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Abstract. Multiple hoproutingin mobileadhocnetworks canminimize enegy
consumptionand increasedatathroughput.Yet, the problemof radio interfer
encesremains.However if the routesarerestrictedto a basicnetwork basedon
local neighborhoodgtheseinterferenceganbereducedsuchthat standardout-
ing algorithmscanbe applied.

We comparedifferentnetwork topologiesfor thesebasicnetworks with respect
to degree,spanneipropertiesradiointerferencesenegy, andcongestioni.e. the
Yao-graph (aka. -graph)andsomealsoknown relatedmodels,which will be
calledthe SymmY-graph (aka.YS-graph),the SparsY-graph (aka.YY-graph)
andtheBoundY -graph.Further we presentpromisingnetwork topologycalled
theHL-graph (basecbn HierarchicallL ayers).

Further we comparethe ability of thesetopologiesto handledynamicchanges
of thenetwork whenradiostationsappeaanddisappearor thiswe measurghe
numberof involvedradiostationsandpresentistributedalgorithmsfor repairing
thenetwork structure.

1 Motivation

Our researchaims at the implementationof a mobile ad hoc network basedon dis-
tributedrobustcommunicatiorprotocols Besideghetraditionaluseof omni-directional
transmittersye wantto investigateheeffectof spacenultiplexing techniquesndvari-
abletransmissiompowerson the ef ciency andcapacityof adhocnetworks. Therefore
ourradioscansendandreceveradiosignalsndependentlyn  sectorsf angle using
onefrequeng. Furthermorepur radio stationscanregulateits transmissiorpower for
eachtransmittedsignal. To show thatthis approachs alsosuitablein practicalsitua-
tions,we arecurrentlydevelopingacommunicatiormodulefor themini robotKhepera
[11,8] thatcantransmitandreceve in eightsectorsusinginfraredlight with variable
transmissiordistancesip to onemeter seeFig. 1. A colory of Kheperarobotswill be
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equippedwith this modulesto establishad hoc networks andto evaluateour research
resultsunderrealisticconditions.

We assumehat mostof the time the network is stableand performsa point-to-
point communicatiorprotocolaccordingto an adequatelychoserrouting protocol.In
[10] it is shavn thatthe quality of the routing dependsn the choiceof the underlying
network thatwe call basicnetwork In this papemwe investigatehow suchnetworkscan
be maintainedvhenstationsenterandleave the network.

Little is known aboutthe ef cient designof topology-preservinglynamicalgo-
rithms. Many approachesonsidera modelwherea centralalgorithmcontrolsthe net-
work structure,using the exact coordinatesn of the radio stations(e.g.,[3, 14]).
In contrasto this modelwe wantto investigatea distributednetwork modelwherethe
only information available is given by incoming radio signalsand which sectorit is
receved,which givesaroughestimationof the directionto thesender

Thedynamicswe areinvestigatings thata singleradio stationentersor leavesthe
systemwhile therestof the systemis stable We claim thata nodeenteringa network
knowsthis situation,e.g.becausd is switchedon or it eavesdropsn existing commu-
nicationfrom the network. A nodeleaving the systemis equivalentto a completenode
failure. This meansthatit is not necessaryhatthe leaving nodeinforms the network.
Suchdynamicchangesare the mostfrequentchangesof a radio network besideshe
motionof radiostations.

In ourview its veryunlikely thatall mobileradiostationwould start(or leave) atthe
sametime. And evenif thisis enforcedonecaneasilyadda probabilisticstrateyy that
preventsthis situation.Thenthe establishmenof thecompletenetwork turnsoutto bea
seriesof singlestationsenteringanexisting network. This approachmakessensesince
nobodyexpectsthata radio connectiorto the network is instantly establishecandwe
will seethatthereexist network structuresvhereenteringandleaving will only need
somelogarithmiccommunicatiorrounds.

In this paper we do not addresghe problemof moving radio stations.However,
if the movementis not too fast,the moving node canreestablisithe correctnetwork
by triggeringa leave andanenter -operation.Furthermorewe hopethatthe ba-
sic routinesdevelopedfor this switchingdynamicsprovide basictechniquegor more
sophisticatednaintenancéechniqueof mobileadhocnetworks.

2 Model

Ourinvestigationgoncentrat@n theimplementatiorof distributedalgorithmsfor mo-
bile adhocnetworkswith radiostationswith speci ¢ hardwarefeaturesHowever, some
network topologies(lik e the HL-graph)canbe usedin a muchmoregenerahardware
model.

2.1 Communication Model

In this papemwe assumehatif astationentersthe systemit will sendout controlmes-
sagedo stopnormalpaclet routingfor the (hopefully short)time neededo updatethe
network structure All pacletsare storedon the radio stationsanddeliveredwhenthe



network structurehasbeenrestoredln contrastto this reactive approachpnecanalso
take advantageof synchronizectlocksif available.If a periodicallytime periodis re-
senedthatis known to all nodeg(includingnew ones) themaintenancef the network
canbedonein this specialmaintenanceeriod.Thus,no control packetsarenecessary
to stopthe packet routing mode and collisions causedby the control paclets canbe
prevented.

In our communicatiormodel,we assumehataradiostation , alsocallednode,is
ableto detectthreetypesof incomingsignals:No signalindicatesthat no radio signal
is transmittedat all or that all radio stations in distance sendwith transmission
distance . Theinterferencesignalindicatesthatat leasttwo radiostations and

sendin this time step with transmissiordistance and

, Where denotesthe Euclideandistance.A clear signal is receved

by if oneradio signalwith appropriatedransmissiorpower to cancelout wealer

incomingsignalsis reaching 's antennaThenit canreadthe transmittednformation

of somelength . A communicatiorroundis the time necessaryo send

onepacletof length , where is large enoughto carry someelementaryinformation

like thesendingstation,theaddressedtations(if speci ed),thetransmissiordistance,
andsomecontrolinformation.

We assumehat thereis a timing scheduleadaptedo the basicnetwork topology
thatallows the stationsin a statictime period,i.e. no nodesenteror leave, to transmit
andacknavledgepaclketsoverthenetwork routeswith only smallnumberof interfering
paclets.During sucha phasewne canneglecttheinterferingimpactof acknaviedgment
signals.

However whena connectioris establishedhe sendingand answeringsignalhave
thesamesmalllength,becaus@nly controlinformationneedgo betransmittedThen
the impact of answeringsignalsis the sameas thoseof sendingsignals.Therefore,
we considentwo typesof interferencesTheuni-directionalinterferencedn therouting
modeandthe bi-directionalinterferencesvhenconnectionareestablisher network
changesrecompensated.

2.2 Hardware Model

Everynodecanchooséghetransmittingooweraccordingo discretechoices
Theenepgy to sendover distance is givenby pow for someconstant
(constantfactorsare omitted for simplicity). This de nes the transmittingdistances
for all , Where

Everynode has sendlngandrecevmg devlces whicharelocatedsuchthatthey
cancommunicaten parallelwithin eachof disjointsectorswith angle —. Every
node hasbeenrotatedby a angle , whichis unknovnto . Note thatthe radio
stationshave differentoffsetangles .If sendsasignalin the th sectorit actually
sendsnto adirectiondescribedy theinterval andcanbe
receizedby node in sector if . Of course receires

only if in addition sendshis signalwith transmissiordistance

Furthermorewe allow that radio stationscan measuredistancesonly by send-
ing messagewith varying transmissiorpower. Thenthereceving party canonly de-
cide whetherthe signalarrivesor not. This restrictstransmissiordistancedo the set



. De ne asthe minimum discretechoice

of transmissiorpower to sendover a given distanceby if
and if
De ne _ asthe numberof 's sectorcontaining
theedge , Where denotegheangleof avector in

2.3 Location of Nodes

Oneof themostdelimiting propertieds thatradio stationsdo notknow their locations.
Thefollowing restrictionpreventthe vertex setfrom takingabnormalpositions.

De nition 1. Avertexset isin generalposition, if there are novertices

with and . The (Euclidean)distancebetweentwo nodes
is givenby .Wecall avertex setnormal, if for a xed polynomial
wehave—— We call thelocationsof radio stationsnice, if for all
we have and

3 BasicNetwork Topologies

3.1 Yao-Graphsand Variants

Theunderlyinghardwaremodelallowsto communicatén disjointsectorsn parallel.
Thereforea straight-forvard approachis to chooseas a communicationpartnerthe
nearesheighborin a sector This leadsto thefollowing de nition.

De nition 2. TheYao-graph (aka. -graph)is de nedbythefollowingsetof directed
edees: .

Throughouthis papemwe assumevertex setsto benicelylocated henceevery node
hasat mostoneneighborin a sector The out-degreeis thereforeboundedoy . How-
ever, anodecanbetheneareshodeof mary nodes.To overcomethis problemof high
in-degreeresultingin time-consumingnterferenceresolutionschedulesyve present
threeYao-grapthasedopologies.

The symmetric Yao Graph is a straight-forward solution of the high in-degree
problem.An edge is only introducedif is the nearesneighborof andvice
versa.

De nition 3. Let be the Yao-graph of a vertex set . Then,the Symmetric Yao
graph (SymmyY) is de ned by theedge set

Althoughsuchagraphreducesnterferenceso aminimum(becausén every sector
only at mostoneneighborappearsyery long detoursmay appearwhich make sucha
graphincapableof bearingshortroutesandallowing routingwithout bottlenecks.

Following the approachof [13] we consideralso a graphtopology which allows
at mosttwo neighborsin a sectorandcall this graphsparsi ed Yao-graph, which is
a Yao-graphwhere,whenthe in-degree of a sectorexceedsone, only the incoming
shortesedgewill bechosen.



De nition 4. Foragivenvertexset theedgesetoftheSparsi ed Yaograph (SparsY-
graph) isde nedby and
,whee  denoteghe Yao-graphof

It isanopenproblemwhetherall Spars¥graphsare -spannerg,e.theshortespath
betweerverticesin the network is atmost -timeslongerthanthe Euclideandistance.
To constructa -spannewith constantlegreeArya etal [2] introducedthefollow-
ing transformationLike in [9] we apply this techniqueto the Yao-graphandcall the
resultinggrapha Bounded DegreeYao graph (BoundY graph).
For this, let bea -spannemwith boundedout-degree.Let
the setof in-neighborsof . For each , thestarde ned
by the edges will bereplacedby a so-called -singlesink -spanner
, , which hasa boundedn- andout-degree,i.e , Where

A graphwith avertex set is calleda -singlesink -spanner(a -SSS)if
from eachvertex thereisa -spannepathto thevertex . Sucha( -SSS
for canbeconstructedisfollows.

Let ——. We divide the planearound into sectorsof an angular
diameterat most . For eachsector , let be the setof all verticesof
containedin . If asubset containsmorethan vertices,thenwe partition
it arbitrarily into two subsets , eachof size at most For eachsubset

, let be the vertex wich is closestto . We addthe edge andthen
we recursvely constructa -SSSfor eachsubset . Thisrecursionendsafter

stepssincewe halve (atleast)the numberof verticesat eachlevel of therecur
sion.In this way we obtaina directedtree with root whichis a -SSSfor
. Sinceeachvertex hadaboundedout-daggreein , andthereforeit can
be containedn a constannumberof in-neighborhoods , , its degreein
will bealsoboundedThis completeghe constructiorof the BoundY-graph.

Theaboverecursve constructiorallows thedistributedconstructiorof the BoundY
graphgiventhe Yaograph.Furthermorefor compassoutingit providessuitablererout-
ing information:If a messagevantsto useanedge in the Yao-Graphthenit will
usethetree-patifrom to in , which hasat most hops.

3.2 TheHierarchical Layer Graph

Adopting ideasfrom clustering[6, 7] andgeneralizingan approachof [1] we present
agraphconsistingof layers . The union of all this graphsgivesthe
Hierar chical Layer graph (HL graph). Thelowestlayers containsall vertices .

Thevertex setof ahigherlayeris a subsebf thevertex setof alower layeruntil in the
highestlayerthereis only oneverte, i.e.

Thecrucialpropertyof thesdayersis thatin eachlayer  verticesobey aminimum
distance: . Furthermoreall nodesin the next-lower
layermustbecoveredby thisdistance:

Our constructiorusegparameters , wherefor some



we useradii andwe de ne in layer  theedgeset by

Clearly, for a normalvertex setwe have a maximumnumberof
layers.For HL-graphswe neednotassumeaniceor normallocations aslong asour hard-
waremodelssupportghefollowing transmissiomlistances:
; and

4 Elementary Graph Properties

We canshaw thefollowing inclusions.Notethat denotes and
Lemmal. Let beanicevertexset.ThenSymmY SparsY BoundY
andSparsY Yao .Forsome it holdsthatBoundY Yao
Lemma 2.

Topol Yao |SymmYSpasyY, BoundY HL
For normal and nice ver- in-Fc)iegorii Y P
tex sets  consistingof out-degred
nodesweobserve:

degree
De nition 5. A graph isa -spanner, if for all ther existsa
(directed)path from to with . isaweak -spanner, if for
all there existsa path from to which is covered by a disk of radius

centeedat . isa -power spanner, if for all thereis a path
from to in sud that
. If for all there existsa constant

sudthat isa -powerspannemwecall apower spanner.

Onthe positive sidethefollowing resultsareknown.

Lemma3. Let

—[12] For theYaographisa -spannemwith -).

—[5] For and the Yao-graphis
aweak -spanner

—[4] For , theYao-graphis a weak -spannemwith B

-[2] For theBound¥graphisa -spannerfor a constant .

—[13] For the Spas¥-graphis a powerspanner

It is anopenproblemwhetherSpars¥graphsare -spannershut we show thatthey
areweakspannergandthe proof of this theoremcanbe usedgive a proof of the power
spannepropertywithoutassuminghattheangle is dependingn asdonein [13]).
In theorem3, we prove theopenproblemstatedn [13].

Theorem1. For the Spas¥graphis a weak -spannemwheie _

Proof. Let bethe Spars¥Ygraphand betheunderlyingYao-
graph.Startingfrom two vertices ~ we will shov how to nd adirectedpathfrom
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to in the Spars¥graphthatis insidea disk with centerat of radius
- . Forasector, de ne theYao-neighbor of avertex asthe(unique)vertex
with . Thenwe know:

— If anode hasno directededgein a sector , theneitherthe sectoris empty(i.e.

no edgein the Yao-graph)or thereis a Yao-neighbor (i.e., ) incident
to anedge , Wwhere isin anothersectorof . Furthermore,
, because and

— Everynode hasatleastoneneighbor , i.e.

Now, we recursvely constructhe path usingsomeof the Yao-neighborsf
(seeFig. 2). If then , if then f
in sector the Yao-neighbarcalled , is notdirectly connectedo . Then,
we know that thereexists an edge , Where isin a sector of
and . Furthermorewe have that . Then,we
repeathis consideratiorior thesector andreplace by . Thisiterationendswhen
aYao-neighbor or isdirectlyconnectedo |, i.e. or
Because&very nodehasat leastoneneighborin  this procesgerminates.
Now we recursvely de ne the path from to thatterminatestnode
(for  thepathcanbede ned analogousreplace by ) by

Note that all nodes are inside the disk with center andradius . Fur-
thermore we have . In the next recursionverticesof the path
may lie outsideof this disk. However it is straight-forward that the maximumdisk
ampli cation of a recursionstepis - . That means that the maximum
ampli cation of the disk with center andradius canbe at most
- in eachrecursionstep.Let be the depthof the recursion,then by
- - it follows, that is insidethe
diskwith center of radius - andsowe get -



Theorem 2. If —— theHL-graphisa -spanneifor _ =

Proof. De ne adirectediree onthevertex set asfollows.Theleaves
of areall pairs f , then is avertex of . consists
of the following edges:For if , then .
If then one choosesan arbitrary vertex with
andadd to theedgesetof thetree . Notethatthis
constructiordescribestreeof depth  androot
Now for two vertices we de ne a clamp of height , which is a path
connecting and . Theclampconsistof two paths
and of length , Where denotegheancestor
of height of avertex in thetree . Thesetwo path are connectedby the edge
. Thefollowing claimsnow imply the proof. They canbe provedby an
inductionoverthe numberof layers.

Claim. If for vertices  thedistanceis boundedby , thena clamp of
height is containedn theHL-graph,where and
Claim. A clamp of height hasmaximumlength , where and

Theorem 3. The SymmMjraphis neither a weak -spannerfor any constant ,
nor a -powerspanneffor any

Proof. We shov anexamplefor pointsin the plane,suchthatthe SymmY-graphof
that pointsis not a weak -spannerfor ary .Let and betwo vertical lines of
unit distancefrom eachother suchthat isrightto . Rotate clockwisearoundits
intersectiorpointwith the -axisby averysmallangle , androtate counterclock-
wise aroundits intersectiorpointwith the -axisby anangle .We denotetherotated
linesby and .Considetthevertex sets and ,
, placedon and , respectiely, asfollows. Assumethat for eachpoint

, the half-line, halvingthe th sectorof is horizontalanddirectedin positive
-direction,andfor , the half-line, halvingthe th sectorof is horizontaland
directedin negative -direction. The vertex  is placedon the intersectionpoint of
andthe -axis.We place on suchthat isin the thsectorof andit is
very closeto the upperboundaryof the th sectorof . Thevertex is placedon
in the thsectorof closeto the upperboundaryof thatsector Thevertex  is
placedon in the th sectorof closeto the upperboundaryof that sector etc...

Thenthe SymmY-graphdoesnot containary edge suchthat and
. The nearesneighborof  in sector is , while has and
alsoin sector , where isneareretc...Only thelastlink will beestablished.

Thereforegvenif thereisapathfrom to intheSymmY-graphitslengthis atleast
. Forary given wecanchoose appropriately
small,in orderto get . This provestheclaim.



Theorem4. For andfor geneal vertex setsthe SymmXgraphis connected.

Proof. We prove this by aninductionover the distanceof vertices . First, note
thattheclosespair of verticesform anedgeof the SymmY-graph.Now obsenefor two
vertices : Eitherthereis anedgefrom to orthereisavertex with
and (or symmetrically and
). Because we have . By inductionthereis a path
from to andapathfrom to . Thereforeapathfrom to exists.

5 Network Properties

In [10] we investigatehebasicnetwork parametergterfer encenumber, energy, and
congestion In this paperwe extendthe de nition of interferencenumberto directed
communicationThereasons thatwe allow two communicatiormodes.In the paclet
routingmodeacknavledgmentignalsarevery shortandwe canneglectits impacton
the interferencesWhen control messagebave to be exchangedsendingand answer
ing signalsare both short,thenwe have to considerall combinationof interferences.
Thereforewe distinguishthe following of interferences.

De nition 6. The edge has a uni-dir ectional interfer ence causedby ,
denotedby Ulnt , if and and
. Theedge bi-dir ectionally interfer eswith , denotedby

Bint  f Ulint or Ulnt or Uint
or Ulint . The (bi-directional)interfer encenumber of a basicnetwork
is de ned by Bint , whee BInt  denoteghe setof edgesthat

interfere with  if padetsare simultaneouslyransmitted.
Analogously we de ne the uni-dir ectional interfer encenumber of a graph, by
replacingBint by Ulnt

Note that both typesof interferencesare asymmetric,i.e. Bint
BInt  andanalogouslyor Ulnt. This stemsfrom thefactthatwe useadjustabldrans-
missiondistances.

A routing protocol canbe describedby a setof paths , called pathsystem that
optimizesnetwork parametersiWe assumehatthe pathsystemis choseraccordingto
ademand representinghepoint-to-pointcommunicatioriraf ¢ within
the network. Sincethe locationsof the vertex setsare nice for every combinationof
verticesthereis atleastapath from to inthepathsystemf

De nition 7. Theload of anedge is the numberof padetsthat are usingthis

edee. Theinterfering load of an edge is Ulnt . The edge with the
maximuminterfering load de nesthe congestionof a path system Theenemy of a
path system is givenby pow , whee pow . Thisis

It turnsout thatenegy andcongestiorareconnectedo power spannerandweak
spannersThelink betweenthesegeometricpropertiesandthe networking featuresis
describedy thefollowing theorem:



Lemma 4. (i) If thebasicnetworkis a powerspannerthenit allowsa pathsys-
temthat approximateghe optimalenegy pathsystenby a constanfactor of .

(ii) Every spanneris powerspanner

(i) If for a normal vertex setthe basic networkis a weak -spanner with uni-
directionalinterfeencenumber thenthereis a pathsystemn that approximates
the optimal path systenminimizingthe congestionsby a factor of

Combiningthis Lemmawith thebasicgraphpropertiesnvestigatedn section3 we
obtain:

Theorem5. For anicelylocatedvertexset thefollowingtabledescribeshefeatures
of our graphtopolagies.

uni-directional Enegy Congestion
Topolagyjinterferencenr. Spanner approx. factorjapprox. factor
Yao-graph yes —
SymmYgraph (bi-direct.!) no, but connected — —
Spas¥graph weakandpowerspanne
Bound¥graph yes —
HL-graph yes

6 Maintaining the Network

The standardnodeof anadhoc network is the packet routingmode.In thelucky case
of SymmY-graphsthereareno interferencebetweemrmessageandacknavledgments
of differentedgesFor the Spars¥graphpaclketssentalongthe directionof the edges
cannotinterferewith otherpacletson differentedges However, acknavledgmentsig-
nalsof suchedgescaninterfere.Sincein the normaltransportatioomodedatapaclets
arelong comparedo the shortacknavledgmentsye neglectthisinteraction.

In all othergraphswe have to resole (uni-directional)interferenceTherearetwo
stratgies:

Non-interferingdeterministicscheduleln generaltisan  -hardproblemto compute
aschedulghatresolesall interferencesvithin optimaltime.

However, in the HL-graphin eachlayerthe bi-directionalinterferencenumberis a
constantHence,it is easyto de ne a deterministicschedulghat ensureseachedgea
time frameof ——, whichin theworstcaseslovs down communicatioronly by this
logarithmicfactor

For the Yao graphthe (uni-) directionalinterferencesare given by the in-degree.
Hencea straight-forvard strateyy is to assigneachof theseincomingsendersa time
frameof samesize.Unlike asfor the HL-graphthis schedulés far from beingoptimal,
sinceit doesnotre ect theactualloadontheedges.

The main adwantageof sucha non-interferingschedulds that collisionsimmedi-
atelyindicatethatdynamicchangesave occurred.

Interfering probabilistic scheduleFollowing the ideaspresentedn [1] every edge of
the basicnetwork is activatedwith someindependenprobability -, wherefor
all edges it holds Ulnt



Then,thereis a constanprobabilityof atleast- thatapacletis transferredvithout
beinginterferedby anothempaclet.

Thedetectiorof dynamicnetwork changesnayneedmoretimethanin non-interfe-
ring schedulesHere,sincewith probability of atleast- everyreceverdoesnotgetan
inputsignal,it sufces to repeathe dynamicchangesignalfor some rounds.
Thenall nodesareinformedwith probability (for somepolynomial ).

The only information necessaryo maintainsucha probabilisticscheduleis the
local numberof uni-directionalinterferencesor an approximationof that number In
the caseof the BoundY-graphthis numberis not given by a graphpropertyasin the
othertopologies.Therefore,a nodehasto inform all  interfering nodes,that they
interfereandhow mary of theminterfere.A straight-forvard approactshovs thatthis
takestime . Howeverwe statea generabpproactthatcomputesandtransmitsan
appropriateapproximatiorof thatnumberin time .

We investigatewo elementarydynamicoperationsecessaryo maintaindynamic

wirelessnetworks:
Enter: While the network is distributing somepaclets,oneradio stationwantsto en-
ter the network. It will senda specialsignal causinga specialinterferencesignature
that will causeall radio stationin somespeci ed distanceto stop the point-to-point
communicatiormodeandswitchto a specialenternode.

Then,this partof thenetwork devotesits communicatiorio insertthenew nodeinto
thenetwork topology After this, it will resumeo the normaltransportatioomode.
Leave:A singlestationstopssendingandreceving. At sometime a neighborechode
noticesthisfailureandsignalsit to othernodesof the network. Thesenodeshaltrouting
pacletsandrehuild the network.

The two importantresourcesn theseupdateprocessesre time and number of
involved processorslf thesgparameterareminimized,thentheimpactof thenetwork
disturbanceanbekeptto aminimum.

Theorem 6. For anormalandnicelylocatedvertex set the edgesneedto be
changedif an enter/leaveopemtion happensn a Yao-, Symmy, Spas¥, or BoundY
graph.For the HL-graphthis numberis boundecby

Clearly, thisworstcasebehaior is notthetypical situation.Thereforewe introduce
the numberof involvedvertices asanadditionalparameteinto the analysisof the
time behavior of the enter/leae algorithms.

Theorem7. For a normaland nicely locatedvertex set and edgesare involved
anenter/leaveoperation canbe performedn the Yao basedgraphsin time
For the HL-graphthetimeis boundedyy

7 Conclusions

The following table summarizeghe resultsconcerningcommunicatiorand dynamic
performanceof the ve graphtopologies.It turnsout thatthe bestdynamicbehavior
canbe achieved by the HL-graph.Fromthe Yao graphvariantsthe SparsYgraphout-
performsthe HL-graphon the approximatiorfactorof congestionln this overview the



SymmY-graphgivesthe worstimpression Neverthelessit guaranteeshat no signals
interfereat all. Thereforefor a small numberof radio stationsor averagelocationsit
may outperformall the othergraphtypes.

Congestion| Enegy time for enter /leave
Topologylapprox.factofapprox.factorenter & leave |involvednodes

Yao-grap —

SymmY-graph — —

SparsYgrap

BoundY-graph —

HL-grap
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