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ABSTRACT

We investigatedistributed algorithmsfor mobile ad hoc networks
for moving radio stationswith adjustableransmissiorpower in a
worst casescenario.We considertwo modelsto nd areasonable
restrictionon the worst-casemobility. In the pedestriammodelwe
assumea maximumspeedvmax Of the radio stationswhile in the
vehicularmodelwe assumea maximumacceleratioramax of the
points.

Our goal is to maintainpersistentrouteswith nice communi-
cationnetwork propertiedik e hop-distancegnegy-consumption,
congestionand numberof interferences.A routeis persistentjf
we canguaranteehat all edgesof this route canbe upholdfor a
giventime span , which is a parametedenotingthe minimum
time the mobile network needso adoptchangesi.e. updaterout-
ing tables,changedirectoryentries etc. This  canbeusedasthe
lengthof anupdateinterval for a proactie routingscheme.

We extendsomeknown notionssuchastransmissiorrange,in-
terferencesspannerpover spanneandcongestiorto bothmobil-
ity modelsandintroducea new parametecalledcrovdednesshat
statesalowerboundonthenumberof radiointerferencesThenwe
prove thata mobile spanneihostsa pathsystemthat polylogarith-
mically approximateshe optimalcongestion.

We presentlistributedalgorithmsbhasednagrid clusteringtech-
nigueanda high-dimensionatepresentatioof thedynamicalstart
situation which constructmobile spannerawith low congestion,
low interferencenumbey low enegy-consumption.and low de-
gree. We measurethe optimality of the output of our algorithm
by comparingit with the optimal choiceof persistentroutesun-
derthe samecircumstancesvith respecto pedestriaror vehicular
worst-casenovements.Finally, we presentsolutionsfor dynamic
positioninformationmanagementnderour mobility models.
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1. INTRODUCTION

Weinvestigateheproblemof constructingawirelessadhocnet-
work underaworst-caseassumptiorfor mobility. For the mobility
we considettwo differentmodelsfor the movementof somen mo-
bile stationsin the plane,the velocity bounded andthe accelera-
tion boundedmodel.

For the rst modelwe pictureto ourseles a large numberof
pedestrians using mobile, wirelesscommunicationdevices in a
rathersmall area. Clearly, the maximumspeedis boundedby a
small constant. The standardapproachn a staticad hoc network
scenarias to build up connectiondetweennearesneighbors. If
the mobility is very high, like on a crowded sidewvalk, this leads
to shortcommunicatiorinks, thatsurvive for only shorttime peri-
ods.Althoughit is possibleto build uptheseconnectiongndtrans-
mit somedata,it is nearlyimpossibleto maintainpaclet routesor
maintaindirectoriesfor ef cient localizationof users. Therefore,
we needcommunicatioriinks to sustainfor sometime span  to
enablethe routing layer to keepup with the dynamicalchanges.
We canguaranteehata communicatiorlink betweertwo moving
stationssustaindor this periodif we adjustthetransmissiorrange
to a value,which coversall possibledistanceghe communication
partnerscanreachin time . Since,we know the maximumspeed,
this impliesthatthe transmissiorpover mustbe chosersuchthat
the transmissiorrangeis at leastan additive term 2vinax  larger
thanthe distanceat the beginning of thetime intenval. Thetaskis
now to appropriatelybuild up the basiccommunicatiorlinks such
that the routing algorithm can chooserouteswith low enegy or
low congestionyvhile the numberof edgesandinterferingedgeds
small.

A motivating examplefor the accelerationbounded modelis
givenby vehiclesof high speed|ike cars,trains,or aircrafts.E.qg.,
considertrains where eachwagoncarriesa mobile radio station.
Now considera scenariowheretwo suchtrainspasseachotherin
oppositedirections,asshavn in Figure 1. If we take a snapshoin
this momentandbuild a staticadhocnetwork usingthetemporary
positions,thenthis staticapproachmay leadto a ladderlike net-



Figure 2: Horizontal speedand dir ectionsin the train example.
Each point representsa wagon.

work asshawvn in the gure. But thecommunicatiorinks forming
the rungsof the laddercanbe upheldonly for a shorttime period
sincethetrainsmove with high speed After ashortperiodall rung
links needto bereplacedyy nen ones.Thereforehis staticnetwork
designis notagoodchoice.

To generalizefrom linear movementsto someworst-caseset-
tings we allow all nodesto acceleratdoy somemaximumamount
of amax . Letsi (t) bethecoordinate®f amobile stations; attime
t, s(t) the velocity vectorands®{t) the vectordescribingthe ac-
celerationthenjs™{t)j>  amax . Now, if wetry to adjustthetrans-
missionranger of aconnectiorsuchthatthe moving communica-
tion partnerss; ands; of known relative speedv = s%(t) sjo(t)
anddistancevectord = si(t) s;j(t) sustainfor atime span
we needa transmissiordistancethat coversat leastthe distanced
at the beginning and the distanceat the end stretchecby a possi-
ble accelerationi.e.r = maxfj dj;jd+ v j2» + amax 2g. In the
train examplethis implies that the communicationlinks between
thepassingrainsaremoreexpensve thanoneexpectdookingonly
at a snapshotIf we addto the two positioncoordinateghe verti-
calandhorizontalspeedcoordinateswe mapthedynamicalaspect
of the scenarianto four dimensionsasshavn in Figure2 (verti-
cal speedandlocationcoordinatesreleft out). In this settingthe
speeddifferenceseparateshe trains. Hence,rung links between
thetrainsaddradiointerferencesvith otheredgesit is straightfor
ward thata small numberof rung connectionsetweenthe trains
improve the mobile network, while the edgesinside shouldfollow
astaticadhocnetwork policy.

Ourgoalis to build upamobileadhocnetwork thatis stableand
prefersshortlinks. In a high-speedscenarioone cannotprovide
bothfeaturesatthe sametime. We will try to presenareasonable
compromiseWe allow ary movementof themobilestationswithin
theserestrictionsandwill comparethe performancef our network
solutionswith thebestof ine solutionfor this dynamicalscenario.

We extend resultson congestiondilation, andenegy in radio
networks [15] to mobile ad hoc networks undertwo worst-case
mobility models. The remainderof this paperis organizedasfol-
lows. In Section2, we rst presentsomebasicknovn mobility
models. We review modelsusedin simulationsaswell asmodels
consideredn theoreticalanalyzedike kinetic datastructures.In

Section3, we introduceour network model. Assumingthata x ed
time intenval of length  is given, we describehow we construct
the mobile ad hoc network for a setof stationsto solve routing
problems. Further we innovate the pedestriarand the vehicular
mobility astwo worst-casamobility models.In Section4, we de-
ne somenetwork parametersvhich partly extend measuresand
de nitions like transmissiorrange,interferencesspanner pover
spannerandcongestiorto mobile networks. Further we introduce
ameasurealledcrovdednesthatstateslowerboundonthenum-
ber of radiointerferencesWe concentrat®n the distributedcom-
putationof the network at MAC and physicallayer andshaw the
mainresultthata mobile spannehostsa pathsystemthatpolylog-
arithmicallyapproximateshe optimalcongestionln Section5, we
give techniquesow to constructsuchmobile spannersvith small
congestionsmallinterferencenumber smallenegy-consumption,
andsmalldegree. We present HierarchicalGrid basedon a grid-
clustertechniqueandprove thatits interferencenumbercanbe up-
perboundedby a logarithmictermif we assumehe crovdedness
to belogarithmic. Oneassumptionn our approachis thatall posi-
tioning informationis availableto all nodes.We discusghis prob-
lemin Section6 andpresentwo solutions:the rst is basedon a
positioningsystemandthe secondusesdistancesslocationinfor-
mation. This yieldsto a very dynamicdatastructure the so-called
Mobile HierarchicalLayergraphthatful lls all our requirements.
We concludeour work with anoverviev abouttheresultsandgive
someopenquestionandfurtherresearchdirectionsin Section?.

2. PREVIOUS RESEARCH

Many mobility modelshave beenproposedasa basisfor simu-
lation of cellularandadhocnetworks. Most of themusearandom
procesdo vary speedor directionof the moving objects,like the
randomwalk modelandits variants. The mostcommonmodelfor
simulationsof cellularnetworksis arandomwalk modelwhichde-
scribesmobility asa stop-and-ganotionbetweercells. According
to the uid ow modelevery objectmoveswith a randomlycho-
senspeedanddirectionfor a prede nedtime intenal. In contrast
to the randomwalk the motion is more predictable. The Gauss-
Markov model[13] is a bit of both the randomwalk andthe uid

ow model: Speedand directionare changedwith an adjustable
amountof randomnesstangingfrom completelyrandomto pre-
dictable linearmotion.

In the randomwaypointmodel[12] the objectsmove between
randomlychoserpositionswherethey pausefor a certaintime in-
ternval. Their speedis uniformly distributed betweenzero and a
maximum. The speedchoserfor the next motion perioddoesnot
dependon the speedof the previous period. Thussharpturnsand
sudderstopsarepossiblej.e. theaccelerations notbounded.

Besideshesemodels,in which the movementof eachobjectis
independentrom others therearemobility modelsthatregardmo-
bility of agroupof objects,e.g.therefelencepoint group mobility
model[11] thatde nes for groupsof objectsa logical centerthat
determineglirection,speedandacceleratiorof eachobject. Other
examplesarethecolumnmodel,thepursuemodel,andthenomadic
communitymodel. Thesemodelsarelesssuitableto modelworst
casemobility asthey provide somekind of smoothedor uniform
mobility pattern.A suney of themobility modelsmentionedabore
canbefoundin [5, 4].

In the network modelof Chatzigiannakigtal. [6] thenodesare
allowedto move arbitrarily while the support(a setof nodescon-
trolled by the protocol that form a virtual backbone)movesran-
domly. The authorsabstracfrom the geometricpropertiesof this
movementanddivide themotionspacednto cubeghatapproximate



a spherethatis given by a prede nedtransmissiorrange. These
cubesare representedy the nodesof a motion graph, adjacent
cubesare connecteddy an edge. Thenmobility of the supportis
modeledby arandomwalk onthis motiongraph.

Anotherway to dealwith mobility in adhocnetworksis to con-
siderwhathappengo the underlyingtopologywhenthe nodesare
moving. This leadsto the advesarial networkmodel[2] in which
all communicatiorinks areundercontrolof anadwersary A worst
casefor mobility correspondsvith thetopologicalchangeshe ad-
versarymay performwithin someprede nedrestrictions.

An intrinsic propertyof mobile ad hoc networks is the mobility
of the nodes. Despiteof this fact the network topologyis mostly
designedor quasi-statimodes.Then,accordingto someevents,a
new network topologyis computed.

In thecontext of computationajeometryBaschetal. introduced
the conceptof kinetic data structues (KDS) [3] that describesa
framework for analyzingalgorithmson mobile objects. In their
modelthemobility of objectsis describedy pseudo-algebraitinc-
tions of time andfully or partially predictable. The analysisof a
KDS is doneby countingthecombinatoriachange®f thegeomet-
ric structurethat is maintainedby the KDS. Thereforethe worst
casemobility dependson the speci ¢ applicationfor which the
KDS is designed. Another approachthat capturesunpredictable
mobility is the conceptof softkinetic data structues(SKDS) [7].
Thesedatastructuresnaintainan approximategeometricstructure
thatis updatedby propertytestingandreomganization. SKDS are
evaluatedwith respecto thedynamicsf thesystemwhichis mea-
suredby thenumberof errorsthe datastructurecontainsdueto the
mobility of objects.Worstcasemobility is ratherdescribecasnum-
ber of changeghatviolate the internalstructurethanasa random
process.The mobility is regardedwith respecto the speci ¢ pur
poseof the SKDS. It is not characterizedh termsof velocity and
direction.

The idea of kinetic datastructuress alsousedin [8] to main-
tain a clusteringof moving objects. This approachs usedin [9]
to determinethe headof eachclusterin a mobile network. In each
clusterthe nodesare directly connectedo the head. The heads
andsomeintermediatgyatevay nodesareconnectedby a Delaunay
graphwith restrictededgelengthsthatforms a backbonenetwork.
In this network routing canbe performedby a geometricforward-
ing scheme.To reacton mobility the clusteringis updatedby an
event-basedkinetic datastructure.

3. THE MODEL

In our model we considera x ed setS of n mobile stations

nateof amobilestations; attimepointt andby s2(t) = ds; (t)=dt
its speedvector Furthermores®{t) = ds’(t)=dt denoteshe ac-
celerationof s; attimet, i.e.the changeof thespeed.

All mobile stationsremainactive all the time. We allow ad-
justabletransmissionpower for eachconnection,which is high
enoughsuchthatall mobilestationseverleave themaximumtrans-
missionrangeof a mobile station. The mobile stationsuseomni-
directionalradioantennaei,e. all mobilestationsnsideadisk with
the sendeiascenterandthetransmissiordistanceasradiuscanre-
ceive the messager will be disturbedwhile receving dataon a
differentconnection.We assumebidirectionalcommunicatioron
asinglefrequeng with time-multiplexing, i.e. usingdifferenttime
slots. Dataneedto be acknavledgedandfor simplicity we assume
thattheimpactof acknavledgmentds similarto theimpactof sent
data.

3.1 The Mobile Ad Hoc Network

Wetry to keepall connectionslivefor atleasta x edtimeinter
val of length . This parameteis an over-all network parameter
which inducessomestability into the network. It shouldbe cho-
sensufciently large to setup the communicationlinks between
neighbors,to updaterouting tables,and deliver someamountof
data. For a practicalrealizationit may not be necessaryo adopta
synchronousoundmodelaswe will do now.

We assumehatall nodeswork synchronizedn subsequertime
intervals of length . Then,duringeachtime intenal of length
themobilead hocnetwork performsthe following operations.

1. Everymobilestationdetermineshe positionsandspeedrec-
torsof possible(andreasonablefommunicatiorpartners.

2. Everymobilestationestablishesommunicatiodinks to some
selectecheighbors.

3. Accordingto a routing algorithmbasicrouting information
is computede.g.by routingtables paclet ooding, or diffu-
sionalgorithms.

4. Themobilenetwork communicateslatapacletsof theappli-
cations,i.e. telephoneg-mail,etc.

Notethatthis approachembodieshe conceptof a network pro-
tocolstack.The rst phaseefersto the physicallayer, wherephys-
ical datalike transmissiorpowver andthe changeof theincoming
signalcanbe usedto estimaterelative distancesndrelative speed.
The secondphasedescribeghe taskof the Medium AccessLayer
(MAC). Notethatthespeci c routingrequestgarenotknown in this
layer Its taskis to build up a general-purposaetwork which al-
lows ef cient routing,while the network graphis prunedsuchthat
thenumberof interferingedgess small.

In thethird phaseheroutingalgorithmcanrely onastablecom-
municationnetwork for sometime span . Then,theroutingin the
mobile network is reducedto routing in a (temporary)static net-
work andstandardechniquesreapplicable Thepacletroutesare
chosento minimize lateng, traf c-induced congestionsnd, typi-
cally for mobiledevices,to reducethetransmissiorenegy. In [15]
it is shavn thatevenin the staticcaseit is notpossibleto optimize
morethanoneof theseparameterst the sametime. However, in
the staticcaseit is possibleto build up a general-purpose-netnk
which enablegheroutingalgorithmto chooséts optimizationpol-
icy afterwards.Thefourth phaseof ourmodeldescribesheactiity
inducedby the uppermostlayerof the network protocolstack,the
applicationlayer

In this paperwe concentrateon the distributed computationof
theinterconnectiometwork by the MAC layerandthe problemof
committingnecessarjocationinformationin thephysicallayer

3.2 PedestrianMobility

Thepedestrianmobility modelis aworstcaseapproactrelying
on all mobile stationsobeying a speedimit of vmax . In thisveloc-
ity bounded modelthe startingpositions; := s;(0) is known and
for the speedvectors?(t) = ds;(t)=dt it holdsjs(t)j>  Vmax -
Thisimpliesfor therelevanttimeintenal thatall mobilestations
remainin a disk with radiusvmax aroundthe startingposition
S, i.e.

fort 2 [0;] : jsi(t) sij2 Vmax

3.3 Vehicular Mobility

Thevehicular mobility modeldescribeshe movementof n sta-
tions with bounded acceleration amax . It refersto transporta-
tion vehicleswhich canoperateat high speedswherethe limita-
tion by the changeof speedchasa higherimpacton the movement



thanthe maximumpossiblespeede.g. cars,trains, aircrafts. Let

sPt) = dsP(t)=dt denotethe acceleratiorvectorof a mobile sta-
tion s;, thenwe claim thatfor all mobilestationgs’{t)j>  amax -

Now, the startingspeedvectors? := s%(0) at the beginning of

thetime intenval  canbe arbitrarily large. Yet, we assumehat
at the begginning of thetime intenval [0; ] we know all locations
S1;:::;Sn andall speed/ectorss({; ::1:sY. Then,wecanestimate
thepositionof stationi attime pointt 2 [0; ] by

jsi(t) tS? Sij2 Eamax t? Eamax 2

As a technicalconditionwe requirea polynomialboundon the
maximumdistancesndrelative speedlifferencedor bothmodels,
i.e.for someconstank weclaimjs; s;j O((Vmax ) ¥)inthe
pedestriamodelandjs;  s;j+js’ S’} O((@max ) kY in the
vehicularmodel.

4. MOBILITY AND NETWORK PARAME-
TERS

In our worst-caseapproachscenariosmay appearwhere even
optimalnetworkshave badperformanceTo identify suchscenarios
weintroduceanetwork independenmeasurecalledcrowdedness
We will seethatit statesa lower boundon the numberof radio
interferencesand the maximumdegree of reasonableonnection
networks.

In the velocity bounded modelwe de ne Crowd, (u) of anode
u by the setof all othernodesin distance2vmax . Its cardinality
de nescrowd,(u), thecrovdednessf u.

In the acceleration bounded modelwe de ne the crowd of a
nodeu by

2

Crowda(u) := fw2 Snfug : ju wjz %amax

andju® w9, Samax g
whereu; w denotethe starting positions,and u® w° the starting
vectorof mobilestationdfor thetimeinterval [0; ] . Thecrowvded-
nesscrowda(u) isde ned by its cardinality It canbeinterpretedas
the numberof nodesthatcanapproactu with maximumaccelera-
tionamax intime suchthatsi() = sj() ands’() = s’() .

The overall crovdednesf a setof stationsS is given by the
maximumcrovdednesg 2 fa; vg):

crowd (S) := mzasxfcrowd (Wg:

TransmissionRange One crucial propertyof our mobile net-
work approactis to build up persistentinks for the time interval
[0; 1 . Theonly methodto ensurethis propertyfor acommunica-
tion link is to increasehe transmissionmadiussuchthat the maxi-
mumdistancehattwo stationscanreachis covered.In thevelocity
boundedbedestrianmodel we thereforerede nethetransmission
distanceof two stationsu; w 2 S by

JU; Wjy = 2Vmax  + ju Wjz :

In the vehicular model the following term describeghe neces-
sarytransmissiomange.

j(u;u%; (W w9ja = maxfiu  wip;

ju w+ W w9 o+ amx 29

Notethatbothde nitions aresymmetricandful Il thetrianglein-
equality i.e.ja;b + jb;cj  ja;cj (For ashorternotationwe de-
notefor the quadruple(uy ; uy; ug; uS) simply u). Proofsfor the
correctnessf thesestatementsanbefoundin the Appendix.

Theunionof all (bi-directional)communicationinks E describes
the mobile ad hoc network. The diameter diam(G) of this undi-
rectedgraphG is describedy themaximumhop-distancéetween
a pair of nodes. The degreedey(v) of anodev is the numberof
establishe@ommunicatiorinks atv.

Interfer ences Moderncommunicatiometworks usemary fre-
guenciesandsophisticatedpreadspectrumtechniquesthatallow
mary sendergo sharethe samemedium. However, in mostsys-
temsthe bandwidthof the medium can be outnumberedoy the
communicatioroad of the participants For atheoreticalpproach
we assumehat suchspreadspectrumsystemsbehae like a one-
frequeng network with a probabilistictime schedule.

In our one-frequeng model with adjustabletransmissiondis-
tancesedgesnterfereif a mobile stationis insidethe transmission
areaof an edgeand messagesare sentsimultaneously{15]. Be-
causeof our little knowledge aboutthe movementof the mobile
stations,we cannotexactly predictinterferences.For an accurate
analysisone hasto take into accountthe sendingtime of a mes-
sage,the movementsof sendersand recevers, their transmission
radii, theimpactof controldatainducedby distanceneasurements
andacknavledgments.

For a theoreticalapproachwe needa simplede nition that al-
lows us to classify mobile networks. Radio interferencegesult
from a combinationof badtiming, badlocationsand large trans-
missionradii. We wantto concentrateon the geographicatause
of interferencesindcountall interference®f communicatiorinks
thatcouldinterfereatsometime. In thestaticwirelessnetwork sce-
nariothis canbe describeddy deciding,whethera noderesidesn
the transmissiorareaof a communicatiorlink. In our worst-case
mobility scenaridhe situationis moredif cult.

We do not know in adwancewhetherthe mobile stationcould
move into thetransmissiorareaof alink. If we considertheworst
casemotion for radio interferencesve encountemumeroussuch
interdependenciedhis approachwould leadto ade nition where
small local changesf positionscanin uence the radio interfer
encef all othermobile stations.We would like to usea practica-
blelocal de nition for radiointerferenceswhich only usesknowl-
edgefrom themobilestationsof theinterferingandinterferedinks.
Furthermorewe wantto excludethetiming of the movementfrom
thede nition of radiointerferences.

We took several alternatve modelsfor interferencesnto con-
sideration.Oneof the possibleapproachess to countevery radio
interferencehat could happerfor sometime underevery allowed
movement. But this turnsout beingtoo pessimistic.We alsocon-
sidereda too optimistic modelwherewe only countinterferences
thatmust happerunderevery possiblenovement.For areasonable
compromisébetweerthesetwo extrememodelsassuming certain
ad\ersarialor friendly behaior of themobile stationswe consider
a compromiseassuminghatwe only counttheradiointerferences
of mobile stationsusingthe averageroute. In the pedestrianmodel
the average route is to remainon the startingposition, while in
thevehicularmodelit describeshe unacceleratedating with the
original speed.

So, we de ne interferencesasif the distancebetweentwo in-
terferingstationsis not stretchecdy the additionalconstanthatis
given by the velocity boundin the pedestriarmodel and the ac-
celerationboundin the vehicularmodel. Thus,in our pedestrian
modelwe countinterferencessif the radio stationsarenot mov-
ing atall. For thevehicularmodelwe countonly interferencess



if the interferingmobile stationsare not acceleratingyet usinga
oversizetransmissiorradiusto compensatdéor worst-casemove-
ments). Furthermorewe countonly interferinglinks if they inter
ferefor thecompletetime span .

In thisinterferencenodeltwo edgedo notinterfereevenif they
passeachotherat a closedistancewith high relative speed.One
may arguethatin this casethe interactionbetweerthe links is so
shortthatit canbeneglected(Of coursewe areawareof worst-case
scenario®f passingmobileclusterggiving acounterexample).As
a physical amgument,the large relative speeddifferencemay be
large enoughto causea frequeng shift, knovn as Dopplereffect,
which preventsradiointerferences.

In thevelocity boundedmodelanedgeg = f p1; p2ginterferes
with edgee= fau; g if

90 29:9g 2 e jpi Glz2 jgiv:

In theaccelerationboundedmodelwe modelinterferencesnly

betweenedgeswhich interferefor the completeintenal [O; ] , if

the velocity vectorsof their nodesremainthe same.Formally we
de ne thatedgeg = f p1; p2g interfereswith edgee = fqi; g if
9 299G 2 e jpi G2 jgia and jBi G2 jGa;
wheret := u+ u®denoteghe positionof u attime point  if
the speedvectorof u remainedunchangediuring[0; ] .

In both mobility models( 2 fa;vg) wede ne Int (e) asthe
setof edgesthatinterferewith edgee. The interferencenumber

Int (G) of a mobile network G is given by the maximuminter
feredsetof edges:

Int (G) := ezrréa})é)fj Int (e)jg:

Now, the crovdednes®f the underlyingsetof mobile stations
statesa lower bound on the numberof interferencesvery con-
nectedmobile network produces.

THEOREM 1. In bothmobilitymodels( 2 fa; vg) weobserve
for all connectedyraphsG = (S;E):

Int (G) crowd (S) 1:

PROOF. Letu 2 S beanodefor which crowd (u) is maxi-
malin G, i.e.crowd (u) = crowd (S), andlete beanarbitrary
edgeincidentto u. Suchan edgeexists, becauses is connected.
We de ne the setE (Crowd (u)) asthe setof edgesincidentto
anodefrom Crowd (u), i.e.E(Crowd (u)) := fg= fw;zg:
w 2 Crowd (u)g. Considerthe GraphG which s obtainedfrom
G by substitutingeachnodeof S n Crowd (u) by a new node
0. (Thepositionof t is irrelevant.) The edgeswhich areincident
to a nodefrom S n Crowd (u) in G becomeincidentto @ in &
(multiple edgesaredeleted).Note, thatu 2 S n Crowd (u), so
S nCrowd (u) is notempty Thereforethe numberof nodesin
G iscrowd (u) + 1. Furthermoreeachedgein G is incidentto
anodeof Crowd (u) andsocontainedn E (Crowd (u)). Since
G is connectedihe graphé is alsoconnected.Hence,the num-
berof edgesof E (Crowd (u)) in G is atleastcrowd (u). Since
eachedgein G is incidentto anodeof Crowd (u), it is contained
in E(Crowd (u)). HencejE (Crowd (u))j crowd (u). We
shaw thateachof the edgesin E(Crowd (u)) nfeg is interfer
ing with e. This will imply thatint (G) crowd (u) 1=
crowd (S) 1.

In the velocity boundedmodel Crowd, (u) is de ned asthe set
fw2 S :ju wj 2Vmax andw 6 ug. Theneachedge
g = fw;zg 2 G incidentto anodew 2 Crowd,(u) interferes
with e, becausgu  wj; jgjv + 2vmax  holds. Therefore,
E (Crowd,(u)) nfeg Inty(e).

In the accelerationboundedmodel the set Crowda(u) is de-
ned asfw 2 S : ju  wj fama  2andju® w9
%amax andw 6 ug. For eachedgeg = fw;zg 2 G incident
to anodew 2 Crowda(u) interfereswith e, becausgu  wj,
jgia= maxfiu  wj2;ju w+ (U® W% j2+ amax 2gholds.
HenceE (Crowda(u)) nfeg Inta(e). O

Mobile Spanner A graphG is calleda mobile spanneraccord-
ing to pedestriaror vehicularmobility (2 f a; vg) if for all nodes
u;w 2 Sthereisapath(u = po;p1;:::;pc = W) in G suchthat

k
P 1;pi
i=1
for someconstant. For the optimizationof the enegy consump-
tion we usethe model that transmissiorpower for sendingto a
distanced increasessafunctiond , where 2. (For thefree
spacepropagatiormodel = 2, for the so-calledtwo ray model,
which alsoconsidersnultipathfading, = 4.) Thereforewe de-
ne thenotionof mobile power spanneranalogouslyo themobile
spanneby replacingthe lastinequalitywith
k
(ipi 1;pij )
i=1

LEMMA 1. For both mobility measues every mobile spanner

is alsoa mobilepowerspanner

ProoF. Considera mobile spanneiG anda path(u = po;p1;
pk = w)in G.

C ju;wj

¢ (juwj) ;

k k

(ipi 1;pi] )
i=1 i=1
(c juwj) = ¢ (uwj)

ipi 15pi

O

Congestion Following theapproachin [15] we obsere on each
communicationlink e somepaclet load “(e), which will be de-
liveredin time intenal [0; ] . Thisloadis causeddy pacletsfol-
lowing routes(alsocalledpaths)whichincludee. Theunionof all
thesepathsis calleda pathsystemP :

As aworstcaseestimationon the numberof pacletsthatcause
acongestiorat link e we have to countall paclets (e) aswell as
all pacletsbeingtransportedn interfering edgeswhich leadsto
the following de nition of congestionC . p (€) of anedgee with
respecto apathsystemP for 2 fa;vg:

C.p(e) = (e + (9):
g2Int (e)

We describehe mobile network congestiorby

C.p(G) = esza}é)C; p(e):

If we know the optimal path systemP in adwance,the de ni-
tion of the underlyingoptimal network is given by all edgesused
in the pathsystem However, becausef the structureof the proto-
col stackwe have to determinethe network beforeknowing a path
systenor evenroutingrequestsWe solve this problemby shaving
thata mobile spannehostsa pathsystemthat polylogarithmically
approximateshe optimalcongestion.

THEOREM 2. GivenamobilespannelG thenfor everyoptimal
pathsystenP ona completenetworkC there existsa pathsystem
P%onG sudthatfor 2 fv;ag

C.po(G) = O(C;r(C) Int (G) logn):



PrRoOOF. We usetechniquepresentedn [15] in Theorenb. Let
Ky :i= 2Vmax andKa:= 2ama. Letd(v) = 2,d(a) = 4. In
this proofwe denotefor thevehicularmeasurave represenanode
u by

Thenju;wja = maxfj ui;2; Wi;2j2;jus;a; Waiaj2 + Kag, where
U2 == (U1;Uz). Wede ne themetricj jam as

jU; Wjam = maxfj ui;2; Wi;2j2; jus;4; Wa;4j20

Therelationshipbetweerthis metricandthe transmissiordistance
is thefollowing.

juwja  Ka  ju;Wjam  jU; Wja;

while therelationshipbetweerl ; andthetransmissionistancen
thepedestrianmmodelis
ju;wjy = ju;wjz + Ky :

De ne the interferenceregion D (€) of an edgee asthe setof
points,which canbeinterferedby anedgee, i.e.

Dv(e) = fx2 “)jop2e:jx pj» jevg;
Da(e) = fx2 “)jo9p2e:jx pian jag:

For thevehiculardistancemeasurave needthefollowing Lemma.

LEMMA 2. Theearec, 72disjointsub-spacefq;:::; Ak
4suhthat8i 2 f1;:::;k g8u;p;w 2 A; jU; Wjam
ju; pjam =) jPsWjam  jU; Pjam

ProoF. Withoutlossof generalityletu = (0;0; 0; 0). De ne

Asi+k 6 = x2 *j (x1;x2) 2 kgi(k+ 1)5
and (x3;xs) 2 J§(J +1)§
andjxi;Xz2j2  jX3;Xaj2

Aseisj+k 6 = X2 *j (X1;x2) 2 kgi(k+ 15

and (xs;xa) 2 j5i(+ 13
andjx1; Xzj2 < jX3; Xaj2

where (a;b) denoteghe anglebetweervector(a;b) and(1; 0).
Letp;w 2 A1. Then,jO; pjam = jp1; P2j2 andjO; Wjam = jwi; Waj2.
Assumgwsi; Wz2j2  jp1; p2j2. Then,by astraightforvardgeomet-
ric agument(pi; p2)  (W1;W2)j2  jp1; Paiz.

Sincejws;waj  jwWi;Wz]  jp1; P2j andjps;paj  jp1;p2j
it follows thatj(ps;ps)  (W3;Wa)j2 jp1; p2j. This implies
jP;Wjam = maxfj (p1; p2) (W1;W2)j2;j(Ps;pa) (W3} Wa)j2g
ip1;P2j. This argumentationalso appliesfor all the other sub-
spaces.

We extendthenotionof congestiorio nodesby countingall traf-
¢ which sendoutradiointerferenceso thelocationof the point:

C.p(u):= “(e):
e2E(P):u2D (e)
For anedgee = (u; w) thefollowing relationships valid.

maxfC; p(u);C;p(w)g C;p(e) C:p(U)+C;p(w):

The maximumcongestiorof ary pointin ¢

by the congestiorof the network.

is linearly bounded

LEMMA 3. For all graphsG = (V;E) with V 4t all
pathsystem® andall pointsx 2 94( ):

cC(x = “(¢)
e2E(G):x2D (e)

€)=k C (P);

€02 Int(e)

k max
e2E (G)

for constantk > 1.

PRrROOF. For the point x we partitionthe spaceinto ¢  disjoint
suchthatfor all u;v 2 A; ju;xj
jv;xj impliesju;vj jv;xj for 2 f2;amg. Then,for
the pedestrianmobility modeltheanglebetweerku andxv lessor
equaltthan =3. Clearly, theoptimalchoiceisc, = 6, whichresem-
blessix sectorscenteredatx. For thevehicularmodelit follows by
Lemma2thatc, 72 sufces. Now choosdor eachsub-spacé\;
avertex u; 2 A; thatminimizesthedistancgx; u;j (if the sub-
spaces not empty). For every edge(v; w) with x 2 D (fv;wg)
we now shav thatthereexistsavertex u; withu; 2 D (fv; wg).
Assumethatx 2 D (fv;wg) andlet A; bein the sub-space

wherev lies in. Sinceju;;Xj iX; vj we have jui;vj
iX; vj jv;wj . Thereforewe have
Cc
“(e) “(e)
e2E(G):x2D (e) i=l e2E(G):uj2D (e)
c max “(e)
u2Vv(G)
e2E(G):u2D (e)
c max “(e):
e2E(G) ( O)
€02 Int(e)

O

LEMMA 4. If all the transmissiorradii of a mobile network
are increasedby a constantfactor, thenthe congestionincreases
by at mosta factor of O(log(V)), if for all mobile stationshold
jsi si+ijs? s’ O((amax ) ¥) inthevehicularmodeland
jsi sij  O((Vmax ) ¥) inthepedestriarmodel.

PrROOF. Firstwe consideithe pathsystemP, which consistf
all sub-pathof P which consistsonly of edgeswith transmission
distancein the range[r; 2r) for r k . Clearly C. p, (u)

C.p (U)
Let u beanode,which maximizesC . p, (u). Now we placec
pointsps;:::; pe in thesurroundingof u suchthatfor 2 f2; amg

8x2 9 9i2fl:ieg ¢ ojp Xj r
and8i 2 f1;:::;cg : jpi Xj  2cr:

Suchan arrangemenbdf a constantnumber ¢ of points can be
achieved by a grid placementf p;. Now, every edgethatinter
fereswith a pointu with transmissiomadiusw  2cr hashadan
interferencewith a point p;, whenthe transmissiorradiuswasin
theinterval [r; 2r). Thisimpliesfor thecongestiorc? p, (u) of a
point for a network wherethe transmissiomangeis c timeshigher
thannecessaryhefollowing.

C
C} Pr(u)+

i=1

C%%, (u) C.r,(p) (c+1k C.p, (G):



ThereareO (log n) differentintenals[r; 2r) thatcover all avail-
able transmissiordistances.Eachof theseintenals inducescon-
gestionof atmost(c+ 1)k C. p, (G). Summingup theseterms
provestheclaim. [

LEMMA 5. Let C bethe congestionof a given (congestion-
optimal) path systemP  for a vertex setV. Then,every mobile
spannerN can hosta path systenP ° suc that the inducedload
*(e)inN isboundedby(e) c°C logn for apositiveconstant
ol

PRrROOF. For the routing in the mobile spannemwe rerouteall
message®f an edgee = (u;w) of the pathsystemP to the
shortestpathP., in the mobile spanneN betweernu andw. A
directimplication of the spanneipropertyis thatfor all nodesq of
Puw weobserejq; uj c ju;wj andjq; wj c ju;wj for

2 f2;amg andconstanc > 1.

Now we increasehetransmissiomadiusof all nodesin the op-
timal pathsystemby a constanfactorc. Thenall nhodesthat will
be usedfor re-routingsuffer interferencesvith the original paths.
And thecongestiorof anedgeof thedetourcanbeusedasanupper
boundfor thecommunicatiodoadinducedby all detours.

We have seenin Lemmad4 thatthe congestiorincreasesnly by
alogarithmicfactorif thethetransmissiomadiusis increasedy a
constanfactor(if themaximumrelative distanceandrelative speed
is polynomialinK ). O

In the last lemmawe have shawvn that the numberof paclets
transferedon detoursis at mostO(log n) higherthanthe conges-
tion in the optimalnetwork. We denoteby Int (G) the maximum
numberof interference# themobilespannefG. If theloadsof all
interferingedgesanbeboundeddy m, thentheoverall congestion
isatmostm Int (G), which provesTheorem?2. [l

5. CONSTRUCTING MOBILE NETWORKS

Now we presentechniquego constructmobile spannersvith a
small numberof interferences.We usea grid-cluster technique,
which adoptddeasof [1] for staticadhocnetworks. For the pedes-
trian modelwe considera grid of cell sizevmax . For every grid
cell, whereat leastone mobile stationresidesat the beginning of
thetime intenal [0; ] , we electoneof themasa clusterheaduc.
All other mobile stationsin this cell have a communicationlink
to the clusterheadforming a starfor eachcell. The setof cluster
headsS; will beconnectedy a (static)spanner

In thevehiculamodel,we considera4-dimensionagrid Gijx
whereeachcell formsarectangle A mobilestations; with coordi-

;w2 Yie.s 2 Gg,if g = bg’(p)ic, where
" x2 K y2 kw2l w2k
X, YiVx,Vy) = ) ) )
g ( y X y) 6amax 2 6amax 2 zamax zamax

Like in the pedestriarmodel we elect a clusterheadfor each
cell andastarlike communicatiometwork in eachcell. All cluster
headswill beconnectedy a (static)four-dimensionakpanner

LEMMA 6. Thegrid-clustertechniqueconstructanobilespan-
ners for bothmobility models.

PROOF. For a given mobile stationu let h(u) denotethe clus-
ter headof the cell whereu is located. We chooseas a path for
two given nodesu; w the shortestpath betweenh(u) and h(w)

using only clusterheadscombinedwith the edges(u; h(u)) and
(h(w); w).

For the velocity bounded mobility modelthetr@§missiordis-
tancebetweeranodeandits clusterheads atmost( 2+1) Vimax
Thenumberof hopsh betweertheclusterheadss linearlybounded
by the Manhattan-distanceetweeru andw accordingto the grid.

Hence the additionalimpactof every hop of the pathis linearly
boundedby the distance. In the casethatthe two nodesarevery
neari.e.ju;wWj2  Vmax ,oneusesthatju;wja 2vmax . Be-
causeof the nearnessf the clusterheadsthereis only a constant
numberof hopsandalinearlong detourwith respecto 2vimax
Ju; Wia.

For theaccelerationboundedmobility modelananalogousr
gumentatiorapplies. [

Note that the spanningpropertydoesnotimply a boundon the
numberof interferences. For this, we can use the Hierarchical
LayerGraphconstructiorpresentedh [15, 14] asaspannerHere,
we usea simpli ed approachgcalledHierarchical Grid (because
of theknowledgeof absolutecoordinates).

We startwith thegrid G° = G introducedabore andthe setof
all stationsSy := S, andpromotefor eachcell onemobile station
for beingclusterhead. The setof theseclusterheadsform the set
Si1. In thislevel only clusterheadsmaycommunicatevith nodesn
their cell. Besidestheselinks, clusterheadshave communication
links with all clusterheadsin neighboredcells sharingat leasta
cornerof thegrid.

We iterate this extendedgrid-clustertechniqueuntil only one
pointis left. Formally, in thei-th level of the network structure,
we startwith a setof stationsS; and considerthe grid G', with
grid coordinategy(s;). A cellq 2 4 containsall pointsp with
bg' (p):-c = . We assignfor eachcell a clusterheadandaddit
to the setSi+1 . We connecteachof the clusterheadso all nodes
of ranki in its cell. Then,we connectall clusterheadso all clus-
ter headsof neighborectells. For the pedestriarmodelwe usean
analogougonstructiorbasedn thetwo-dimensionagrid cell size
2Vmax

THEOREM 3. For both mobility modelsthe Hierarchical Grid
Graphconstitutess mobilespannemwith at mostO(crowd (V) +
log n) interferences.

ProoF. Westartwith theproofthattheHierarchicalGrid Graph
is a mobile spanner If two nodeslie in the samegrid cell of G°,
thenthey have hop-distanceof at most2, sinceboth of themare
connectedwith the clusterhead. Sinceju; wja amax 2 and
ju;wWjy  2vmax  for eachpair of nodesu; w andthe cell size
is linearin this distance this caseis settled. (Note thatju; uja =
amax 2 andju; ujy = 2vmax  holdfor eachnodeu.)

We now prove thatthe mobile spanningpropertyholdswith re-
spectve to the grid distancemeasurgg®(u); g°(w)j2. We recur
sively de ne apathP,, fromutow. Leti bethelowestlevel of
the hierarchicalgrid, wherethe ancestou of u andthe ancestor
w of w arein neighboringgrid cells,i.e.thecell of u andthecell
of w aresharingatleastonecornerwheretheancestoof anodeis
de nedrecursvely asits clusterheadandanancestoof its cluster
head.Suchalevel exists, sinceattheseconchighestievel eachpair
of cellsareneighborsof eachother Thenodesu andw arecon-
nectedin level i by anedgefu ;w g perde nition. We addthe
edgefu ;w gto Py, . Now we mustconstructapathP,., and
Pw.w . This pathsconsistof the edgesfrom a nodeto its cluster
head.ThenthepathP,.w isdenedasPyy [ fu ;w g[ Pww .

Now we give aboundon the lengthof P, . Let x betheside
lengthof thecellsatleveli. Thenju; wj,  x=2, sincetheancestor



of u andw arenotin neighboringcellsatleveli 1, otherwisethey
would be still connectedby an edgeat this level. The Euclidean
lengthof theedgef u ;w g is atmosttwo timgsthe lengthof the
diagonalof acell atlevel i, i.e.itisatmost2x d  4x, whered
is the dimensionof the grid. Thelengthof Py, d’s thesumof the
lengthsof theedgesn Py, , whichisatmostx” d | _, 2

4x. Similarly, the lengthof Py.w is at most4x, andtherefore
thelengthof Py is atmost12x. Thisimpliesthatthe Euclidean
stretchfactoris at most24.

It remainsto shaw thatfor eachpair of nodesa andb

i°@:(Biz = (jaibia); forjg’(@);’Miz 1 (1)
(if we consider , amax , resp.Vmax asconstants).This follows
immediatelyfrom thede nition of thecell size.

For the numberof interferencesit is essentiathatevery edgee
connectingneighborectellsin G' only interfereswith an edgee’,
if for anodeu of e andw of €°it holdsjg (u); g (w)j2 = O(1).
This follows directly from (1). Hence,mostof the interferences
occur at the lowest level of the grid G°, wherea mobile station
cansuffer undertheradiointerference®f atmostO(crowd (S))
mobile stationsin someconstantnumberof nearcells. In every
highergrid level thisamountreducego a constannhumberof radio
interferencesbecausenly one clusterheadresidesin a cell and
thenumberof connectionsvith clusterheadf next lower or same
level is constant. The assumptiorat the end of Section3 implies
that we have at most O(log n) grid levels, which completesthe
proof. [

6. POSITION
MENT

In the previous sections,we have assumedhat all positioning
informationis availableto all nodes But distributing this informa-
tionis anon-trivial task. Thisprocessiasto bedonein thephysical
layer, whereroutingis notavailable.But thephysicallayermayuse
apositioningsystem(e.g.GPS)whichenablesvery mobilestation
to learnits positionandabsolutespeedThen,it canuseshortradio
broadcasmessages;alledbeaconsto inform all neighborsn the
transmissiomange.

Anothersolutionis to measurg¢hedistancebetweemobilesta-
tionsby comparingthe transmissiompower (which the sendemay
write in a datapaclet) with the received powver. On rst sightthis
looks similar to the positionbeaconmodel. However, usingonly
distanceinformationit is impossibleto computetherelative speed
of thecommunicatiorpartner

We dedicatethis sectionto presentsolutionsfor dynamicposi-
tion informationmanagementinderthe vehicularmobility model
(which canbe easily appliedto the pedestriarmobility modelas
well).

INFORMATION MANAGE-

6.1 Coordinating Location Beacons

If the mobile stationscan determinetheir absolutecoordinates
(andthuscancomputeabsolutespeedrectors) we suggesto broad-
castthis informationin the physicallayerin orderto constructhe
basicnetwork of the next round(of time span ).

A straightforvard solutionis sendingspecialbeacorsignalscar
rying locationandidenti cation information. Onecanassignspe-
cial time slotsfor thesebeaconsignals,which arenot propagated
by othernodes.However, if all nodessendthesebeaconsat maxi-
mumtransmissiomange thenn beacorsignalswould interfereat
eachnode.lt turnsoutthata datastructureasthe HierarchicalGrid

helpsto reducethe necessaryransmissiorrangeandthe size for
thebeacortime slot. For this, we usethefollowing obsenation.

LEMMA 7. Lets;;s; be mobile stationsundervehicular mo-
bility andlets; := si() ,s = sj() .Thenfork> 0

2. . . .
glgk(si);gk(sj i 2k ig“(s); g (39)is

4, 1
IO (s)idi ()i + g2

PROOF SKETCH. The relative changeof the position coordi-
natesx(si) X(si)isboundedbyatmost ( j(x(s) X(s])j+
amax 2), while the relative changeof the velocity coordinate
x(s?)  x(sP) is boundedby 2amax  andanalogouslyfor the
y-coordinates.The restof the proof follows straightforvard by a
casedistinction. [

This obsenation helpsto boundthe dynamicchange®f the Hi-
erarchicalGrid Graph.If anodeu hasranki > 1in roundt, then
thenumberof nodesof equalrankin thesamecell asu is bounded
by 9 in the pedestriaimmodelandby 81 in the vehicularmodel.

Usingthis obsenation, we currentlyareworking on anef cient
datastructurebasedon the HierarchicalGrid wherethe movement
of a nodein the hierarchicaldatastructureis bounded. Our goal
isto nd aselectionstratgy for assigningclusterheadssuchthat
a clusterheadof ranki is assignedat mostranki + 1 in the next
round. Thiswould have implicationsfor thenecessargransmission
rangeof the locationbeacons.To getthe informationfor coordi-
natingclusterheadsn thenext roundeachnodeof ranki canusea
transmissiomangewhichis only aconstanfactorlargerthanthose
of adjacentdges As a consequencehe numberof time slotsoc-
cupiedby thebeacorsignalscanbe reducedsigni cantly.

6.2 DistancesasLlLocation Information

Thereis anumberof reasonsvhy absolutecoordinatesn mobile
stationsare not available, e.g. size and cost of GPSsubsystems,
reachability accuratenessHowever, we will shawv thatlittle rel-
ative distanceinformationis sufcient to maintaina goodmobile
network structure. We assumethat a mobile stationcanmeasure
thedistancdo anotherstationby measuringhereceving transmis-
sionpower. Suchmeasurementsanbe performedin the physical
layer of the protocolstackandwe reducethe numberof measure-
ments,while still maintaininga mobile network similar to a grid-
clusternetwork. De ne i; (t) = jsi(t) sj(t)j2.

LEMMA 8. Givendistancesi; () and j; (0) it is possible
to approximatethetransmissiordistances; ; s; ja by a factor of 5.

PrROOF. Weuse

~= maxf i (0);j2 i (0) i () Jramx g

as an approximationfor jsi; sjja andshov that™  jsi; sjja
57: Assumes; measureshedistanceto sj( ) ands; (0). Let
d:= si(0) s (0) thedistanceattimeOandv(t) := s’(t) s(t)
therelative velocity. Sincebothstationamayaccelerateve assume
thats; is x edands; may acceleratavith 2amax . Firstwe prove

that~ jsi;sjja. Becausei; (0) = jsi;sjj» we only have to
shavthatj2 i (0) & ( ) j jd+Vv j+ amax 2. Theterm
jii 0) i () jrepresenttheestimatederagevelocity dur-

ing[ ;0] If si liesin themiddle betweens; () ands;(0),
themeasuredelocityis 0 andthusunderestimatedpartfrom this
exceptionalcasethetruerelative velocity attime 0 maydiffer from
theestimatedwveragevalueby anerrorof amax becauss; may
accelerate/decelerawgth 2amax . Thusj2 i; (0) ()=



jd+v  amax jand™ jsi;sjja. Now, weshaw thatjsi; sj ja
57. We canminimize ~if we positions; in themiddleof s; ()
ands; (0). jd+ v j canbemaximizedf s; acceleratew/ith 2amax
during[ ;0] (Theacceleratiorin [0; ] is irrelevant). For the
distanceestimation ij (0) = (jv( ) j + ama °) = .
The estimationyields ~ = maxfr;2r  r;amax 2g. At time
0 the velocity v(0) = v( ) + 2amax andthusjsi;sjja =
r+jv( ) j + 38amax 2 = 3r + 2amax If we choose
v( ) = amax Sothatr = amax 2, thentheratiojs;;s;ja=""
is maximizedandatmost5. []

Basedon the physicalrestrictionon the mavementsof mobile
stations,we have found a dynamicdatastructure,called Mobile
Hierar chical Layer graph (MHL-graph). Essentiallyit usesthe
sameideasasthe HierarchicalGrid graph,if onereplaceghegrid
distancemeasurewith the EuclideanL 2-norm. Again, one can
shaw thatthis distancemeasurecanbe approximatedy two dis-
tancemeasurementat differenttime points. The notion of cells
will be replacedby a disk aroundnodesof certainrank. These
MHL-graphsare mobile spannersand approximatethe minimum
numberof mobileinterferencedy a constanfactor

Currently we are working on a distributed algorithm that up-
datesheHierarchicalGrid usingonly O(crowda(V) + logn) dis-
tancemeasurementgernodeattime 0 and . This meanghat
the HierarchicalGrid of the currentroundinitiates distancemea-
surementdetweerdedicatechodesthatprovide the necessann-
formationto constructthe HierarchicalGrid structureof the next
round.

7. CONCLUSION AND OPEN PROBLEMS

We have discussedwo worst casemodelsfor mobility. In the
rst pedestriarmotivated model we boundthe speedby a speed
limit of vmax . In the othermodeldesignedor the specialmobility
inducedby high-speed/ehicleswe assumehatthe acceleratiorof
all nodesis boundedby a constan@amax . To ensuresomeelemen-
tary stability in a wirelessad hoc network we adjustthe transmis-
sionrangeof sendersuchthatwe canguarante¢he persistencef
all communicatiorinks for atleastatime periodof length

For the network constructionwe concentrat®n the mediumac-
cesslayer, which builds up communicationinks without knowvn
routing tasks. We have presented distributed algorithmto build
up suchan elementarymobile network, which allows small con-
gestion,few interferencesjow enegy dataroutes,small degree
andsmalldiameterassummarizedn thefollowing corollary

COROLLARY 1. Theee exist distributed algorithmsthat con-
struct mobile networksfor the velocityboundedandthe acceler-
tion boundednobility modelwith the following properties:

1. Themobile networksallows data routeson this mobile net-
work inducinga congestionof at mostO (log? n) timesthe
congestionof theoptimalrouting

2. Theinterferencenumberof themobilenetworkappoximates
theoptimalinterferencenumberby a factorof O(log n).

3. Enegy-optimal routescan be approximatedby a constant
factor.

4. Thedgreeis boundedby O(crowd (V) + logn) andthe
diameteris at mostO(log n).

Figure 3: Vehicleson a highway with differ ent speedvectors

For the routing problemthis doesnot imply that small conges-
tion, low enegy and shortroutescan be optimizedby the same
routing policy. Already for the static caseof wirelessnetworks
oneexperiencesrade-ofs betweerary two of thesemeasure§l 5].
However, thealgorithmspresentediere build upageneral-purpose
communicatiometwork, which performswell for all kindsof rout-
ing requestandhasreasonablepproximatiorratiosfor ary rout-
ing policy concerningcongestionenegy or dilation.

As a side effect of our network constructionfor the vehicular
mobility modelwe achiere a datastructure whereclusteringtakes
locality of positionsand movementinto account. E.g. considera
highway of two lanesin eachdirection,seeFigure3. All algorithms
anddatastructuresneglectingtheimpactof relative speedbuild up
too mary communicatiorinks betweerthe opposinganes.How-
ever, theselinks are very unstableand henceexpensve. In our
model communicatiorlinks along eachdirection are much more
frequentand, if thereis a choice, then the communicationlink
acrosgshemiddleof thehighwaywill beestablishethetweerslover
moving vehicles(e.g.trucks) insteadfasterones(andthis is even
thecasef thefastvehiclesarenearerto eachother).

Thereis a numberof openquestionsleft by this rst approach
to velocity andacceleratiorboundedmobility. Firstthe modeling
of interference®f moving edges presentedere,is only a rough
estimation. It is not clearhow a mobile network designmay look
for amoreaccuratemodel.

The movementsof the communicatiorpartnersalso affectsthe
routingalgorithms.We have negglectedthe problemof long routes,
that needmoretime thanthe updatetime . Possibly communi-
cationcanbeimprovedif for thecommunicatiorpathsthosenodes
arepreferredthatalsomove towardstherecever's direction.

The distributed measuremenand computationof the relative
locationsand relative speedvectorsstatesa problem. We have
seerthataroughapproximatiorcanbededucedrom thereceving
transmissiorenegy andits changen time. However, for the con-
structionof areasonabléasicnetwork, a directimplementatiorof
previous approacheseedssomeinteractionbetweerlocationbea-
consanddistancemeasurements/Ve are currentlyworking on an
ef cient updatestratgy for mobile spannersuchthatthe number
of theseinteractionsis minimized. We are alsoworking on com-
putersimulationg17, 16] andontheimplementatiorof aprototype
mobile ad hoc network basedon infrareddirectedcommunication
[10]. Both enablesusto validateour communicatiorstratgiesun-
der practicalconditions. In a next stepwe will evaluateour mo-
bility modelsby implementingthe presentednobile hierarchical
structuresn our simulationernvironmentSAHNE. For this purpose
it might be possiblethatwe needsomepracticalmodi cations but
evenfor thisreasonwe arecuriousaboutintensie simulations.
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APPENDIX

A. PROPERTIES OF THE DISTANCE MEA-
SURES

Thedistancaneasurefu; wj, andju; wj, aresymmetricandful-
Il thetriangleinequality

ProoF. Forthevelocity bounded modelthesymmetryandthe
triangleinequality of the distancemeasurdollows from the sym-
metry andtriangle inequality of the Euclideannorm. For the ac-
celeration bounded modelthe symmetryof the distancemeasure
alsofollows from the symmetryof Euclideannorm. We prove the
triangleinequality:

First,wede nej j, andproofthetriangleinequality:

ju wia=ju ow+ (U W) o+ amax

=ju v+v w+ U v+ v wY |,
+amax 2
ju v+ @ VY jat+jvow+ (Vw9 g
+ @max
ju v+ U VY 2+ ama
+jvow+ (V0 WY o+ amax

= Ju Viatijvo wj,

Then,we prove thetriangleinequalityfor the the distancemea-
sureju; Wja.

ju;wja = maxfiu  wjz;ju  wj.g
= maxfju Vv+V Wj;ju V+V  Wj,g
Ymaxfiu viz+ v Wiz ju Via+ v wjag

= 5 u VR TV oWt ju VgtV W, )
+ U V2 TV W2 Ju Vja V. W 5
1. . . . 1. . . .
SJU Vit Ju Vg t SV WtV W,
2 2 2 2

+§JU V2 Ju VJa2+§JV Wz IV Wi

maxfju vjz2;ju
ju; Via + jv; Wja

Viag+ maxfiv  wjz;jv wj,0

Y follows from thetriangleinequalityforj j, andj j,.
* maxfa;bg= ija+ b+ 3ja b8ab2 o O



