columnsshow the samecharacteristics.The functions
reach their maximum for the smallestdeployment of 1%
equippedvehicleson the road—anaverageerror of 2543m
for thetraffic jamsizeandanaverageerrorof 1314m for the
traffic jamposition.

The last threerows containthe resultsfor traffic jam de-
tectionreducedto jamsof equippedvehicles.In general,we
achievebetterresultsfor jamsthatconsistsolelyof equipped
vehicles than for jams of all vehicles. The maximum of
the absoluteerrors in traffic jam detectionis reachedfor
5% equippedvehicleson the roadandaveragesan error of
1327m in sizeand727m in position. In contrastto the er-
ror metricsfor all vehicleson the road,the averageerror of



detectedtraffic jamsconsistingof only theequippedvehicles
increasesslightly for very small deploymentsof 1% to 5%
equippedvehicleson theroad. We explain this factwith the
exampleshown in Figure6.

Diagram6(a)displaysa simulationrun with 1% equipped
vehicleson the road. Although only the threevehicleson
the left handsidedetectthetraffic jam, they capturethesize
and the position perfectly. The single equippedvehicleon
the right handsidelackscommunicationpartnersandhence
neverexchangesmessagesto detectthetraffic jam.

With 2% equippedvehicleson the road—asseenin Fig-
ure6(b), theequippedvehiclesoccasionallydetectthetraffic
jaminaccurately. Equippedvehiclesontheleft handsidethat
receive a messagefrom the jam on the right handside via
intermediatevehiclestraveling in theoppositedirection(not
plotted)occasionallycannotdistinguishthetwo jamsandex-
tend the error of detectionin the overall meanvalueof our
metric.

Finally, Figure6(c) shows frequent,andmostly accurate,
detectionof thetraffic jams.Still, having a higherfrequency
of detectionalsoincreasesthe averageerror of the detected
jam. We circled the regions of frequentmisclassification
wherethedetectedjam is eithertoo long or tooshort.

CONCL USI ON

We describeanadhocnetwork protocolstackfor aninterve-
hicle communicationsystemandapply it to detectingtraffic
jamsonhighways.WespecifyouralgorithmsusingtheSpec-
ificationandDescriptionLanguage(SDL) andasoftwaretool
for SDL.Thesoftwaretool is ableto simulatethebehavior of
SDL models. Therefore,we usethe SDL tool alsoasan ad
hoc network simulator. A microscopictraffic model deter-
minesthemobility of singlevehiclesandyields thescenario
in which theadhocnetwork is simulated.

Theresultsof theadhocnetwork simulationto detecttraf-
fic jamsfocuson sparsedeploymentof theintervehiclecom-
municationsystem.Suchasituationis likely to occurshortly
after thesystemis introducedto themarket. Evenwith only
1% of thevehicleson theroadbeingequipped,thedetection
of traffic jamsis possible.Space-timeplots of mobilehosts
combinedwith drawings of routed messagesvisualize the
powerful effect and robustnessof rathersimple,distributed
protocolsfor communicatingin adhocnetworks.

Theapproachhereinto integratesimpleprotocolstogether
with an applicationenablesthe evaluationof the complete
communicationsystem. Our algorithmsfor the single lay-
ersaremuchsimplerthanmostof therecentlyproposedap-
proaches,e.g. our mediumaccesscontrol resemblesa car-
rier sensemultiple accesswithout back-off proceduresif the
channelis busy—wesimplydropthepacket. Still, weachieve
visible resultsevenwhenonly a fractionof thenetwork pop-
ulationis equippedwith thesystem.Thesystemmodelin the

network simulatoris easilyadaptableto otherapplicationsby
replacingthetop layerin ourcommunicationsystem.
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