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Abstract

We presentan approacho simulatingad hoc network proto-
colsintegratedwith theirintendedapplication.Weimplement
theprotocollayersandtheapplicationusingthe Specification
andDescriptionLanguagg(SDL). Then,we simulatethe ad
hoc network directly from the SDL model. Using the inter-
faceof the SDL softwaretool, we incorporatethe mobility
modelfor hostsdescribedn tracefiles.

We suggestapplyingmobile ad hoc networks to commu-
nicatingvehiclesin roadtraffic. As anexample,we look at
vehiclesexchangingmessageto detecttraffic jamson high-
ways. Simulationsof this applicationin arealistictraffic sce-
nariodemonstratthepowerful effectandrobustnessf rather
simple, distributed protocolscommunicatinghrougha mo-
bile adhocnetwork.

INTRODUCTION

Many recentstudieshave proposedandsimulatedsinglelay-
ersof communicatiorprotocolsfor mobile ad hoc networks
[ 5 5, &]. An adhoc network consistsof mobile hoststhat
communicatevia wirelesslinks. Due to mobility, the topol-
ogy of the network changesontinuouslyandwirelesslinks
breakdown andreestablishfrequently No fixed infrastruc-
ture supportsthe communicationin ad hoc networks. Un-
doubtedly the mobility of hostsinfluencesthe performance
of thesenetworks[].

We believe that studyingthe application—anchencethe
mobility model as well—plays a significantrole in under
standingad hoc networks. As an example, we focus on
applyingad hoc networks to direct wirelesscommunication
betweenvehiclesin road traffic [, f]. The vehiclesare
equippedwith a computercontrolledradio modemallowing

themto contactotherequippedvehiclesin their vicinity. In
our application,the vehiclescollaboratethroughsuchan ad
hoc network to detecttraffic jams on highways. Testswith
off-the-shelfdevices[, [f]] have shovn the generalfeasibil-
ity of radiomodemsn the 2.4 GHz industrial,scientific,and
medical (ISM) band. In field experiments[], connections
lasted5s betweentwo oncomingcarsdriving at a speedof
130km/h in oppositedirectionson a Germarhighway.

The vehiclesdisseminatenessagessing scopediooding
in which the outermostrecevers forward messagegarlier
thanreceverscloserto the senderof the messaggi]. As
a secondmodificationof simpleflooding, we make vehicles
wait to forward a messageuntil they find new communica-
tion partnerdl]. This mechanisnhelpsto copewith network
fragmentatiorwhich occursdueto sparsedeploymentof the
systemwhenintroducedo the market.

In this article, we proposeintegrating the protocol stack
with theintendedapplicationandsimulatingthe network in a
realisticscenario We specifyour algorithmsusingthe Spec-
ification andDescriptionLanguaggSDL) [£% 9] which ex-
hibits objectorientation.Thus,SDL canexpressmultiple in-
stancesf the protocol stackforming the network. SDL of-
fersrich semanticsallowing the software tools to simulate
the behavior of the model. Throughthe interfaceof the used
SDL tool, we combinethenetwork simulationwith amobility
modelthatwe derive from a microscopidraffic simulation.

PROPOSED PROTOCOLS

The intervehiclecommunicatiorsystemconsistsof five lay-
ersmodeledas SDL blocks. Figurell depictsthe systemar-
chitecturefor the device usedto equipa vehicle. We assume
that the systemis connectedo a navigation system,which
inputs datasuchasthe currentposition, velocity, and street
type. In this section,we sketchthe algorithmsof eachblock
startingwith the lowestlayer. For a detaileddescriptionand
implementatiorof the systenreferto [LJ].

As an interfaceto the wirelesschannel,we implementa
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Figurel. Overview of systemarchitecture

simplemediumaccessontrolin block bMAC. The medium
accesscontrol offers two primitives to the upper layers—
sendingand receving a paclet. If a sendrequestreaches
thelayerwhile busy eithersendingor receving anotherdata
paclet,thepacletrequestindo besentis dropped.If multiple
transmissionsf pacletsoverlapin time attherecever, all of
themarediscardedscollidedpaclkets. TheblockbMAC thus
resembles carrier sensemultiple accessschemejn which
no back-of strat@y exists—if the channelis busy; thenthe
pacletto be sentis lost. Hence pacletsaresentimmediately
withoutdelayif thechanneisidle.

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 heartbeatmessagefrom othervehicles. When
bNHSstopsreceving the heartbeabf existing neighbors,it
removesthemfrom its list. If the neighborhoodservicede-
tectsa heartbeafrom unknowvn neighbors,it addsthemto
its list. The neighborhoodservicereportsall changesn the
neighborhoodist to theupperlayers.

ThelocalizedgroupmembershigervicebLGMStracksthe
membershipf theadjacenneighbors Theapplicationdeter
minesthe membershimf its own systemandrequestdo join
or to leave the group. Then, bLGMSinstalls views on the
membershipf neighbors A view comprisegheidentitiesof
neighborswhich are currently perceved as members.Non-
membersalways have an emptyview. Membersare always
includedin their own view.

The layer bFlooding responsiblefor disseminatingmes-
sageghroughthe ad hoc network usesa procesppMsgMan-
agementand a genericprocessype ptResend The process

pMsgMangementkeepstrack of previously seenmessages.

N: current neighbors

S: senders so far

WT: waiting time

msg: message to be forwarded

if not N\S == {}
/ set timer (WT)

if N\S=={}

WaitToResend

WaitForNeighbor

timer expires

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

/ send (msg)

Figure2. Statechartof ptResengrocessnstances

The systemusesscopedflooding to route messagethrough
the ad hoc network. We limit the propagatiorof a message
to a certainnumberof hopsthata messageantake andto a
givenlife time. Everytimeit forwardsamessagetheprocess
pMsgMan@emenspavnsanew instanceof the procesgype
ptResend The statetransitiondiagramfor ptResends de-
pictedin Figurell We distinguishbetweerntwo states'Wait-
ToResend'and“WaitForNeighbor’

The processof type ptResendnitializes a list of known
senderswith theidentity of the messagea sender Then,the
processomputeghe setdifferenceof the currentneighbors
without the known sendergo decideon the next step. If this
setdifferenceis not empty the vehicle hasneighborsother
thanthe senderof the previously receved messageandthe
procesentersthe “WaitToResend’state. A timer is setto a
waitingtime WT determinedy thedistanced of thevehicle
tothesendenf themessageThefunctionfor thetimeto wait
WT vyields a shortervaluefor moredistantsenderssuchas
givenin Equatiorlik

t ~
WT(d) = — 2T 4 traewr 1)
T
d = min{d, r}
where d : distanceo sender
tmazwT : Maximumwaiting time

r : transmissiomange

To understandbur motivation for waiting ratherthan re-
sendinghe messag@mmediately considerthe broadcasha-
ture of radio waves. Multiple hostscan receve the same
paclet simultaneouslyThen,animmediateresendingvould
causeburst-like traffic on the channel.We try to avoid peak
loadby forcing thereceversto wait. UsingthefunctionWT',
hostsattheborderof thereceptiorareaaremostlik ely to take
partin forwardingthe messageuickly.

While the processawaitsthe momentto resendit still up-
datesthe setsof neighborsandknown sendersThen,it sub-



tractsthe setof known senderdrom the setof neighbors.If
on ary of theseupdatesthis setdifferencebecomesmpty
the processswitchesinto the “WaitForNeighbor”state. Oth-
erwise,it forwardsthemessagafterthetimer expiresandthe
calculatedwvaiting time is over.

If atthe creationtime of the processhe setdifferenceof
neighborsvithoutknown senderss alreadyempty, thenthere
areno new receversnearbyandthe processmmediatelyen-
tersthe “WaitForNeighbor” state. In this mode,the process
waits until anupdateof the setof neighborsoccurssuchthat
the setdifferenceof neighborswithout known senderss not
emptyanymore. Then,the systemforwardsthe messageAf-
terforwardingthe messagethe processnstanceerminates.

Thetop layer bTJamimplementshe applicationandis in
our exampleresponsibldor detectinga traffic jam. It issues
the join andleave requestavhenthe velocity of the vehicle
exceedsor falls below certainvalues. Usingtheview on the
local groupmembershipthe block bTJam alsoclassifieshe
vehicleas at the beginning or at the end of the congestion.
If the group of slow vehicleshasat leasttwo membersand
the vehicleis the outermostgroup member bTJam initiates
a messagedo be sentto the otherend of the traffic jam. In
the casethatthejammedvehicleis alone,it initiatessporadic
messageaboultits position. Dueto ourroutingschemework-
ing in sparselypopulatedand fragmentednetworks, sucha
messagenightstill reachanothejammedvehiclein thesame
driving direction. If avehicleatthe borderof the traffic jam
recevesa messagérom anotherorderlinevehicle,it calcu-
latesthe distancebetweerthe originatorof the messagand
itself to detectthe sizeandpositionof thetraffic jam.

MICROSCOPIC TRAFFIC SIMULATION

To analyzetheproposedgrotocolswe simulaterealistichigh-

way traffic thatis proneto jam formation. We distinguish
macroscopicand microscopictraffic models. Macroscopic
modelsconsiderthedynamicsof vehicledensityandaverage
velocity of road sgments. However, in orderto study the

distributed systemasa collection of protocolinstancespur

traffic simulationrequiresa microscopicmodelwhich deter

minesthe dynamicsof individual vehicles. The challenges

to find a simplemodelof a singlevehiclethatleadsto a jam

formationfrom a macroscopi@erspectie.

In this article, we utilize the microscopidraffic modelde-
scribedby Krauf3 [Z%], which hasbeendevelopedto study
jam formationwith a minimal driver model. The modelfor
onevehicleconsistf four parameterandfour rulesfor each
time step.Theseparameterarethe maximumvelocity v,,,4.,
the maximum acceleratioru, the maximum deceleratior)
andthe amountof noisee thatintroducesstochasticdoeha-
ior to the model. The time is discreteandticks with anin-
tenal of At = 1 second.The spatialvaluesof positionsare
continuousandone-dimensional.

The rules of the modeldescribehow the vehicle chooses

a new velocity v and appliesit to reacha new positionz in

thenext time step.First, themaximumvelocity v, ¢. is com-
putedsothatthe vehicledoesnot collide with the vehiclein

front. Then,the desiredvelocity vgesireq iS the minimum of

eitherthe maximumvelocity in the model,or the currentve-

locity plusthegreatestcceleratiopossiblein thistime step,
or the safevelocity v, ¢ to preventthe vehiclefrom driving

into its predecessorin the next rule, the actualvelocity for

thenext time stepequalghedesiredvelocity minusarandom
termthatreflectsthe inaccurag humanperceptionof speed
and distance,if not negative. The formulaefor the update
rulesare:

gap — v, - T v+ vy

Usafe = U + — with 7, = 5% (2)
Vdesired = MiN[Upqq, V5 + @« At Usqfe] 3)
v(t + At) = max|0, Vdesired — € - @ - At - random()] (4)
z(t+ At) = z(t) + v(t + At) - At, (5)

whereuv, is the velocity of the leadingvehicle,v; is the ve-
locity of thefollower andgap is the gapbetweerthe leader
andthefollower.

We apply the microscopictraffic modelto a highway sce-
nario on a straightroad. We hadto setthe numberof lanes
perdriving directionto onebecausé¢he extensionof thetraf-
fic modeltowards multilane traffic is not trivial. For more
thanonelane,the modelrequireslanechangego copewith
traffic in onelane influencingthe traffic in a neighborlane.
Also, we do notaddres®therphenomendik e traffic conges-
tionscausedy curiosity of driversin the oppositedirection.

For traffic simulations,the traffic densityp describeghe
numberof vehiclesperkilometerandlane.We wantto cause
thetraffic jamin directionone (thatis wherethe x-positions
of the vehiclesincreaseover time.) Therefore,we setp to
a high valuein this directionandto a mediumvaluefor the
oncomingdriving direction.

Initially, thetraffic scenaricspreadshe vehicles’positions
on the laneaccordingto p. For higherdensityp, the chance
that a traffic jam evolvesis higher but we cannotcontrol
when,whereor if the jam grows. Therefore we disturbthe
initial settingby stoppingthefirst k = 5 vehicles.For smaller
k < 5, thetraffic simulationdid not causeatraffic jamin ev-
eryrun. Thevehicleswill notstopfor long because¢hefore-
mostvehiclequickly accelerateagainhaving no predecessor
in its lane. Neverthelessthe intrusionis enoughto reliably
causeatraffic jamfor k = 5.

Tabldll summarizesheparametersf theroadandthetraf-
fic model,whicharederivedfrom KrauR3[f]. Thesimulation
capturesa durationof fifteen minutes. The traffic jam simu-
lator outputstracefiles with the position of vehiclesduring
time. Thesetracefiles provide the mobility modelusedfor
theadhocnetwork simulation.



Table 1. Parameter®f traffic model

Description Value

Lengthof simulatedroad 10km

Numberof lanesperdirection 1

Traffic densityp 15vehs/km
(in directiononeandtwo) 5vehs/km

Numberof stoppedvehiclesk 5

Spaceoccupiedby vehicle 7.5m
Maximumvelocity vpmqz 36m/s~ 80mph
Maximum acceleratiom 1.5m/s
Maximumdeceleratiorb 4.5m/s
Influenceof noises 1.5
Reactiontime of driver 7 1s

system MANETSimulator 1Q2)

block type btVehicle
Vehicles (MaxN) : btVehicle

[ UpdateVehicle ] [ PacketStart.ind,

PacketEnd.ind ]
A y 4
[ PacketStart.req,

PacketEnd.req ]

block bScenario block bMedium

[ Done |

Figure 3. Overview of integratedsimulatorin SDL

AD HoC NETWORK SIMULATION

The ad hoc network simulationreproduceshe behaior and
the interaction of multiple communicationdevices. The
simulator consistsof the multiple modulesfor the vehicles
equippedasdescribecabore andasseenin Figurell a mod-
ule controllingthetraffic scenarioanda channeimodulethat
organizesthe exchangeof messages Figurell provides an
overview of theintegratedsimulator

The scenariomodulecontrolsthe simulationrun. It pro-
cessedhe tracefiles generatedy the traffic simulatorand
updateghe positionsof the vehiclesperiodically Whenthe
end of the tracefile is reachedthe moduleshutsdown the
simulatorproperly

Thechanneimodelassumegerfectreceptionof messages
in transmissiorrangeand always dropspaclets outsidethe
circulartransmissiorarea.Also, we modelreceptionfailures
at stationsthat either sendthemselesor receve a message
from anothersendersimultaneously In the latter casewhen
two or moretransmissiongverlapin time attherecever, all
of the messagearelost. Tablell summarizeghe main pa-
rametersf theadhocnetwork simulation.

Table 2. Main parametersf network simulation

Description Value
Transmissiomanger 600m
Transmissiordurationof traffic jammessage 5ms
Transmissiordurationof groupmessage 1ms
Transmissiordurationof heartbeat 0.5ms
Maximum numberof hops 20
Maximumwaitingtime tmaezwr 40ms
Heartbeatate 1s
Velocity to escapgam 70km/h
Velocity to becomgammed 40km/h

METRICS AND RESULTS

To evaluatethe generalbehavior of the communicatiorsys-
tem, we comparethe size andthe position of the traffic jam
ascalculatedby the vehiclewith the actualsizeandposition
of the congestioron theroad. For othermetricsto studythe
layershelow theapplicationreferagainto [£3].

We distinguishbetweerthe situationwith all vehicleson
the road andthe situationreducedto only the equippedve-
hicles. Figurell shavs an exampleof thesetwo situations.
As the backgroundwe usethe space-timeplot with all ve-
hiclesin Figurejjjjij andthe space-timeplot reducedo only
the equippedvehiclesin Figurcjjil In space-timeplots,we
print one pixel at the correspondingposition for all mobile
entitiespertime step.Then,every vehicleleavesatraceof its
movementasa curve consistingof single pixels. Fastvehi-
clescreateslopesaccordingo theirvelocity, whereaslow or
stoppedrehiclesremainin their positionovertime describing
analmostverticalline.

Thetraffic jamatajammedvehicleis detectedvhenames-
sageregardingthetraffic jamis recevedandthevehicleclas-
sifiesitself asbeingattheborderof thejam. Then,thevehicle
determineshejam sizeandpositionasthe pair of its own po-
sition andthe distanceto the originatorof the messageEach
time an equippedvehicledetectsa traffic jam, we plot a cir-
cle at its currentpositionand a horizontalline of the length
correspondingo thedetectedsizeof thejam.

The examplein Figurell shows that the traffic jam de-
tectionfor an evolved jam works fairly well with only 5%
equippedvehicleson theroad. Reducedo the situationwith
only equippedvehiclesleft, the two jamsin this simulation
run aredetectedalmostperfectlyby the outermostwehicles.

For every detectionof a traffic jam, we comparethe de-
tectedsize and position with both typesof jams—with the
realjamthatcontainsall vehiclesandwith theequippedam
thatis reducedto the equippedvehicles. Figurell provides
anexampleof our metricsto measureahe error of traffic jam
detection. At the displayedtime, the secondequippedand
jammedvehicledetectshe jam by receving amessagérom
behind. Then,theabsoluteerrorof therealtraffic jam sizeis
the sumof lengths(1) and(2). The absoluteerror of thereal
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Figure5. Exampleof errorof traffic jam detection

traffic jam positionis the distancg(2) to the beginning of the
jam. The correspondingneasuregor the equippediam are
thedistancg3) to the actualfirst equippedandjammedvehi-
cle. Theendof the equippedraffic jamis detecteperfectly

As a free parameteof simulationruns,we variedthe per
centagef equippedrehiclesontheroad—thredifferentset-
tingsweretestedor 1, 2, and5% of equippedrehiclesonthe
road. For eachparameterwe carriedout 100simulationruns
capturinga simulateddurationof 900seconds.

Tabldllsummarizetheresultsof theerrorof traffic jamde-
tectionfor jamsof all vehiclesandfor jamsthatcontainonly
equippedrehiclesyespectiely, alongwith theconfidencen-
tervals. In the secondand third column, we find the mean
valuesof absoluteerrorsof traffic jam sizeandpositionasa
functionof the percentagef equippedvehiclesontheroad.

Table 3. Resultsfor errorof traffic jam detectiorwith confi-
dencentenalsfor o = 5%

Percentage Meanerror Meanerror
of equipped of traffic jam  of traffic jam
vehicles[%] size[m] position[m]
all 1 25434+ 253 1314+ 123
vehicles 2 24754201 1287+ 97
5 2101+ 180 1107+ 87
. 1 742+ 189 354+ 89
\e/g;]‘i'z'zzd 2 1102+ 171 580+ 80
5 1327+ 174 727+ 83

For real traffic jams consideringall vehicleson the road,
both columnsshow the samecharacteristics.The functions
reachtheir maximum for the smallestdeployment of 1%
equippedvehicleson the road—anaverageerror of 2543m
for thetraffic jam sizeandanaverageerrorof 1314m for the
traffic jam position.

The last threerows containthe resultsfor traffic jam de-
tectionreducedo jamsof equippedvehicles.In generalwe
achieve betterresultsfor jamsthat consistsolely of equipped
vehiclesthan for jams of all vehicles. The maximum of
the absoluteerrorsin traffic jam detectionis reachedfor
5% equippedvehicleson the road and averagesan error of
1327m in sizeand 727m in position. In contrastto the er
ror metricsfor all vehicleson the road, the averageerror of



detectedraffic jamsconsistingof only the equippedvehicles
increasesslightly for very small deploymentsof 1% to 5%
equippedvehicleson theroad. We explain this factwith the
exampleshavn in Figurell

Diagramijjiij displaysa simulationrun with 1% equipped
vehicleson the road. Although only the three vehicleson
theleft handsidedetectthetraffic jam, they capturethe size
and the position perfectly The single equippedvehicle on
theright handsidelackscommunicatiorpartnersandhence
never exchangesnessage® detectthetraffic jam.

With 2% equippedvehicleson the road—asseenin Fig-
urefilil the equippedvehiclesoccasionallydetectthetraffic
jaminaccurately Equippedvehiclesontheleft handsidethat
receve a messagdrom the jam on the right handside via
intermediatevehiclestraveling in the oppositedirection(not
plotted)occasionallycannotdistinguishthe two jamsandex-
tendthe error of detectionin the overall meanvalue of our
metric.

Finally, FigureJjjlij shows frequent,and mostly accurate,
detectionof thetraffic jams. Still, having a higherfrequeng
of detectionalsoincreaseshe averageerror of the detected
jam. We circled the regions of frequentmisclassification
wherethedetectedamis eithertoolong or too short.

CONCLUSION

We describeanadhocnetwork protocolstackfor aninterve-
hicle communicatiorsystemandapply it to detectingtraffic
jamsonhighways.We specifyouralgorithmsusingthe Spec-
ificationandDescriptionLanguaggSDL) anda softwaretool
for SDL. Thesoftwaretool is ableto simulatethebehaior of
SDL models. Therefore we usethe SDL tool alsoasanad
hoc network simulator A microscopictraffic model deter
minesthe mobility of singlevehiclesandyieldsthe scenario
in whichtheadhocnetwork is simulated.

Theresultsof thead hocnetwork simulationto detecttraf-
fic jamsfocuson sparsedeploymentof theintervehiclecom-
municationsystem.Sucha situationis lik ely to occurshortly
afterthe systemis introducedto the market. Evenwith only
1% of thevehicleson theroadbeingequippedthe detection
of traffic jamsis possible. Space-timeplots of mobile hosts
combinedwith drawings of routed messagewisualize the
powerful effect and robustnessof rathersimple, distributed
protocolsfor communicatingn adhocnetworks.

Theapproachereinto integratesimpleprotocolstogether
with an applicationenablesthe evaluationof the complete
communicationsystem. Our algorithmsfor the single lay-
ersaremuchsimplerthanmostof the recentlyproposedap-
proachesg.g. our mediumaccessontrol resemblesa car
rier sensemultiple acceswithout back-of proceduresf the
channels busy—wesimplydropthepaclet. Still, weachieve
visible resultsevenwhenonly afraction of the network pop-
ulationis equippedwvith the system.Thesystenmodelin the

network simulatoris easilyadaptableéo otherapplicationdy
replacingthetop layerin our communicatiorsystem.
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