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ABSTRACT
We investigatedistributedalgorithmsfor mobile ad hoc networks
for moving radiostationswith adjustabletransmissionpower in a
worstcasescenario.We considertwo modelsto �nd a reasonable
restrictionon theworst-casemobility. In thepedestrianmodelwe
assumea maximumspeedvmax of theradiostations,while in the
vehicularmodelwe assumea maximumaccelerationamax of the
points.

Our goal is to maintainpersistentrouteswith nice communi-
cationnetwork propertieslike hop-distance,energy-consumption,
congestionandnumberof interferences.A route is persistent,if
we canguaranteethat all edgesof this routecanbe uphold for a
given time span� , which is a parameterdenotingthe minimum
time themobilenetwork needsto adoptchanges,i.e. updaterout-
ing tables,changedirectoryentries,etc. This � canbeusedasthe
lengthof anupdateinterval for a proactive routingscheme.

We extendsomeknown notionssuchastransmissionrange,in-
terferences,spanner, power spannerandcongestionto bothmobil-
ity modelsandintroducea new parametercalledcrowdednessthat
statesa lowerboundonthenumberof radiointerferences.Thenwe
prove thata mobilespannerhostsa pathsystemthatpolylogarith-
mically approximatestheoptimalcongestion.

Wepresentdistributedalgorithmsbasedonagridclusteringtech-
niqueandahigh-dimensionalrepresentationof thedynamicalstart
situation which constructmobile spannerswith low congestion,
low interferencenumber, low energy-consumption,and low de-
gree. We measurethe optimality of the output of our algorithm
by comparingit with the optimal choiceof persistentroutesun-
derthesamecircumstanceswith respectto pedestrianor vehicular
worst-casemovements.Finally, we presentsolutionsfor dynamic
positioninformationmanagementunderourmobility models.
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1. INTRODUCTION
Weinvestigatetheproblemof constructingawirelessadhocnet-

work undera worst-caseassumptionfor mobility. For themobility
weconsidertwo differentmodelsfor themovementof somen mo-
bile stationsin theplane,thevelocity boundedandtheaccelera-
tion boundedmodel.

For the �rst model we picture to ourselves a large numberof
pedestriansusing mobile, wirelesscommunicationdevices in a
rathersmall area. Clearly, the maximumspeedis boundedby a
small constant.Thestandardapproachin a staticad hoc network
scenariois to build up connectionsbetweennearestneighbors.If
the mobility is very high, like on a crowdedsidewalk, this leads
to shortcommunicationlinks, thatsurvive for only shorttime peri-
ods.Althoughit is possibleto build uptheseconnectionsandtrans-
mit somedata,it is nearlyimpossibleto maintainpacket routesor
maintaindirectoriesfor ef�cient localizationof users.Therefore,
we needcommunicationlinks to sustainfor sometime span� to
enablethe routing layer to keepup with the dynamicalchanges.
We canguaranteethata communicationlink betweentwo moving
stationssustainsfor this periodif we adjustthetransmissionrange
to a value,which coversall possibledistancesthecommunication
partnerscanreachin time� . Since,weknow themaximumspeed,
this implies that the transmissionpower mustbechosensuchthat
the transmissionrangeis at leastan additive term 2vmax � larger
thanthedistanceat thebeginningof the time interval. The taskis
now to appropriatelybuild up thebasiccommunicationlinks such
that the routing algorithm can chooserouteswith low energy or
low congestion,while thenumberof edgesandinterferingedgesis
small.

A motivating examplefor the accelerationbounded model is
givenby vehiclesof high speed,like cars,trains,or aircrafts.E.g.,
considertrains whereeachwagoncarriesa mobile radio station.
Now considera scenario,wheretwo suchtrainspasseachotherin
oppositedirections,asshown in Figure1. If we take a snapshotin
this momentandbuild a staticadhocnetwork usingthetemporary
positions,thenthis staticapproachmay leadto a ladder-like net-



Figure1: Two trains passingeachother in oppositedir ections.

Figure2: Horizontal speedand dir ectionsin the train example.
Each point representsa wagon.

work asshown in the�gure. But thecommunicationlinks forming
the rungsof the laddercanbeupheldonly for a shorttime period
sincethetrainsmove with highspeed.After ashortperiodall rung
links needtobereplacedbynew ones.Thereforethisstaticnetwork
designis nota goodchoice.

To generalizefrom linear movementsto someworst-caseset-
tings we allow all nodesto accelerateby somemaximumamount
of amax . Let si (t ) bethecoordinatesof a mobilestationsi at time
t, s0

i (t ) thevelocity vectorands00
i (t ) thevectordescribingtheac-

celeration,thenjs00
i (t )j2 � amax . Now, if wetry to adjustthetrans-

missionranger of a connectionsuchthatthemoving communica-
tion partnerssi andsj of known relative speedv = s0

i (t ) � s0
j (t )

anddistancevectord = si (t ) � sj (t ) sustainfor a time span� ,
we needa transmissiondistancethatcoversat leastthedistanced
at the beginning andthe distanceat the endstretchedby a possi-
ble acceleration,i.e. r = maxfj dj; jd + v� j2 + amax � 2g. In the
train examplethis implies that the communicationlinks between
thepassingtrainsaremoreexpensivethanoneexpectslookingonly
at a snapshot.If we addto the two positioncoordinatestheverti-
calandhorizontalspeedcoordinates,wemapthedynamicalaspect
of the scenariointo four dimensions,asshown in Figure2 (verti-
cal speedandlocationcoordinatesareleft out). In this settingthe
speeddifferenceseparatesthe trains. Hence,rung links between
thetrainsaddradiointerferenceswith otheredges.It is straightfor-
ward that a small numberof rung connectionsbetweenthe trains
improve themobilenetwork, while theedgesinsideshouldfollow
a staticadhocnetwork policy.

Ourgoalis to build upamobileadhocnetwork thatis stableand
prefersshort links. In a high-speedscenarioonecannotprovide
bothfeaturesat thesametime. We will try to presenta reasonable
compromise.Weallow any movementof themobilestationswithin
theserestrictionsandwill comparetheperformanceof ournetwork
solutionswith thebestof�ine solutionfor thisdynamicalscenario.

We extend resultson congestion,dilation, andenergy in radio
networks [15] to mobile ad hoc networks under two worst-case
mobility models.The remainderof this paperis organizedasfol-
lows. In Section2, we �rst presentsomebasicknown mobility
models.We review modelsusedin simulationsaswell asmodels
consideredin theoreticalanalyzeslike kinetic datastructures.In

Section3, we introduceour network model.Assumingthata �x ed
time interval of length� is given, we describehow we construct
the mobile ad hoc network for a set of stationsto solve routing
problems. Further, we innovate the pedestrianand the vehicular
mobility astwo worst-casemobility models.In Section4, we de-
�ne somenetwork parameterswhich partly extendmeasuresand
de�nitions like transmissionrange,interferences,spanner, power
spanner, andcongestionto mobilenetworks.Further, we introduce
ameasurecalledcrowdednessthatstatesalowerboundonthenum-
berof radio interferences.We concentrateon thedistributedcom-
putationof the network at MAC andphysicallayer andshow the
mainresultthata mobilespannerhostsa pathsystemthatpolylog-
arithmicallyapproximatestheoptimalcongestion.In Section5, we
give techniqueshow to constructsuchmobilespannerswith small
congestion,small interferencenumber, smallenergy-consumption,
andsmalldegree.We presenta HierarchicalGrid basedon a grid-
clustertechniqueandprove thatits interferencenumbercanbeup-
perboundedby a logarithmicterm if we assumethecrowdedness
to belogarithmic.Oneassumptionin our approachis thatall posi-
tioning informationis availableto all nodes.We discussthis prob-
lem in Section6 andpresenttwo solutions:the �rst is basedon a
positioningsystemandthesecondusesdistancesaslocationinfor-
mation.This yieldsto a very dynamicdatastructure,theso-called
Mobile HierarchicalLayergraphthat ful�lls all our requirements.
We concludeourwork with anoverview abouttheresultsandgive
someopenquestionsandfurtherresearchdirectionsin Section7.

2. PREVIOUS RESEARCH
Many mobility modelshave beenproposedasa basisfor simu-

lationof cellularandadhocnetworks.Mostof themusea random
processto vary speedor directionof the moving objects,like the
randomwalk modelandits variants.Themostcommonmodelfor
simulationsof cellularnetworksis arandomwalk modelwhichde-
scribesmobility asastop-and-gomotionbetweencells.According
to the �uid �ow modelevery objectmoveswith a randomlycho-
senspeedanddirectionfor a prede�nedtime interval. In contrast
to the randomwalk the motion is morepredictable. The Gauss-
Markov model[13] is a bit of both therandomwalk andthe �uid
�o w model: Speedanddirectionarechangedwith an adjustable
amountof randomness,rangingfrom completelyrandomto pre-
dictable,linearmotion.

In the randomwaypointmodel [12] the objectsmove between
randomlychosenpositionswherethey pausefor a certaintime in-
terval. Their speedis uniformly distributed betweenzero and a
maximum. Thespeedchosenfor thenext motionperioddoesnot
dependon thespeedof thepreviousperiod. Thussharpturnsand
suddenstopsarepossible,i.e. theaccelerationis notbounded.

Besidesthesemodels,in which themovementof eachobjectis
independentfrom others,therearemobility modelsthatregardmo-
bility of a groupof objects,e.g.thereferencepoint groupmobility
model[11] that de�nes for groupsof objectsa logical centerthat
determinesdirection,speed,andaccelerationof eachobject.Other
examplesarethecolumnmodel,thepursuemodel,andthenomadic
communitymodel. Thesemodelsarelesssuitableto modelworst
casemobility asthey provide somekind of smoothedor uniform
mobility pattern.A survey of themobility modelsmentionedabove
canbefoundin [5, 4].

In thenetwork modelof Chatzigiannakiset al. [6] thenodesare
allowed to move arbitrarily while thesupport(a setof nodescon-
trolled by the protocol that form a virtual backbone)moves ran-
domly. Theauthorsabstractfrom thegeometricpropertiesof this
movementanddividethemotionspaceinto cubesthatapproximate



a spherethat is given by a prede�nedtransmissionrange. These
cubesare representedby the nodesof a motion graph,adjacent
cubesareconnectedby an edge. Thenmobility of the supportis
modeledby a randomwalk on this motiongraph.

Anotherway to dealwith mobility in adhocnetworksis to con-
siderwhathappensto theunderlyingtopologywhenthenodesare
moving. This leadsto theadversarial networkmodel[2] in which
all communicationlinks areundercontrolof anadversary. A worst
casefor mobility correspondswith thetopologicalchangesthead-
versarymayperformwithin someprede�nedrestrictions.

An intrinsic propertyof mobileadhocnetworks is themobility
of the nodes.Despiteof this fact the network topologyis mostly
designedfor quasi-staticnodes.Then,accordingto someevents,a
new network topologyis computed.

In thecontext of computationalgeometryBaschetal. introduced
the conceptof kinetic data structures (KDS) [3] that describesa
framework for analyzingalgorithmson mobile objects. In their
modelthemobility of objectsisdescribedbypseudo-algebraicfunc-
tions of time andfully or partially predictable.The analysisof a
KDS is doneby countingthecombinatorialchangesof thegeomet-
ric structurethat is maintainedby the KDS. Thereforethe worst
casemobility dependson the speci�c applicationfor which the
KDS is designed. Another approachthat capturesunpredictable
mobility is theconceptof soft kineticdatastructures(SKDS) [7].
Thesedatastructuresmaintainanapproximategeometricstructure
that is updatedby propertytestingandreorganization.SKDS are
evaluatedwith respectto thedynamicsof thesystem,whichis mea-
suredby thenumberof errorsthedatastructurecontainsdueto the
mobility of objects.Worstcasemobility is ratherdescribedasnum-
berof changesthatviolate the internalstructurethanasa random
process.Themobility is regardedwith respectto thespeci�c pur-
poseof theSKDS.It is not characterizedin termsof velocity and
direction.

The ideaof kinetic datastructuresis alsousedin [8] to main-
tain a clusteringof moving objects. This approachis usedin [9]
to determinetheheadof eachclusterin a mobilenetwork. In each
cluster the nodesare directly connectedto the head. The heads
andsomeintermediategatewaynodesareconnectedby aDelaunay
graphwith restrictededgelengthsthatformsa backbonenetwork.
In this network routingcanbeperformedby a geometricforward-
ing scheme.To reacton mobility the clusteringis updatedby an
event-basedkineticdatastructure.

3. THE MODEL
In our model we considera �x ed set S of n mobile stations

s1 ; : : : ; sn in theEuclideanplane.We denoteby si (t ) thecoordi-
natesof amobilestationsi attimepointt andby s0

i (t ) = dsi (t )=dt
its speedvector. Furthermore,s00

i (t ) = ds0
i (t )=dt denotestheac-

celerationof si at time t, i.e. thechangeof thespeed.
All mobile stationsremainactive all the time. We allow ad-

justabletransmissionpower for eachconnection,which is high
enoughsuchthatall mobilestationsneverleavethemaximumtrans-
missionrangeof a mobile station. Themobilestationsuseomni-
directionalradioantennae,i.e.all mobilestationsinsideadiskwith
thesenderascenterandthetransmissiondistanceasradiuscanre-
ceive the messageor will be disturbedwhile receiving dataon a
differentconnection.We assumebidirectionalcommunicationon
a singlefrequency with time-multiplexing, i.e. usingdifferenttime
slots.Dataneedto beacknowledgedandfor simplicity we assume
thattheimpactof acknowledgmentsis similar to theimpactof sent
data.

3.1 The Mobile Ad Hoc Network
Wetry to keepall connectionsalivefor at leasta �x edtimeinter-

val of length� . This parameteris an over-all network parameter
which inducessomestability into the network. It shouldbe cho-
sensuf�ciently large to setup the communicationlinks between
neighbors,to updaterouting tables,and deliver someamountof
data.For a practicalrealizationit maynot benecessaryto adopta
synchronousroundmodelaswe will donow.

Weassumethatall nodeswork synchronizedin subsequenttime
intervalsof length� . Then,duringeachtime interval of length�
themobileadhocnetwork performsthefollowing operations.

1. Everymobilestationdeterminesthepositionsandspeedvec-
torsof possible(andreasonable)communicationpartners.

2. Everymobilestationestablishescommunicationlinks to some
selectedneighbors.

3. Accordingto a routing algorithmbasicrouting information
is computed,e.g.by routingtables,packet �ooding, or diffu-
sionalgorithms.

4. Themobilenetwork communicatesdatapacketsof theappli-
cations,i.e. telephone,e-mail,etc.

Notethatthis approachembodiestheconceptof a network pro-
tocolstack.The�rst phaserefersto thephysicallayer, wherephys-
ical datalike transmissionpower andthe changeof the incoming
signalcanbeusedto estimaterelativedistancesandrelative speed.
Thesecondphasedescribesthetaskof theMediumAccessLayer
(MAC).Notethatthespeci�c routingrequestsarenotknown in this
layer. Its taskis to build up a general-purposenetwork which al-
lows ef�cient routing,while thenetwork graphis prunedsuchthat
thenumberof interferingedgesis small.

In thethird phasetheroutingalgorithmcanrely onastablecom-
municationnetwork for sometimespan� . Then,theroutingin the
mobile network is reducedto routing in a (temporary)staticnet-
work andstandardtechniquesareapplicable.Thepacket routesare
chosento minimize latency, traf�c-induced congestionsand,typi-
cally for mobiledevices,to reducethetransmissionenergy. In [15]
it is shown thatevenin thestaticcaseit is notpossibleto optimize
morethanoneof theseparametersat thesametime. However, in
thestaticcaseit is possibleto build up a general-purpose-network
whichenablestheroutingalgorithmto chooseits optimizationpol-
icy afterwards.Thefourthphaseof ourmodeldescribestheactivity
inducedby theupper-mostlayerof thenetwork protocolstack,the
applicationlayer.

In this paperwe concentrateon the distributedcomputationof
theinterconnectionnetwork by theMAC layerandtheproblemof
committingnecessarylocationinformationin thephysicallayer.

3.2 PedestrianMobility
Thepedestrianmobility modelis aworstcaseapproachrelying

on all mobilestationsobeying a speedlimit of vmax . In this veloc-
ity boundedmodelthestartingpositionsi := si (0) is known and
for the speedvectors0

i (t ) = dsi (t )=dt it holdsjs0
i (t )j2 � vmax .

This impliesfor therelevanttimeinterval � thatall mobilestations
remainin a disk with radiusvmax � � aroundthestartingposition
si , i.e.

for t 2 [0; �] : jsi (t ) � si j2 � vmax � :

3.3 Vehicular Mobility
Thevehicular mobility modeldescribesthemovementof n sta-

tions with bounded acceleration amax . It refers to transporta-
tion vehicleswhich canoperateat high speeds,wherethe limita-
tion by thechangeof speedhasa higherimpacton themovement



thanthe maximumpossiblespeed,e.g.cars,trains,aircrafts. Let
s00

i (t ) = ds0
i (t )=dt denotetheaccelerationvectorof a mobilesta-

tion si , thenwe claimthatfor all mobilestationsjs00
i (t )j2 � amax .

Now, the startingspeedvector s0
i := s0

i (0) at the beginning of
the time interval � canbe arbitrarily large. Yet, we assumethat
at the beginning of the time interval [0; �] we know all locations
s1 ; : : : ; sn andall speedvectorss0

1 ; : : : ; s0
n . Then,wecanestimate

thepositionof stationi at time point t 2 [0; �] by

jsi (t ) � ts0
i � si j2 �

1
2

amax t2 �
1
2

amax � 2 :

As a technicalconditionwe requirea polynomialboundon the
maximumdistancesandrelativespeeddifferencesfor bothmodels,
i.e. for someconstantk weclaim jsi � sj j � O(( vmax �) k ) in the
pedestrianmodelandjsi � sj j + js0

i � s0
j j � O((amax �) k ) in the

vehicularmodel.

4. MOBILITY AND NETWORK PARAME­
TERS

In our worst-caseapproachscenariosmay appearwhereeven
optimalnetworkshavebadperformance.To identify suchscenarios
weintroduceanetwork independentmeasure,calledcrowdedness.
We will seethat it statesa lower boundon the numberof radio
interferencesand the maximumdegreeof reasonableconnection
networks.

In thevelocity boundedmodelwe de�ne Crowdv(u) of a node
u by thesetof all othernodesin distance2vmax � . Its cardinality
de�nescrowdv(u), thecrowdednessof u.

In the accelerationbounded model we de�ne the crowd of a
nodeu by

Crowda(u) := f w 2 S n f ug : ju � wj2 �
1
2

amax � 2

andju0 � w0j2 �
1
2

amax � g ;

whereu; w denotethe startingpositions,and u0; w0 the starting
vectorof mobilestationsfor thetimeinterval [0; �] . Thecrowded-
nesscrowda(u) is de�nedby its cardinality. It canbeinterpretedas
thenumberof nodesthatcanapproachu with maximumaccelera-
tion amax in time� suchthatsi (�) = sj (�) ands0

i (�) = s0
j (�) .

The overall crowdednessof a setof stationsS is given by the
maximumcrowdedness(� 2 f a; vg):

crowd� (S) := max
u 2 S

f crowd� (u)g :

TransmissionRange Onecrucial propertyof our mobile net-
work approachis to build up persistentlinks for the time interval
[0; �] . Theonly methodto ensurethis propertyfor a communica-
tion link is to increasethe transmissionradiussuchthat themaxi-
mumdistancethattwo stationscanreachis covered.In thevelocity
boundedpedestrianmodel we thereforerede�nethetransmission
distanceof two stationsu; w 2 S by

ju; wjv := 2vmax � + ju � wj2 :

In thevehicular model the following termdescribestheneces-
sarytransmissionrange.

j(u; u0); (w; w0)ja := maxfj u � wj2 ;

ju � w + (u0 � w0)� j2 + amax � 2g :

Notethatbothde�nitions aresymmetricandful�ll thetrianglein-
equality, i.e. ja; bj + jb;cj � ja; cj (For a shorternotationwe de-
notefor the quadruple(ux ; uy ; u0

x ; u0
y ) simply u). Proofsfor the

correctnessof thesestatementscanbefoundin theAppendix.
Theunionof all (bi-directional)communicationlinksE describes

the mobile ad hoc network. The diameter diam(G) of this undi-
rectedgraphG is describedby themaximumhop-distancebetween
a pair of nodes.Thedegreedeg(v) of a nodev is the numberof
establishedcommunicationlinks at v.

Interfer ences Moderncommunicationnetworksusemany fre-
quenciesandsophisticatedspreadspectrumtechniques,thatallow
many sendersto sharethe samemedium. However, in mostsys-
tems the bandwidthof the mediumcan be outnumberedby the
communicationloadof theparticipants.For a theoreticalapproach
we assumethat suchspreadspectrumsystemsbehave like a one-
frequency network with a probabilistictimeschedule.

In our one-frequency model with adjustabletransmissiondis-
tancesedgesinterfereif a mobilestationis insidethetransmission
areaof an edgeandmessagesaresentsimultaneously[15]. Be-
causeof our little knowledgeaboutthe movementof the mobile
stations,we cannotexactly predict interferences.For an accurate
analysisonehasto take into accountthe sendingtime of a mes-
sage,the movementsof sendersandreceivers, their transmission
radii, theimpactof controldatainducedby distancemeasurements
andacknowledgments.

For a theoreticalapproachwe needa simplede�nition that al-
lows us to classify mobile networks. Radio interferencesresult
from a combinationof badtiming, badlocationsandlarge trans-
missionradii. We want to concentrateon the geographicalcause
of interferencesandcountall interferencesof communicationlinks
thatcouldinterfereatsometime. In thestaticwirelessnetwork sce-
nario this canbedescribedby deciding,whethera noderesidesin
the transmissionareaof a communicationlink. In our worst-case
mobility scenariothesituationis moredif�cult.

We do not know in advancewhetherthe mobile stationcould
move into thetransmissionareaof a link. If we considertheworst
casemotion for radio interferenceswe encounternumeroussuch
interdependencies.This approachwould leadto a de�nition where
small local changesof positionscan in�uence the radio interfer-
encesof all othermobilestations.We would like to usea practica-
ble local de�nition for radiointerferences,whichonly usesknowl-
edgefrom themobilestationsof theinterferingandinterferedlinks.
Furthermore,we wantto excludethetiming of themovementfrom
thede�nition of radiointerferences.

We took several alternative modelsfor interferencesinto con-
sideration.Oneof thepossibleapproachesis to countevery radio
interferencethatcould happenfor sometime underevery allowed
movement.But this turnsout beingtoo pessimistic.We alsocon-
sidereda too optimistic modelwherewe only countinterferences
thatmust happenundereverypossiblemovement.For areasonable
compromisebetweenthesetwo extrememodelsassumingacertain
adversarialor friendly behavior of themobilestations,weconsider
a compromiseassumingthatwe only counttheradio interferences
of mobilestationsusingtheaverageroute.In thepedestrianmodel
the average route is to remainon the startingposition, while in
thevehicularmodelit describestheunaccelerated�oating with the
original speed.

So, we de�ne interferencesas if the distancebetweentwo in-
terferingstationsis not stretchedby theadditionalconstantthat is
given by the velocity boundin the pedestrianmodel and the ac-
celerationboundin the vehicularmodel. Thus, in our pedestrian
modelwe countinterferencesasif theradiostationsarenot mov-
ing at all. For thevehicularmodelwe countonly interferencesas



if the interferingmobile stationsarenot accelerating(yet usinga
oversizetransmissionradiusto compensatefor worst-casemove-
ments).Furthermore,we countonly interferinglinks if they inter-
ferefor thecompletetime span� .

In this interferencemodeltwo edgesdonot interfereevenif they
passeachotherat a closedistancewith high relative speed.One
may arguethat in this casethe interactionbetweenthe links is so
shortthatit canbeneglected(Of courseweareawareof worst-case
scenariosof passingmobileclustersgiving acounter-example).As
a physicalargument,the large relative speeddifferencemay be
largeenoughto causea frequency shift, known asDoppler-effect,
which preventsradiointerferences.

In thevelocity boundedmodelan edgeg = f p1 ; p2g interfer es
with edgee = f q1 ; q2g if

9pi 2 g; 9qj 2 e : jpi � qj j2 � jgjv :

In theaccelerationboundedmodelwemodelinterferencesonly
betweenedgeswhich interferefor the completeinterval [0; �] , if
the velocity vectorsof their nodesremainthesame.Formally we
de�ne thatedgeg = f p1 ; p2g interfereswith edgee = f q1 ; q2g if

9pi 2 g; 9qj 2 e : jpi � qj j2 � jgja and j ~pi � ~qj j2 � jgja ;

where~u := u + � u0 denotesthepositionof u at time point � if
thespeedvectorof u remainedunchangedduring[0; �] .

In bothmobility models(� 2 f a; vg) we de�ne Int � (e) asthe
setof edgesthat interferewith edgee. The interferencenumber
Int � (G) of a mobile network G is given by the maximuminter-
feredsetof edges:

Int � (G) := max
e2 E ( G )

fj Int � (e)jg :

Now, the crowdednessof the underlyingsetof mobile stations
statesa lower boundon the numberof interferencesevery con-
nectedmobilenetwork produces.

THEOREM 1. In bothmobilitymodels(� 2 f a; vg) weobserve
for all connectedgraphsG = (S;E ):

Int � (G) � crowd� (S) � 1 :

PROOF. Let u 2 S be a nodefor which crowd � (u) is maxi-
mal in G, i.e. crowd � (u) = crowd� (S), andlet e beanarbitrary
edgeincidentto u. Suchan edgeexists, becauseG is connected.
We de�ne the setE (Crowd � (u)) as the setof edgesincident to
a nodefrom Crowd � (u), i.e. E (Crowd � (u)) := f g = f w; zg :
w 2 Crowd� (u)g. ConsidertheGraphĜ which is obtainedfrom
G by substitutingeachnodeof S n Crowd � (u) by a new node
û. (Thepositionof û is irrelevant.) Theedgeswhich areincident
to a nodefrom S n Crowd � (u) in G becomeincident to û in Ĝ
(multiple edgesaredeleted).Note, thatu 2 S n Crowd � (u), so
S n Crowd� (u) is not empty. Thereforethe numberof nodesin
Ĝ is crowd� (u) + 1. Furthermoreeachedgein Ĝ is incidentto
a nodeof Crowd � (u) andsocontainedin E (Crowd � (u)) . Since
G is connected,the graphĜ is alsoconnected.Hence,the num-
berof edgesof E (Crowd � (u)) in Ĝ is at leastcrowd � (u). Since
eachedgein Ĝ is incidentto anodeof Crowd � (u), it is contained
in E (Crowd� (u)) . HencejE (Crowd � (u)) j � crowd � (u). We
show that eachof the edgesin E (Crowd � (u)) n f eg is interfer-
ing with e. This will imply that Int � (G) � crowd� (u) � 1 =
crowd� (S) � 1.

In thevelocity boundedmodelCrowdv(u) is de�ned astheset
f w 2 S : ju � wj2 � 2vmax � andw 6= ug. Theneachedge
g = f w; zg 2 G incident to a nodew 2 Crowdv(u) interferes
with e, becauseju � wj2 � jgjv + 2vmax � holds. Therefore,
E (Crowdv(u)) n f eg � Int v(e).

In the accelerationboundedmodel the set Crowda(u) is de-
�ned as f w 2 S : ju � wj2 � 1

2 amax � 2 andju0 � w0j2 �
1
2 amax � andw 6= ug. For eachedgeg = f w; zg 2 G incident
to a nodew 2 Crowda(u) interfereswith e, becauseju � wj2 �
jgja = maxfj u � wj2 ; ju � w + (u0 � w0)� j2 + amax � 2g holds.
HenceE (Crowda(u)) n f eg � Int a(e).

Mobile Spanner A graphG is calleda mobilespanneraccord-
ing to pedestrianor vehicularmobility (� 2 f a; vg) if for all nodes
u; w 2 S thereis a path(u = p0 ; p1 ; : : : ; pk = w) in G suchthat

k
�

i =1

jpi � 1 ; pi j � � c � ju; wj � ;

for someconstantc. For theoptimizationof theenergy consump-
tion we usethe model that transmissionpower for sendingto a
distanced increasesasa functiond� , where� � 2. (For the free
spacepropagationmodel� = 2, for theso-calledtwo ray model,
which alsoconsidersmultipathfading,� = 4.) Therefore,we de-
�ne thenotionof mobile power spanneranalogouslyto themobile
spannerby replacingthelastinequalitywith

k
�

i =1

(jpi � 1 ; pi j � ) � � c � (ju; wj � ) � ;

LEMMA 1. For both mobility measures every mobilespanner
is alsoa mobilepowerspanner.

PROOF. Considera mobilespannerG anda path(u = p0 ; p1 ;
: : : ; pk = w) in G.

k
�

i =1

(jpi � 1 ; pi j � ) � � �

k
�

i =1

jpi � 1 ; pi j � �

�

� (c � ju; wj � ) � = c0 � (ju; wj � ) �

Congestion Following theapproachin [15] weobserve oneach
communicationlink e somepacket load `(e), which will be de-
liveredin time interval [0; �] . This load is causedby packetsfol-
lowing routes(alsocalledpaths)which includee. Theunionof all
thesepathsis calleda pathsystemP:

As a worstcaseestimationon thenumberof packetsthatcause
a congestionat link e we have to countall packets`(e) aswell as
all packetsbeingtransportedon interferingedges,which leadsto
the following de�nition of congestionC�; P (e) of an edgee with
respectto a pathsystemP for � 2 f a; vg:

C�; P (e) := `(e) +
�

g2 Int� ( e)

`(g) :

We describethemobilenetwork congestionby

C�; P (G) := max
e2 E ( G )

C�; P (e) :

If we know the optimal pathsystemP in advance,the de�ni-
tion of the underlyingoptimal network is given by all edgesused
in thepathsystem.However, becauseof thestructureof theproto-
col stackwe have to determinethenetwork beforeknowing a path
systemor evenroutingrequests.Wesolvethisproblemby showing
thata mobilespannerhostsa pathsystemthatpolylogarithmically
approximatestheoptimalcongestion.

THEOREM 2. Givena mobilespannerG thenfor everyoptimal
pathsystemP on a completenetworkC there existsa pathsystem
P 0 onG such that for � 2 f v; ag

C�; P 0(G) = O(C�; P (C) � Int � (G) � log n) :



PROOF. Weusetechniquespresentedin [15] in Theorem5. Let
K v := 2vmax � andK a := � 2amax . Let d(v) = 2, d(a) = 4. In
thisproofwedenotefor thevehicularmeasurewerepresentanode
u by

u = (u1 ; : : : ; u4) = ��� si �
� s0

i

2 �

; � si +
� s0

i

2 ���

:

Then ju; wja = maxfj u1;2 ; w1;2 j2 ; ju3;4 ; w3;4 j2 + K ag, where
u1;2 := (u1 ; u2). We de�ne themetricj � jam as

ju; wjam := maxfj u1;2 ; w1;2 j2 ; ju3;4 ; w3;4 j2g :

Therelationshipbetweenthis metricandthetransmissiondistance
is thefollowing.

ju; wja � K a � ju; wjam � ju; wja ;

while therelationshipbetweenL 2 andthetransmissiondistancein
thepedestrianmodelis

ju; wjv = ju; wj2 + K v :

De�ne the interferenceregion D � (e) of an edgee as the set of
points,which canbeinterferedby anedgee, i.e.

D v(e) := f x 2 �

d( � ) j 9p 2 e : jx � pj2 � jejvg ;

D a(e) := f x 2 �

d( � ) j 9p 2 e : jx � pjam � jeja g :

For thevehiculardistancemeasurewe needthefollowing Lemma.

LEMMA 2. Thereareca � 72disjointsub-spacesA 1 ; : : : ; A k �

� �

4 such that 8i 2 f 1; : : : ; k� g 8u; p;w 2 A i : ju; wjam �
ju; pjam =) jp; wjam � ju; pjam :

PROOF. Without lossof generalitylet u = (0; 0; 0; 0). De�ne
for k; j 2 f 1; : : : ; 36g:

A6j + k � 6 := � x 2 �

4 j � (x1 ; x2) 2 � k
�
3

; (k + 1)
�
3 �

and � (x3 ; x4) 2 � j
�
3

; (j + 1)
�
3 �

andjx1 ; x2 j2 � jx3 ; x4 j2 	

;

A36+6 j + k � 6 :=
�

x 2 �

4 j � (x1 ; x2) 2
�

k
�
3

; (k + 1)
�
3

�

and � (x3 ; x4) 2 � j
�
3

; (j + 1)
�
3 �

andjx1 ; x2 j2 < jx3 ; x4 j2 	

:

where � (a; b) denotestheanglebetweenvector(a; b) and(1; 0).
Letp; w 2 A 1 . Then,j0; pjam = jp1 ; p2 j2 andj0; wjam = jw1 ; w2 j2 .
Assumejw1 ; w2 j2 � jp1 ; p2 j2 . Then,by astraightforwardgeomet-
ric argumentj(p1 ; p2) � (w1 ; w2)j2 � jp1 ; p2 j2 .

Sincejw3 ; w4 j � jw1 ; w2 j � jp1 ; p2 j and jp3 ; p4 j � jp1 ; p2 j
it follows that j(p3 ; p4) � (w3 ; w4)j2 � jp1 ; p2 j. This implies
jp; wjam = maxfj (p1 ; p2) � (w1; w2)j2 ; j(p3 ; p4) � (w3 ; w4)j2g �
jp1 ; p2 j. This argumentationalso appliesfor all the other sub-
spaces.

Weextendthenotionof congestionto nodesby countingall traf-
�c whichsendout radiointerferencesto thelocationof thepoint:

C�; P (u) :=
�

e2 E ( P ): u 2 D � ( e)

`(e) :

For anedgee = (u; w) thefollowing relationshipis valid.

maxf C�; P (u); C�; P (w)g � C�; P (e) � C�; P (u)+ C�; P (w) :

The maximumcongestionof any point in �

d is linearly bounded
by thecongestionof thenetwork.

LEMMA 3. For all graphsG = (V; E ) with V � �

d( � ) , all
pathsystemsP andall pointsx 2 �

d( � ) :

C� (x) =
�

e2 E ( G ): x 2 D � ( e)

`(e)

� k� � max
e2 E ( G )

�

e02 Int( e)

`(e0) = k� C� (P ) ;

for constantsk� > 1.

PROOF. For the point x we partition thespaceinto c� disjoint
sub-spacesA 1 ; : : : ; A c� suchthat for all u; v 2 A i ju; xj � �
jv; xj � implies ju; vj � � jv; xj � for � 2 f 2; amg. Then, for
thepedestrianmobility modeltheanglebetweenxu andxv lessor
equalthan� =3. Clearly, theoptimalchoiceiscv = 6, whichresem-
blessix sectorscenteredatx. For thevehicularmodelit followsby
Lemma2 thatca � 72suf�ces. Now choosefor eachsub-spaceA i

a vertex ui 2 A i thatminimizesthedistancejx; ui j � (if thesub-
spaceis not empty). For every edge(v; w) with x 2 D � (f v; wg)
we now show thatthereexistsa vertex ui with ui 2 D � (f v; wg).

Assumethat x 2 D � (f v; wg) and let A i be in the sub-space
wherev lies in. Since jui ; xj � � jx; vj � we have jui ; vj � �
jx; vj � � jv; wj � . Thereforewe have

�

e2 E ( G ): x 2 D � ( e)

`(e) �
c�

�

i =1

�

e2 E ( G ): u i 2 D � ( e)

`(e)

� c� � max
u 2 V ( G )

�

e2 E ( G ): u 2 D � ( e)

`(e)

� c� � max
e2 E ( G )

�

e02 Int( e)

`(e0) :

LEMMA 4. If all the transmissionradii of a mobile network
are increasedby a constantfactor, then the congestionincreases
by at mosta factor of O(log(V )) , if for all mobilestationshold
jsi � sj j + js0

i � s0
j j � O((amax �) k ) in thevehicularmodeland

jsi � sj j � O(( vmax �) k ) in thepedestrianmodel.

PROOF. FirstweconsiderthepathsystemPr whichconsistsof
all sub-pathsof P which consistsonly of edgeswith transmission
distancein the range[r ; 2r ) for r � k� . Clearly, C�; P r (u) �
C�; P (u).

Let u bea node,which maximizesC�; P r (u). Now we placec
pointsp1 ; : : : ; pc in thesurroundingof u suchthatfor � 2 f 2; amg

8x 2 �

d 9i 2 f 1; : : : ; cg : jpi � xj � � r

and 8i 2 f 1; : : : ; cg : jpi � xj � � 2cr :

Such an arrangementof a constantnumber c of points can be
achieved by a grid placementof pi . Now, every edgethat inter-
fereswith a point u with transmissionradiusw � 2cr hashadan
interferencewith a point pi , whenthe transmissionradiuswasin
theinterval [r ; 2r ). This impliesfor thecongestionC0

�; P r (u) of a
point for a network wherethetransmissionrangeis c timeshigher
thannecessarythefollowing.

C0
�; P r (u) � C�; P r (u) +

c
�

i =1

C�; P r (pi ) � (c+ 1)k� C�; P r (G) :



ThereareO(log n) differentintervals[r ; 2r ) thatcoverall avail-
able transmissiondistances.Eachof theseintervals inducescon-
gestionof at most(c + 1)k� C�; P r (G). Summingup theseterms
provestheclaim.

LEMMA 5. Let C � be the congestionof a given (congestion-
optimal) path systemP � for a vertex setV . Then,every mobile
spannerN can hosta path systemP 0 such that the inducedload
`(e) in N is boundedby`(e) � c0 C � log n for a positiveconstant
c0.

PROOF. For the routing in the mobile spannerwe rerouteall
messagesof an edgee = (u; w) of the path systemP � to the
shortestpathPu;w in themobilespannerN betweenu andw. A
direct implicationof thespannerpropertyis that for all nodesq of
Pu;w weobserve jq; uj � � c� ju; wj � andjq; wj � � c� ju; wj � for
� 2 f 2; amg andconstantc > 1.

Now we increasethetransmissionradiusof all nodesin theop-
timal pathsystemby a constantfactorc. Thenall nodesthat will
be usedfor re-routingsuffer interferenceswith the original paths.
And thecongestionof anedgeof thedetourcanbeusedasanupper
boundfor thecommunicationloadinducedby all detours.

We have seenin Lemma4 thatthecongestionincreasesonly by
a logarithmicfactorif thethetransmissionradiusis increasedby a
constantfactor(if themaximumrelativedistanceandrelativespeed
is polynomialin K � ).

In the last lemmawe have shown that the numberof packets
transferedon detoursis at mostO(log n) higherthantheconges-
tion in theoptimalnetwork. We denoteby Int � (G) themaximum
numberof interferencesin themobilespannerG. If theloadsof all
interferingedgescanbeboundedby m, thentheoverallcongestion
is atmostm � Int � (G), whichprovesTheorem2.

5. CONSTRUCTING MOBILE NETWORKS
Now we presenttechniquesto constructmobilespannerswith a

small numberof interferences.We usea grid-cluster technique,
whichadoptsideasof [1] for staticadhocnetworks.For thepedes-
trian modelwe considera grid of cell sizevmax � . For every grid
cell, whereat leastonemobile stationresidesat the beginning of
thetime interval [0; �] , we electoneof themasa clusterheaduc .
All other mobile stationsin this cell have a communicationlink
to theclusterheadforming a starfor eachcell. Thesetof cluster
headsSc will beconnectedby a (static)spanner.

In thevehicularmodel,weconsidera4-dimensionalgridGi;j;k ;` ,
whereeachcell formsarectangle.A mobilestationsi with coordi-
nates(p1 ; : : : ; p4) = (( si )x ; (si )y ; (s0

i )x ; (s0
i )y ) is in thegrid cell

q1 ; : : : ; q4 2 �

4, i.e. si 2 Gq , if qi = bg0(p) i c, where

gk (x; y; vx ; vy ) := �

x2� k

6amax � 2
;

y2� k

6amax � 2
;

vx 2� k

2amax �
;

vy 2� k

2amax � �

:

Like in the pedestrianmodel we elect a clusterheadfor each
cell andastar-likecommunicationnetwork in eachcell. All cluster
headswill beconnectedby a (static)four-dimensionalspanner.

LEMMA 6. Thegrid-cluster-techniqueconstructsmobilespan-
ners for bothmobility models.

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

usingonly clusterheadscombinedwith the edges(u; h(u)) and
(h(w); w).

For thevelocity boundedmobility modelthetransmissiondis-
tancebetweenanodeanditsclusterheadis atmost(

p
2+1) vmax � .

Thenumberof hopsh betweentheclusterheadsis linearlybounded
by theManhattan-distancebetweenu andw accordingto thegrid.

Hence,theadditionalimpactof every hopof thepathis linearly
boundedby the distance.In the casethat the two nodesarevery
near, i.e. ju; wj2 � vmax � , oneusesthat ju; wja � 2vmax � . Be-
causeof thenearnessof theclusterheads,thereis only a constant
numberof hopsandalinearlongdetourwith respectto 2vmax � �
ju; wja.

For theaccelerationboundedmobility modelananalogousar-
gumentationapplies.

Note that the spanningpropertydoesnot imply a boundon the
numberof interferences. For this, we can use the Hierarchical
LayerGraphconstructionpresentedin [15, 14] asa spanner. Here,
we usea simpli�ed approach,calledHierar chical Grid (because
of theknowledgeof absolutecoordinates).

We startwith thegrid G0 = G introducedabove andthesetof
all stationsS0 := S, andpromotefor eachcell onemobilestation
for beingclusterhead.Thesetof theseclusterheadsform theset
S1 . In this level only clusterheadsmaycommunicatewith nodesin
their cell. Besidestheselinks, clusterheadshave communication
links with all clusterheadsin neighboredcells sharingat leasta
cornerof thegrid.

We iterate this extendedgrid-cluster-techniqueuntil only one
point is left. Formally, in the i -th level of the network structure,
we start with a setof stationsSi andconsiderthe grid Gi , with
grid coordinatesg(sj ). A cell q 2 �

4 containsall pointsp with
bgi (p) ` c = q̀ . We assignfor eachcell a clusterheadandaddit
to thesetSi +1 . We connecteachof theclusterheadsto all nodes
of rank i in its cell. Then,we connectall clusterheadsto all clus-
ter headsof neighboredcells. For thepedestrianmodelwe usean
analogousconstructionbasedonthetwo-dimensionalgrid cell size
2vmax � .

THEOREM 3. For both mobility modelsthe Hierarchical Grid
Graphconstitutesa mobilespannerwith at mostO(crowd � (V ) +
log n) interferences.

PROOF. Westartwith theproofthattheHierarchicalGridGraph
is a mobile spanner. If two nodeslie in thesamegrid cell of G0 ,
thenthey have hop-distanceof at most2, sinceboth of themare
connectedwith the clusterhead. Sinceju; wja � amax � 2 and
ju; wjv � 2vmax � for eachpair of nodesu; w andthe cell size
is linear in this distance,this caseis settled. (Note that ju; uja =
amax � 2 andju; ujv = 2vmax � hold for eachnodeu.)

We now prove that themobilespanningpropertyholdswith re-
spective to the grid distancemeasurejg0(u); g0(w)j2 . We recur-
sively de�ne a pathPu;w from u to w. Let i bethelowestlevel of
thehierarchicalgrid, wheretheancestoru� of u andtheancestor
w� of w arein neighboringgrid cells,i.e. thecell of u� andthecell
of w� aresharingatleastonecorner, wheretheancestorof anodeis
de�nedrecursively asits cluster-headandanancestorof its cluster-
head.Suchalevel exists,sinceatthesecondhighestlevel eachpair
of cellsareneighborsof eachother. Thenodesu� andw� arecon-
nectedin level i by an edgef u� ; w� g per de�nition. We addthe
edgef u� ; w� g to Pu;v . Now we mustconstructa pathPu;u � and
Pw ;w � . This pathsconsistof theedgesfrom a nodeto its cluster-
head.ThenthepathPu;w is de�ned asPu;u � [ f u� ; w� g[ Pw ;w � .

Now we give a boundon the lengthof Pu;w . Let x be theside
lengthof thecellsatlevel i . Thenju; wj2 � x=2, sincetheancestor



of u andw arenot in neighboringcellsat level i � 1, otherwisethey
would be still connectedby an edgeat this level. The Euclidean
lengthof theedgef u� ; w� g is at mosttwo timesthe lengthof the
diagonalof a cell at level i , i.e. it is at most2x

p
d � 4x, whered

is thedimensionof thegrid. Thelengthof Pu;u � is thesumof the
lengthsof theedgesin Pu;u � , which is at mostx

p
d �

i
j =0 2� j �

4x. Similarly, the length of Pw ;w � is at most 4x, and therefore
thelengthof Pu;w is at most12x. This implies thattheEuclidean
stretchfactoris at most24.

It remainsto show thatfor eachpair of nodesa andb

jg0(a); g0(b)j2 = �( ja; bja) ; for jg0(a); g0(b)j2 � 1 (1)

(if we consider� , amax , resp.vmax asconstants).This follows
immediatelyfrom thede�nition of thecell size.

For thenumberof interferences,it is essentialthatevery edgee
connectingneighboredcells in Gi only interfereswith anedgee0,
if for a nodeu of e andw of e0 it holdsjgi (u); gi (w)j2 = O(1).
This follows directly from (1). Hence,mostof the interferences
occur at the lowest level of the grid G0 , wherea mobile station
cansuffer undertheradiointerferencesof at mostO(crowd � (S))
mobile stationsin someconstantnumberof nearcells. In every
highergrid level thisamountreducesto aconstantnumberof radio
interferences,becauseonly oneclusterheadresidesin a cell and
thenumberof connectionswith clusterheadsof next loweror same
level is constant.The assumptionat the endof Section3 implies
that we have at most O(log n) grid levels, which completesthe
proof.

6. POSITION INFORMA TION MAN AGE­
MENT

In the previous sections,we have assumedthat all positioning
informationis availableto all nodes.But distributing this informa-
tion is anon-trivial task.Thisprocesshasto bedonein thephysical
layer, whereroutingis notavailable.But thephysicallayermayuse
apositioningsystem(e.g.GPS)whichenableseverymobilestation
to learnits positionandabsolutespeed.Then,it canuseshortradio
broadcastmessages,calledbeacons,to inform all neighborsin the
transmissionrange.

Anothersolutionis to measurethedistancesbetweenmobilesta-
tionsby comparingthetransmissionpower (which thesendermay
write in a datapacket) with thereceivedpower. On �rst sight this
looks similar to the positionbeaconmodel. However, usingonly
distanceinformationit is impossibleto computetherelative speed
of thecommunicationpartner.

We dedicatethis sectionto presentsolutionsfor dynamicposi-
tion informationmanagementunderthevehicularmobility model
(which canbe easilyappliedto the pedestrianmobility modelas
well).

6.1 Coordinating Location Beacons
If the mobile stationscandeterminetheir absolutecoordinates

(andthuscancomputeabsolutespeedvectors),wesuggesttobroad-
castthis informationin thephysicallayer in orderto constructthe
basicnetwork of thenext round(of time span� ).

A straightforwardsolutionis sendingspecialbeaconsignalscar-
rying locationandidenti�cation information. Onecanassignspe-
cial time slotsfor thesebeaconsignals,which arenot propagated
by othernodes.However, if all nodessendthesebeaconsat maxi-
mumtransmissionrange,thenn beaconsignalswould interfereat
eachnode.It turnsout thatadatastructureastheHierarchicalGrid

helpsto reducethe necessarytransmissionrangeandthe size for
thebeacontime slot. For this,we usethefollowing observation.

LEMMA 7. Let si ; sj be mobilestationsundervehicularmo-
bility andlet ~si := si (�) , ~sj := sj (�) . Then,for k > 0

2
3

jgk (si ); gk (sj )j1 � 2� k � jgk (~si ); gk (~sj )j1

�
4
3

jgk (si ); gk (sj )j1 +
1
6

2� k :

PROOF SKETCH. The relative changeof the position coordi-
natesx(si ) � x(~si ) is boundedby atmost� (� � j(x(s0

i ) � x(s0
j )j +

amax � 2), while the relative changeof the velocity coordinate
x(s0

i ) � x(~s0
i ) is boundedby � 2amax � andanalogouslyfor the

y-coordinates.The restof the proof follows straightforward by a
casedistinction.

This observationhelpsto boundthedynamicchangesof theHi-
erarchicalGrid Graph.If a nodeu hasranki > 1 in roundt, then
thenumberof nodesof equalrankin thesamecell asu is bounded
by 9 in thepedestrianmodelandby 81 in thevehicularmodel.

Usingthis observation,we currentlyareworking on anef�cient
datastructurebasedon theHierarchicalGrid wherethemovement
of a nodein the hierarchicaldatastructureis bounded.Our goal
is to �nd a selectionstrategy for assigningclusterheadssuchthat
a clusterheadof rank i is assignedat mostrank i + 1 in thenext
round.Thiswouldhaveimplicationsfor thenecessarytransmission
rangeof the locationbeacons.To get the informationfor coordi-
natingclusterheadsin thenext roundeachnodeof ranki canusea
transmissionrangewhichis only aconstantfactorlargerthanthose
of adjacentedges.As a consequence,thenumberof time slotsoc-
cupiedby thebeaconsignalscanbereducedsigni�cantly.

6.2 DistancesasLocation Inf ormation
Thereis anumberof reasonswhy absolutecoordinatesin mobile

stationsare not available, e.g. size and cost of GPSsubsystems,
reachability, accurateness.However, we will show that little rel-
ative distanceinformationis suf�cient to maintaina goodmobile
network structure.We assume,that a mobile stationcanmeasure
thedistanceto anotherstationby measuringthereceiving transmis-
sionpower. Suchmeasurementscanbeperformedin thephysical
layerof theprotocolstackandwe reducethenumberof measure-
ments,while still maintaininga mobilenetwork similar to a grid-
clusternetwork. De�ne � i;j (t ) = jsi (t ) � sj (t )j2 .

LEMMA 8. Givendistances� i;j (� �) and� i;j (0) it is possible
to approximatethetransmissiondistancejsi ; sj ja bya factorof 5.

PROOF. Weuse

~� := maxf � i;j (0); j2 � i;j (0) � � i;j (� �) j; amax � 2g

as an approximationfor jsi ; sj ja andshow that ~� � jsi ; sj ja �
5~� : Assumesi measuresthe distanceto sj (� �) andsj (0). Let
d := si (0) � sj (0) thedistanceat time0 andv(t) := s0

i (t ) � s0
j (t )

therelativevelocity. Sincebothstationsmayaccelerateweassume
thatsi is �x edandsj mayacceleratewith 2amax . First we prove
that ~� � jsi ; sj ja. Because� i;j (0) = jsi ; sj j2 we only have to
show thatj2� i;j (0) � � i;j (� �) j � jd + v� j + amax � 2 . Theterm
j� i;j (0) � � i;j (� �) j representstheestimatedaveragevelocitydur-
ing [� � ; 0]. If si lies in the middle betweensj (� �) andsj (0),
themeasuredvelocityis 0 andthusunderestimated.Apart from this
exceptionalcase,thetruerelativevelocityat time0 maydiffer from
theestimatedaveragevaluebyanerrorof � amax � becausesj may
accelerate/deceleratewith 2amax . Thusj2� i;j (0) � � i;j (� �) j =



jd+ v� � amax � j and~� � jsi ; sj ja. Now, weshow thatjsi ; sj ja �
5~� . We canminimize ~� if we positionsi in themiddleof sj (� �)
andsj (0). jd+ v� j canbemaximizedif sj accelerateswith 2amax

during [� � ; 0] (The accelerationin [0; �] is irrelevant). For the
distanceestimation� i;j (0) = 1

2 (jv(� �) j� + amax � 2) =: r .
The estimationyields ~� = maxf r ; 2r � r ; amax � 2g. At time
0 the velocity v(0) = v(� �) + 2amax � and thus jsi ; sj ja =
r + jv(� �) j� + 3amax � 2 = 3r + 2amax � 2 . If we choose
v(� �) = amax � so that r = amax � 2 , thenthe ratio jsi ; sj ja=~�
is maximizedandat most5.

Basedon the physicalrestrictionon the movementsof mobile
stations,we have found a dynamicdatastructure,called Mobile
Hierar chical Layer graph (MHL-graph). Essentially, it usesthe
sameideasastheHierarchicalGrid graph,if onereplacesthegrid
distancemeasurewith the EuclideanL 2-norm. Again, one can
show that this distancemeasurecanbe approximatedby two dis-
tancemeasurementsat different time points. The notion of cells
will be replacedby a disk aroundnodesof certainrank. These
MHL-graphsaremobile spannersandapproximatethe minimum
numberof mobileinterferencesby a constantfactor.

Currently, we are working on a distributed algorithm that up-
datestheHierarchicalGrid usingonly O(crowda(V ) + logn) dis-
tancemeasurementspernodeat time 0 and� � . This meansthat
the HierarchicalGrid of the currentroundinitiatesdistancemea-
surementsbetweendedicatednodes,thatprovide thenecessaryin-
formationto constructthe HierarchicalGrid structureof the next
round.

7. CONCLUSION AND OPEN PROBLEMS
We have discussedtwo worst casemodelsfor mobility. In the

�rst pedestrianmotivatedmodel we boundthe speedby a speed
limit of vmax . In theothermodeldesignedfor thespecialmobility
inducedby high-speedvehicleswe assumethattheaccelerationof
all nodesis boundedby a constantamax . To ensuresomeelemen-
tary stability in a wirelessadhocnetwork we adjustthe transmis-
sionrangeof senderssuchthatwe canguaranteethepersistenceof
all communicationlinks for at leasta time periodof length� .

For thenetwork constructionwe concentrateon themediumac-
cesslayer, which builds up communicationlinks without known
routing tasks. We have presenteda distributedalgorithmto build
up suchan elementarymobile network, which allows small con-
gestion,few interferences,low energy data routes,small degree
andsmalldiameterassummarizedin thefollowing corollary.

COROLLARY 1. There exist distributed algorithmsthat con-
structmobilenetworksfor thevelocityboundedandtheaccelera-
tion boundedmobility modelwith thefollowingproperties:

1. Themobilenetworksallowsdata routeson this mobilenet-
work inducinga congestionof at mostO(log2 n) timesthe
congestionof theoptimalrouting.

2. Theinterferencenumberof themobilenetworkapproximates
theoptimalinterferencenumberbya factorof O(log n).

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

4. Thedegree is boundedby O(crowd � (V ) + log n) and the
diameteris at mostO(log n).

Figure3: Vehicleson a highway with differ ent speedvectors

For the routing problemthis doesnot imply that small conges-
tion, low energy and short routescan be optimizedby the same
routing policy. Already for the static caseof wirelessnetworks
oneexperiencestrade-offs betweenany two of thesemeasures[15].
However, thealgorithmspresentedhere,build upageneral-purpose
communicationnetwork, whichperformswell for all kindsof rout-
ing requestsandhasreasonableapproximationratiosfor any rout-
ing policy concerningcongestion,energy or dilation.

As a side effect of our network constructionfor the vehicular
mobility modelwe achieve a datastructure,whereclusteringtakes
locality of positionsandmovementinto account.E.g. considera
highwayof two lanesin eachdirection,seeFigure3. All algorithms
anddatastructures,neglectingtheimpactof relativespeed,build up
too many communicationlinks betweentheopposinglanes.How-
ever, theselinks are very unstableand henceexpensive. In our
model communicationlinks alongeachdirection aremuchmore
frequentand, if there is a choice, then the communicationlink
acrossthemiddleof thehighwaywill beestablishedbetweenslower
moving vehicles(e.g.trucks) insteadfasterones(andthis is even
thecaseif thefastvehiclesarenearerto eachother).

Thereis a numberof openquestionsleft by this �rst approach
to velocity andaccelerationboundedmobility. First themodeling
of interferencesof moving edges,presentedhere,is only a rough
estimation.It is not clearhow a mobilenetwork designmay look
for a moreaccuratemodel.

The movementsof the communicationpartnersalsoaffectsthe
routingalgorithms.We have neglectedtheproblemof long routes,
thatneedmoretime thanthe updatetime � . Possibly, communi-
cationcanbeimprovedif for thecommunicationpathsthosenodes
arepreferredthatalsomove towardsthereceiver's direction.

The distributed measurementand computationof the relative
locationsand relative speedvectorsstatesa problem. We have
seenthataroughapproximationcanbededucedfrom thereceiving
transmissionenergy andits changein time. However, for thecon-
structionof a reasonablebasicnetwork, adirectimplementationof
previousapproachesneedssomeinteractionbetweenlocationbea-
consanddistancemeasurements.We arecurrentlyworking on an
ef�cient updatestrategy for mobilespannerssuchthat thenumber
of theseinteractionsis minimized. We arealsoworking on com-
putersimulations[17,16]andontheimplementationof aprototype
mobileadhocnetwork basedon infrareddirectedcommunication
[10]. Bothenablesusto validateourcommunicationstrategiesun-
der practicalconditions. In a next stepwe will evaluateour mo-
bility modelsby implementingthe presentedmobile hierarchical
structuresin oursimulationenvironmentSAHNE.For thispurpose
it might bepossiblethatwe needsomepracticalmodi�cations but
evenfor this reasonwe arecuriousaboutintensive simulations.
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APPENDIX

A. PROPERTIES OF THE DISTANCE MEA­
SURES

Thedistancemeasuresju; wjv andju; wja aresymmetricandful-
�ll thetriangleinequality.

PROOF. For thevelocity boundedmodelthesymmetryandthe
triangleinequalityof the distancemeasurefollows from thesym-
metry andtriangle inequalityof the Euclideannorm. For the ac-
celeration boundedmodelthesymmetryof thedistancemeasure
alsofollows from thesymmetryof Euclideannorm. We prove the
triangleinequality:

First,we de�ne j � j �a andproof thetriangleinequality:

ju � wj �a := ju � w + (u0 � w0)� j2 + amax � 2

= ju � v + v � w + (u0 � v0 + v0 � w0)� j2
+ amax � 2

� ju � v + (u0 � v0)� j2 + jv � w + (v0 � w0)� j2
+ amax � 2

� ju � v + (u0 � v0)� j2 + amax � 2

+ jv � w + (v0 � w0)� j2 + amax � 2

= ju � vj �a + jv � wj �a

Then,we prove thetriangleinequalityfor thethedistancemea-
sureju; wja.

ju; wja = maxfj u � wj2 ; ju � wj �ag

= maxfj u � v + v � wj2 ; ju � v + v � wj �a g

� y maxfj u � vj2 + jv � wj2 ; ju � vj �a + jv � wj �a g
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= maxfj u � vj2 ; ju � vj �ag + maxfj v � wj2 ; jv � wj �a g

= ju; vja + jv; wja
y follows from thetriangleinequalityfor j � j2 andj � j �a .
z maxf a; bg = 1

2 ja + bj + 1
2 ja � bj 8a; b 2 � 0


