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Abstract

We empiricallystudytheeffect of mobility andinteractionbetweenvariousinput parameterson the
performanceof protocolsdesignedfor wirelessad-hocnetworks. An importantobjective is to studythe
interactionof the routing andMAC layer protocolsunderdifferentmobility parameters.We usethree
basicmobility models:grid mobility model,randomwaypointmodel,andexponentialcorrelatedrandom
model.Theperformanceof protocolsis measuredin termsof variousqualityof servicemeasuresinclud-
ing (i) latency, (ii) numberof packetsreceived and(iii) long term fairness.Threedifferentcommonly
studiedroutingprotocolsareused:AODV, DSRandLAR scheme1. Similarly threewell known MAC
protocolsareused:MACA, 802.11andCSMA.

Our maincontribution is simulationbasedexperimentscoupledwith rigorousstatisticalanalysisto
characterizethe interaction betweenthe above statedparameters.Suchmethodsallow us to analyze
complicatedexperimentswith large input spacein a systematicmanner. Fromour results,we conclude
thefollowing:� No singleMAC or routingprotocoldominatedtheotherprotocolsin theirclass.Moreinterestingly,

noMAC/routingprotocolcombinationwasbetterthanothercombinationsoverall mobility models
andresponsevariables.� In general,it is not meaningfulto speakabouta MAC or a routingprotocolin isolation.Presence
of interactionleadsto trade-offs betweenthe amountof control packetsgeneratedby eachlayer.
Theresultsraisethepossibilityof improving theperformanceof a particularMAC layerprotocol
by usingacleverly designedroutingprotocolor vice-versa.

1 Intr oduction

Designof mobile ad-hocnetworks (MANET) is currentlyanextremelyactive areaof research.MANETs
lack afixedinfrastructurein theform of wireline,or basestationsto supportthecommunication.Interestin
ad-hocnetworksfor mobilecommunicationshasalsoresultedin a specialinterestgroupfor mobile,ad-hoc
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M997, Los AlamosNM 87545. The work is supportedby the Departmentof Energy underContractW-7405-ENG-36.Email:
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networkingwithin theInternetEngineeringTaskForce(IETF). Suchnetworksimposespecificrequirements
on thedesignof communicationprotocolsat all levelsof theprotocolsstack.Many MAC layerandrouting
layer protocolshave beenproposedanddesignedfor ad-hocnetworks. Theseprotocolsneedto fulfill a
multitudeof designandfunctionalrequirements,including, (i) High throughput;(ii) Low average latency;
(iii) Heterogeneoustraffic (e.g. data,voice, andvideo); (iv) Preservationof packet order; and(v) Support
for priority traffic. (See [RS96, Ra96, Ba98].) Sincead-hocnetworks lack fixedinfrastructurein theform
of basestations,fulfilling theabove statedfunctionalrequirementsbecomesall themoredifficult.

MAC Protocols. A commonlyknown group of MAC protocolsis basedon the carrier sensemultiple
access(CSMA) paradigm. The ideabehindthis paradigmis to reserve transmissionchannelat the orig-
inator (source)by carrier sensing. Until recentlyCSMA basedprotocolssupportedonly single channel
communication,but now, multiple channelextensionshave beenproposed[NZD99]. Many protocolshave
beenproposedto avoid the hiddenterminalproblems. Two notableexamplesarethe MACA [Ka90] and
MACAW [BD+94] protocols.MACA introduceda reservationsystemachieved with exchangeof anRTS-
CTS(RequestTo Send/ClearTo Send)pair of controlpackets.MACAW alsorecognizestheimportanceof
congestion,andexchangeof knowledgeaboutcongestionlevel amongentitiesparticipatingin communica-
tion. An advancedback-off mechanismwasproposedto spreadinformationaboutcongestion.Furthermore,
thebasicRTS-CTS-DATA reservationschemahasbecomeanRTS-CTS-DS-DATA-ACK schemawith sig-
nificantly improved performance.In theseprotocolsmessageoriginatorsreserve receptionareaat thesink
by exchangeof RTS-CTScontrol messages.This is in contrastto CSMA wherereservation wasdoneat
originators.Thispowerful methodhasadrawbackof introducingsmallcontrolpacketsinto thenetwork that
later collide with otherdata,control, or routing packets. IEEE 802.11MAC standard[OP] wasdesigned
with a reservationsystemsimilar to MACA or MACAW in mind. 802.11hasalsoimprovedfairnesscharac-
teristics,however, in [LNB98] authorspointoutdeficienciesin thefairnessof thisprotocol,aswell. Detailed
discussionof theseprotocolsis omittedherebut canbefoundin [Ra96, BD+94, 802.11].

Routing Protocols. The role of routing protocolsfor mobile/ad-hocnetworks is to find the shortestpath
from the sourceto the sink of a datatransmission.The mostcommonmetric for assessingthe quality of
theseprotocolsis thenumberof hopsdatapacketstake to reachthedestination,though,othermetricsbased
on traffic, contention,availablepower at transceiversetc. have alsobeenproposed.Routingprotocolsfall
in oneof the two categories: proactiveandreactive. Reactive routingprotocolsarealsoreferredto ason-
demand. Proactiveprotocolsattemptto maintainroutesto all destinationsatall times,regardlessof whether
they areneeded.An exampleof pro-active protocol is DSDV [PB94]. In DSDV eachnodemaintainsa
routing tablethat lists all availabledestinationsandroutesto them. Eachnodeperiodicallybroadcaststhe
routing tableto its neighborswhich incorporatethat information into their own tables. AODV [PR99] is
anon-demandextensionof DSDV. This protocolis trying to minimizethenumberof routingtableupdates
by spawning broadcastmechanismon need-to-know basis. When a nodeneedsto find a destinationit
broadcastsa routerequestpacket. This packet is floodedthroughoutthenetwork andeachforwardingnode
storesthe nodeaddressfrom which it camein their routing table. The routerequestpacket eitherreaches
thedestinationnodeor a forwardingnodewith anunexpiredrouteto thedestination.This nodesendsback
a route reply packet which follows the reversedroute to the source. This packet is also usedto update
routing tablesof forwarding nodes. The sourcenodeis now readyto senddatapackets that follow the
routeto the destinationprovided by eachforwardingnode. DSR [JM96] implementsa similar strategy to
AODV. In this protocol,however, the full route to the destinationis encodedinto the routerequest/reply
packet, andlaterstoredat sourceandcopiedinto datapackets. Datapacketsthuscontaina completeroute
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to the destinationin their headers,anddo not rely on forwardingnodesto provide this information. The
disadvantageis higherrequirementonmemoryatnodesandbiggersizeof routerequest/replypacketsasthey
encapsulatethecompleteroute.TORA [PC97]is anexampleof adistributedon-demandroutingalgorithm.
This protocolhasan advantageof localizing algorithmicreactionwhenever possible.Routeoptimality in
this protocolis consideredof secondaryimportance.A comprehensive survey of variousroutingprotocols
canbefound in [RS96]. Performancecomparisonof variousroutingprotocolsfor ad-hocnetworkscanbe
foundin [BM+98].

Recently, many researchersadvocateduseof theGlobalPositioningSystem(GPS)in efficient routing.
BasedonGPScoordinatesin LAR scheme1 andscheme2 [KV98] theauthorscomputeazonewithin which
thedestinationnodeis believedto belocated.Thisapproachdecreasesroutingoverheadandcommunication
complexity. Theforwardingschemeof LAR is similar to DSR,however, theintermediatenodesareallowed
to forwardrouterequestpacketsonly to neighborsin thezone.

In this paper, we considerthreewell known routing protocols: (i) DynamicSourceRoutingProtocols
(DSR)[JM96], (ii) Ad-hocOn-demandDistanceVectorRouting(AODV) [PR99]and(iii) Location-Aided
Routing (LAR) Scheme1 [KV98]. Similarly we considerthreewell known MAC layer protocols: (i)
CSMA/CA, (ii) MACA and(iii) 802.11.6

Many mobility modelsfor ad-hocnetworks simulationshave beenproposed.Theseinclude the ran-
domwaypointmodel [JM96], randommobility model[ZD97], andexponentialcorrelatedrandommodel
(ECRM)[RS98]. Thefirst two specifymovementfor individual nodes,whereastheECRmodelis a group
mobility model. It specifiesmovementof a groupof nodesin a correlatedway. This modelprovides a
morerealisticmodelfor nodemovement.A moresophisticatedmodelis theReferencePoint GroupMobility
(RPGM)model [HG+99]. See[HG+99, BCSW98,RS96,RS98]for a comprehensive discussionof other
mobility models.

2 Our Contrib utions

We conducta comprehensive simulationbasedexperimentalanalysisto characterizethe interactionbe-
tweenMAC protocols,routingprotocols,nodes’speedandinjectionratesin mobilead-hocnetworks. Our
work is motivatedby the earlierwork by Balakrishnanet al. [Ba98, KKB00], Ephremides[Ep02], Gerla
etal. [GK+00] whostudiedtheinteractionbetweentransportlayerandtheMAC layerandtherecentresults
by Royer et al. [DP+, DPR, RLP00] thatnotetheinterplaybetweenRoutingandMAC protocols.In [DPR],
theauthorsconcludeby saying– “This observationalsoemphasizesthecritical needfor studyinginterac-
tionsbetweenprotocol layers whendesigningwirelessnetworkprotocols”.

Thispaperaimsto undertake preciselysuchastudy. Weemploy threedifferentmobility models:(i) grid
mobility modelthatsimulatesmovementof nodesin a town with grid architecture,(ii) therandomwaypoint
mobility modelthatapproximatesmobility in squareareabut thedirectionalityanddurationis random,and
(iii) the exponentialcorrelatedrandommobility model [RS98] that approximatesmovementof groupsof
nodesin a squarearea.Themodelsareall qualitatively different. At oneextremeis the randomwaypoint
movementmodelwith nopredictablemovement,while ontheotherextremeis theECRmodelwherepoints
form clustersandtheseclustersmove in fairly deterministicfashion.Thegrid mobility modelis somewhere
in themiddle.

6The following termsareusedinterchangeablyin this document:IEEE 802.11DCF and802.11,LAR Scheme1 andLAR1,
ECRMandECRModel.
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Apart from mobility patterns,we study the effect of MAC protocols,routing protocols,nodes’speed
andinjection ratesof packetson thesystemperformance.More detailson the input variablesarelisted in
Figure6.

Our evaluationcriteria consistsof following basicmetrics: (i) Latency: Averageend to end delay
for eachpacket asmeasuredin seconds,andincludesall possibledelayscausedby buffering during route
discovery, latency, queuingandbackoffs, (ii) Total numberof packetsreceived:(andin somecasespacket
delivery fraction) (iii) Long term fairness7 of the protocols,i.e. the proportionalallocationof resources
given to eachactive connection.Eachof the input parametersand the performancemeasuresconsidered
herehave beenusedin oneof the earlierexperimentalstudies[DP+, BM+98, KV98, RLP00, RS98]. We
briefly commenton theparameterschosenin [DP+, RLP00]sincethetwo studiesareclosestto theonein
this paper. The authorsconsidertwo parametersthat arenot varied in this simulation: (i) Pausetime in
movementmodelsand(ii) total numberof connections.In our casethepausetime is alwayszeroandthe
numberof connectionstypically keptat 2. Insteadwe vary (i) theinjectionrate,(ii) movementmodelsand
(iii) speedof nodes.Basedon thediscussionin [DP+], a pausetime of zeroandour injection rateswhich
startat .05secondandup imply thatourscenariosmightbeconsidered“stressful”.Mostof our resultsagree
with their generalfindingsin this regime.

Eachcombinationof the input variablecorrespondsto a scenario. We usefour input variables,each
with threedifferent levels, which resultsin total numberof � 
����� scenarios.We ran eachscenario10
timesto get a reasonablesamplesizefor statisticalanalysis.This resultedin 810 runs. We constructed3
basicexperiments:eachcorrespondingto oneof themobility models.For eachof thesemobility models,
we have 81 scenariosand 810 runs. In our experiments,we make two importantobservations: (i) All
parametersconsideredhereare important andcannotbe ignored. Specifically, the resultsshow that two
and threeway interactionsarequite common;also, the interactingvariablesdiffer for different response
variables(performancemeasure).Thusomitting any of theseparametersis not likely to yield meaningful
conclusions,(ii) Thevariationin parametersrepresentsrealisticpossibilities.Othercloselyrelatedstudies
have alsoconsideredsimilarparameters.See[RLP00,DPR, DP+, BM+98].

Giventhelargenumberof variablesinvolved i.e. MAC protocol,routingprotocol,injectionrate,nodes’
speed,mobility and several levels of eachvariables,it is hard to derive any meaningfulconclusionsby
merelystudyingplotsandtables.In orderto effectively dealwith thecombinatorialexplosion,andto draw
conclusionswith certainlevel of precisionandconfidence,we resortto well known techniquesin statistics
that can simultaneouslyand effectively handlesuchdatasets. We setupa factorial experimentaldesign
andmeasurethe responseof 3 importantresponsevariables(outputmetrics). We useanalysisof variance
(ANOVA) to performstatisticalanalysis.A methodologicalcontribution of thispaperis theuseof statistical
methodsto characterizethe interactionbetweenthe protocols,injection ratesandspeed.8 Even thoughit
is widely believed that theseparametersinteractin affecting theperformancemeasure,to our knowledgea
formal studysuchastheoneundertaken in this paperhasnot beenpreviously done.Thesimplestatistical
methodsusedherefor analysisof network/protocolperformancemodelingareof independentinterestand
canbeusedin severalothercontexts.

While intuitively it is clear that different levels in the protocolstackshouldaffect eachother in most
cases;to thebestof our knowledgea thoroughunderstandingof this interactionis lacking.Theonly related
referencesin thisdirectionthatweareawareare[Ba98, KKB00, GK+00,RLP00,DP+,DPR]. In [KKB00],

7Later, any referenceto fairnessimplieslong termfairness.
8Thestatisticaltechniquesusedin thispaperarewell known androutine;but to ourknowledgehavenotbeenpreviouslyapplied

in oursetting.
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theauthorsconsideredTCP/IPprotocolanddevisedanelegantsnoopprotocolthatconceptuallysitsbetween
the transportlayer and the network layer to overcomethis problem. They alsopoint out how short term
fairnessof the MAC canaffect the TCP/IPperformancewhich in turn canaffect the overall performance
of thecommunicationsystem.In [RLP00] theauthorsconsideredperformanceof routingandtheeffect of
MAC layerson routingprotocols.Our resultscanbeviewedasfurtheringthestudyinitiatedin [RLP00]9 in
thefollowing ways:

1. In [RLP00], theauthorsconsidera multitudeof routingandMAC protocolsasconsideredhere.But
theauthorsdid notconsidersimultaneouslytheeffectof injectionrates,spatiallocationof connections
andmobility modelsin characterizingthe interaction.As our resultsshow eachof theseparameters
play asignificantrole in characterizinginteraction.

2. Statisticalmethodsto characterizeandquantify interactionsbetweenprotocolshave not beenconsid-
eredprior to this paper. Moreover, we characterizethe interactionnot only betweenthe MAC and
routingprotocolsbut alsobetweenotherinputparametersandshow thatin many casesaresignificant.

3. In [RLP00], theauthorsleaveopenthequestionof characterizingtheinterplaybetweenOn Demand
RoutingprotocolsandMAC protocols. This papertakesthefirst stepin this directionandconsiders
AODV and DSR (both of which are on demandrouting protocols). Our findings show that these
protocolsexhibit differentlevelsof variationsdueto MAC protocols.

4. Finally, thepapernotonly aimsto studytheeffectsof MAC layeronroutinglayerbut alsostudiesthe
effect of routing layeron theMAC layer. Theresultsshow that the interactionis bothways: routing
layersaffectMAC layersandMAC layersaffect routinglayers.

2.1 Summary of Experiment SpecificResults

Wefirst summarizeresultsspecificto eachexperiment.

Experiment 1: Grid mobility model. CSMA and MACA did not perform well. For MACA, this was
accompaniedwith anextremeincreasein MAC layercontrolpacketsgenerated.InteractionbetweenMAC
androuting layer protocolsis quite apparent.Control packetsat the routing layer in many casesfailed to
deliver therouteto thesource.This wasespeciallytrueat higherspeedswhich is consistentwith theearlier
experimentalstudies[DP+,BM+98, KV98, RLP00, RS98].Thiscausedthedatapacketsto spendinordinate
amountsof time in the nodebuffers and their subsequentremoval due to time outs. Numberof control
packetsfor 802.11wasalsoextremelyhigh andvariedunderdifferentroutingprotocols.Yet it is fair to say
that it performedsubstantiallybetterthanCSMA andMACA at low speeds.As for the routing protocols,
AODV performedbetterthanDSR,or LAR scheme1 – demonstratinganadvantageof distributedrouting
(AODV) informationhandlingover centralized(DSR).

Experiment 2: Random waypoint model. This experimentillustratedthe differenceasmeasuredby re-
sponsevariablesbetweenmodelsin which movementof nodesis correlatedin someway versusmodelsin
which the nodemovementis by andlarge random.The temporalvarianceof individual nodedegreesand
connectivity is quite high. As a result, the performanceparametersexhibit the worst behavior underthis
movementmodelascomparedto othermovementmodels. CSMA andMACA performedpoorly. Perfor-
manceof 802.11dependedon theroutingprotocolused,andperformedbestwith AODV.

9We arenotawareof othersuchstudiesin theliterature.
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1. Grid Mobility Model

(a) Latency: Significant3 way interaction– Routingprotocols,Transceiver (node)speedsand the MAC
protocolsinteractsignificantly.

(b) Number of packets received: Significant4-way interaction– Routingprotocols,Transceiver speeds,
InjectionratesandtheMAC protocolsinteractsignificantly.

(c) Fairness:2 kindsof 2-wayinteractions– Routing/MAC protocolsandMAC protocols/Injectionratesare
significant.

2. ECR Mobility Model

(a) Latency: Significant3 way interaction– Routingprotocols,TransceiverspeedsandtheMAC protocols
interactsignificantly.

(b) Number of packetsreceived: All 2-way interactionsexceptRoutingprotocols/InjectionratesandRout-
ing protocols/Transceiverspeedsaresignificant.

(c) Fairness: Only RoutingprotocolsandMAC protocolsinteract. All other interactionsarecompletely
insignificant.

3. RandomWaypoint Mobility Model

(a) Latency: Unlike the first two mobility models,thereis no 3-way interactionwhenlatency is usedas
theresponsemeasure.Among2-way interactions,theonly significantonesareMAC protocols/Injection
rates,Routingprotocols/TransceiverspeedsandRouting/MAC protocols.

(b) Number of packetsreceived: All 2-wayinteractionsaresignificantexcepttheinteractionbetweenRout-
ing protocolsandTransceiverspeeds.

(c) Fairness:Theonly 2-way interactionsthataresignificantareMAC protocols/InjectionratesandRout-
ing/MAC protocols.

Figure1: Brief Summary of Statistical Resultson Interactions BetweenVarious Input Variables.

Experiment 3: Exponential correlated random model. ECRM representsa mobility model that keeps
relative distancesof nodeswithin a grouproughly constant.Moreover, the nodaldegreeandconnectivity
characteristicsof nodeswithin a groupstayroughly thesameandthis featurepositively influencesperfor-
mance.Performanceof 802.11with this modelis very good,andperformanceof MACA shows significant
improvementover therandomwaypointmodel. Performanceof CSMA is againvery poor. Thecorrelated
movementof nodeswithin a groupfacilitatedrouting anddecreasedthe numberof control packetsat the
MAC aswell astheroutinglayer.

2.2 Broad Conclusionsand Implications

1. The performanceof the network varieswidely with varying mobility models,packet injection rates
andspeeds;andcanin fact be characterizedasfair to poor dependingon the specificsituation. No
singleMAC or routingprotocol,aswell as,no singleMAC/routingprotocolcombinationdominated
theotherprotocolsin their respective classacrossvariousmeasuresof performance.Nevertheless,in
general,it appearsthatthecombinationof AODV and802.11is typically betterthanothercombination
of routingandMAC protocols.This is in agreementwith theresultsof [DP+, RLP00].

2. MAC layerprotocolsinteract with routing layerprotocols.This conceptwhich is formalizedin Sec-
tion 3 and 5 impliesthat in generalit is not meaningfulto speakabouta MAC or a routingprotocol
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in isolation.SeeFigure1 for asummaryof resultson interactions.Suchinteractionsleadto trade-offs
betweentheamountof controlpacketsgeneratedby eachlayer. More interestingly, the resultsraise
thepossibilityof improving theperformanceof a particularMAC layerprotocolby usinga cleverly
designedroutingprotocolor vice-versa.

3. Routingprotocolswith distributedknowledgeaboutroutesaremoresuitablefor networks with mo-
bility. This is seenby comparingtheperformanceof AODV with DSRor LAR scheme1. In DSRand
LAR scheme1, informationabouta computedpathis beingstoredin the routequery/replycontrol
packet.

4. MAC layerprotocolsshow varyingperformancefor variousmobility models.It is notonly speedthat
influencestheperformancebut alsonodedegreeandconnectivity of thedynamicnetwork thataffects
theprotocolperformance.

3 Characterizing Interaction

An importantresearchquestionwe study is whetherthe four factorsi.e. routing protocol,nodes’speed,
MAC protocoland injection rateinteractwith eachother in a significantway. Of particularinterestis to
characterizetheinteractionbetweentheMAC andtheroutingprotocols.

Variable Interaction. Statistically, interactionbetweentwo factorsis saidto exist wheneffect of a factor
ontheresponsevariablecanbemodifiedby anotherfactorin asignificantway. Alternatively, in thepresence
of interaction,themeandifferencesbetweenthelevelsof onefactorarenotconstantacrosslevelsof theother
factor. Weillustratethisby asimpleexample.Supposewewantto know if injectionrateandspeedof nodes
interactin affecting the numberof packetsreceived. The dependentor responsevariableis thenumberof
packetsreceived. The independentvariables(factors)areinjection rateandspeedof nodes. Thegoal is to
testif thereis interactionbetweeninjectionrateandspeedof nodes.

Our main concernis not if the numberof packets received differs betweendifferent speedlevels or
whetherthenumberof packetsreceived differsbetweenlow andhigh injection rates.Our mainconcernis
to determineif oneinjectionrateperformsrelatively better(in termsof numberof packetsreceived)thanthe
otherfor differentspeedlevels. In otherwords,is thereinteractionbetweeninjectionrateandthespeedof
nodes.If thedifferencebetweenthe meannumberof packets received is the samefor all speedlevels for
bothinjectionrates,thereis nointeractionbetweeninjectionrateandnodes’speed.Figure2(a)conceptually
shows absenceof interactionbetweentheinjectionrateandspeedof nodes.10

However, if themeandifferencein numberof packetsreceivedfor differentspeedlevelsis significantly
different for high injection ratesversuslow injection rate,an interactionbetweeninjection rateandspeed
of nodesis saidto exist. Figure2(b) conceptuallyshows thepresenceof interactionbetweenthe injection
rateandspeedof nodes. Table1 illustratesthe conceptvia the datacollectedfrom our simulations. The
first threerows of the tableshow that the differencebetweenthe meanvalueof packets received at high
andlow injectionratesis very differentfor thethreespeedlevels. The � -testwhich is explainedlaterfinds
this differenceto be statisticallysignificantandhencewe concludethat speedandinjection ratesinteract
whennumberof packetsis usedastheresponsevariable.In otherwords,onecannotexplain thevariationin
numberof packetsby consideringeachof theseparametersindividually; it is thecombinationof thevariables

10Thereis no realdataplottedfor Figure2. It is shown just for illustrative purpose.
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Figure2: InteractionlevelsbetweenInjectionRateandSpeedof Nodes

Speed Low Inj High Inj Diff in High-Low Inj.
MeanNumberof PacketsRecd.

10m/s 28.17 12.52 15.65
20m/s 18.51 8.39 10.12
40m/s 11.12 4.74 6.38

MeanValueof Latency
10m/s 0.61 0.81 0.20
20m/s 1.21 1.28 0.07
40m/s 2.02 1.91 0.11

Table1: This tableshows themeanvalueof theresponsevariablefor high-low injectionratesanddifferent
speedof thenodes.Theinteractionis foundto besignificantin caseof responsevariablenumber of packets
received but insignificantin caseof latency.

that is important.Thesecondpartof Table1 shows themeanvalueof latency. Thedifferencein themean
valueof latency at high and low injection ratesis insignificantaccordingto the � -testat different speed
levels which implies that thereis no interactionbetweenspeedandinjection rateswhenlatency is usedas
theresponsevariable.

Algorithmic Interaction. In thecontext of communicationnetworks,we alsohave anotherkind of inter-
action– algorithmicinteraction.Suchaninteractionexistsbetweentwo protocols(algorithms)operatingat
individual transceiver nodesof a communicationnetwork. Herewe usetheword interaction to meanthat
thebehavior (semantics)of a protocolat a given layer in theprotocolstackvariessignificantlydepending
upontheprotocolsabove or below it in theprotocolstack. Note that in contrast,speedandinjection rates
arevariablesand the valueof oneremainsunchangedwhenwe changethe valueof the other. Algorith-
mic interactioncanbe moresubtle. First, the changein a responsevariableis a resultof the complicated
causaldependenciesbetweenthe two protocols� and � thatmutuallyaffect eachother. Second,someof
theeffectsof this interactionmight bemeasurablewhile othereffectsmight notbedirectly measurable.For
instance,in caseof routingprotocolsalthoughtheroutingpathsneednot have commonnodes,they might
causeinteractionbetweentwo MAC protocolsoperatingat distinct transceivers(thatarenot neighbors)as
a resultof long rangeeffects. Theseeffectscan typically be producedthroughintermediatesequenceof
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routingpaths.To make mattersmorecomplicateda routingprotocolatagivennodeinteractswith a routing
protocolat anothernode.Thuswe have interactionbetween:(i) two routing/MAC protocolsrunningat two
distinct andnot necessarilyadjacentnodesand(ii) a MAC anda routing protocolrunningat the sameor
distinctnodes.We illustratethisvia oursimulationexperiments.

Example 1: Intuitively, it is clearthat thespecificrouteschosenby theroutingprotocolaffectstheperfor-
manceof theunderlyingMAC protocols.In this section,we try to understandthis effect further. First note
that althoughthe routing pathsneednot have commonnodes,they might be closeenoughso asto cause
MAC protocolsat nearby transceiversto interact.Considerthefollowing settingillustratedin Figure3(a).
We have shown threepathsfrom � to � andsimilarly threepathsfrom � to � . The paths ������� � and� ����� � arecompletelynon-interfering.Paths � �"!#� � and � �$!%� � sharethenode! andthusclearly
interfere.Thepaths �&�$'(� � and � ��)*� � areinteresting.Thesepathsdo not sharenodesbut influence
eachotherin that ' and ) cannotsimultaneouslytransmitunderthe radiopropagationmodel. Figure3 (b)
shows a simplegrid. We have two connections,both runningfrom left to right. Oneconnectionis at the
top of the grid andthe otherconnectionis at thebottomof the grid. (A) An exampleof a situationwhen
the routing protocolfound theshortestpath. Thus,therewasno interactionbetweenthe two pathsshown
with theactualhops.TheMAC layertransmittedall 1,000packetsperconnectionandthelatency was0.017
seconds.(B) Illustratesa situationwhentheroutingprotocolfounda really badroute.Out of 1000packets,
theupperconnectionreceived only 2 packetsandthe lower connectionreceived 993packets. The latency
was0.17sfor theupperconnectionand0.014sfor the lower connection.(C) This shows situationthat lies
in betweentheprevioustwo situations.Packetsreceivedfor theupperandlower connectionswere425and
983respectively. Thelatency for theupperconnectionwas0.028sandfor thelowerconnection0.0175s.

Example 2: We show the interactionbetweenMAC androuting layer. The interactionis measuredby the
variationin thenumberof controlpacketsgeneratedby eachlayer. In thisexamplewe considertwo routing
protocols:AODV andDSRandtwo MAC protocols:MACA and802.11.Interestingly, quantifyingCSMA
interactionis somewhathardersinceit doesnotgenerateany controlpacketsperse.Wecouldhaveusedthe
numberof back-offs asa proxy variablethough.For illustrative purposes,theexperimentsweredoneon a
staticgrid. This allows usto show a spatialdistribution of controlpacketsandthusargueaboutlong range
interactions.The network is shown in Figure3(c). Thereis a transmitterat eachgrid point which hasthe
samerange.Figure3(c) shows therangefor oneof thetransmittervia a dottedquartercircle. Therearetwo
connections.Thefirst connectionstartsat node + �-,/.10 andendsat node + �-,2�30 . Thesecondconnectionstarts
atnode + �4,/.10 andendsatnode + �4,2�30 . Weconsiderfour combinationsobtainedby usingMACA and802.11
asMAC protocolsandAODV andDSRasroutingprotocols.Figure4 shows two differenttypesof plotsone
for eachcombination(8 plotsin total). Thequantitiesplottedare:(i) distribution of MAC overheadpackets
and(ii) distribution of routingoverheadpackets. Fromthefiguresit is clearthat thedifferentcombination
yield differentlevelsof overhead.This phenomenonbecomesmorepronouncedin thepresenceof mobility
as shown in Section6. We have also plotted a spatialdistribution of thesecontrol packets producedat
eachnode.Figure5 shows examplesof MAC/routingoverheadfor threedifferent(MAC, Routing)protocol
combination.Thesquaregrid is representedin the +65 ,/780 -planeandthetheheightof thebarsdenotesthe
averagenumberof MAC/Routingcontrolpacketsgeneratedover10runsateachtransceiver. Interestingly, as
thefiguresshow, theroutingprotocoltriesto discover non-interferingpaths.Theotherplotsareomittedbut
canbeobtainedfrom theauthors.Theresultsclearlydemonstrateprotocollevel interaction.They alsoshow
that thespatialdistribution of theoverheadpacketsvary; this aspectis harderto demonstratefor dynamic
networks.
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Figure3: (a) and(b): Illustrationof Example1. (a) Illustratingschematicallytheeffect of routingpathson
MAC layer protocols. (b) Figureillustrating the differentpathsusedby a routing protocol. (c) Setup for
Experiment2. The first figure schematicallyillustratesthe connectivity of the graph. For clarity only the
edgesincidenton thenode 9;:�</:1= areshown. Thedottedarcshows thetransceiver’s radiorange.

The resultsshow that the routing protocolcansignificantlyaffect the MAC layer protocolsandvice-
versa. The pathstaken by the routing protocol, inducea virtual network by exciting the MAC protocols
at particularnodes. Conversely, contentionat the MAC layer cancausea routing protocol to respondby
initiating new routequeriesandroutingtableupdates.Combinedwith theresultsof [KKB00, RLP00],our
resultsshow thatdiscussionabouttheperformanceof a MAC or a routing layercannottypically becarried
out without putting it in context of theotherprotocolsin thestack.Moreover given therandomizednature
of the protocolsandconstantmovementof transceivers in an ad-hocenvironmentmakes the problemof
engineeringtheseprotocolssignificantlyharder.

4 Experimental Setup

Wefirst describethedetailsof theparametersused.Theoverview of theparameterscanbefoundin Figure6.

4.1 Measuresof Performance

The independent(input) variablesare(i) Routingprotocol,(ii) MAC protocol,(iii) Nodes’speed,(iv) In-
jection interval (rate) for the packets and (v) Network topology (dynamicallychangingover time). The
following piecesof information(alsocalledthe dependentvariable)werecollected: (i) Latency: Average
endto enddelayfor eachpacket asmeasuredin seconds;in includesall possibledelaysdueto routediscov-
ery, queuingor backoffs, (ii) Ratioof numberof packetsreceivedto numberof packetsinjectedin percentage
points,(iii) Long termfairness:Assignmentof resourcesto connections.

We usedtwo connectionsin our analysis.Also we considera fixed simulationarea. In Section7, we
discussour resultswhenthesetwo parametersarevaried.Averagenumberof packetsreceivedandlatency is
simplymeasuredasarithmeticmeanover10or 30independentsimulationruns.Thetotalnumberof samples
persimulationrun wasproportionalto thenumberof connections.We compute(long term)fairnessratio >
for eachsimulationrun asallocationbetweentheconnectionwith the highestnumberof packets received
andthethesumof packetsreceivedfor theremainingconnections.More formally, let ? denotethenumber
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Figure4: Figureshowing theMAC androutingoverheadpacket distribution for Example2. Theoverhead
is plotted asnumberof nodeswith a given numberof routing or MAC layer packets. For example,the
right handfigureshows that for the combinationof 802.11andAODV therewere31 nodesthat produced
two routingcontrolpackets,andthat therewasno nodethatwould produce4 routingcontrolpackets. The
network is asshown in Figure3 (c). Eachfigureconsistsof four plots: onefor eachMAC/routingprotocol
combination.The left plot shows the MAC overheadpacket distribution, the right plot shows the routing
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of connections,let ACB be the numberof packets received by connectionD , let AFEHG/I �JLKM!ON A � ,QPQPQPR, AFSUT ,
and let V denotea connectionsuchthat AFW  ACEHG2I then X ZY\[^]�_3`Ca SMb �dcegfihjMk Y f . It follows that any deviation

from X l� representsan inequitableallocationof resources.For m  � this ratio reducesto A � n A � orA � n A � . Notethatfor oursimulationstherehasneverbeenacasethat AFEHG/I o. and X wassetto �Q.p.�Pq. in the
rarecaseswhenthedenominatorequaledzero. Moreover, connectionsnever sharedsinksor sources,i.e.,NsrstsuFvpwyx � ,QPQPQP\,2rstsuFvpwyx SCT&z Nsr D{m|V � ,QPQPQPR,2r D{m|V3SUT~}�� . Fairnessresultsin the form of graphs11 werefurther
adjusted.In casethat X�� �4Pq. we set X�} �4Pq. to emphasizesmallervaluesandsubsequentlythis interval
wasnormalizedinto � �-, �3� interval. Finally, averagefairnessfor u simulationrunsis ���� �B���� XQB where XQB is
theadjustedandnormalizedfairnessfor the � th simulationrun. In a few casesfor m�}�� we have plotted
the averagefairnessso that the resourcesassignedto Connection1 andConnection2 could be uniquely
identified. The result aregraphswhere � wasnormalizedinto ���-�2�3� interval if �O�"���F� and into �;���\�R�
interval otherwisewheredeparturefrom �g��� towards� or � meansaninequitableassignmentof resources
with respectto Connection1 or 2.

Additionally to thebasicperformancemeasureswe have computeddistributionsof nodedegrees.This
kind of distribution is importantfor understandingthevariability in thismeasure.Theresultinggraphsshow
adependencebetweenagivennodedegreeandits occurrencefor � nodesin absoluteterms.Thedistributions
of MAC or routinglayercontrolpacketswerecomputedasdependenciesbetweenagivennumberof control
packetsandthe numberof nodesusingthe given numberof control packets for establishingaccessto the
mediumor engagingin routeacquisitionprocedures.As beforethe � -axis shows the numberof nodesin
absoluteterms. On the contraryto the variousdistributions describedjust above we have computedthe
spatialdistributionsof MAC or routing layercontrolpacketsasanaverageover � simulationruns. Spatial
distributionsuniquelytie a givenaveragenumberof controlpacketsusedto thegeographicalpositionof a
node.Obviously, spatialdistributionscouldonly becomputedfor staticnetworks. Thetotal of MAC layer
controlpacketsfor a nodewascomputedasa sumof controlpacketssentout, i.e. for 802.11a sumof RTS,
CTSandACK packets,andfor MACA a sumof RTS andCTSpackets. The total of routing layercontrol
packetswascomputedasasumof RREQandRREPfor AODV, andRREQ,RREPandRERRfor DSRand
LAR scheme1. Theaveragenumberof controlpacketsfor anodewascomputedasanarithmeticmeanover� simulationruns.

4.2 Mobility Models

Grid Mobility Model: Thesetupof this experimentis a grid network of ����� nodes.Thegrid unit is 100
meters.Thereare49 nodesthat arepositionedon the grid. SeeFigure7(a). The mobility model follows
movementin anareawith grid architecture,i.e.,nodesat  6�2�¢¡M£ moveonly to oneof the4 adjacentgrid sites.
If a nodereachesa boundary, it is reflectedbackandcontinuesto move with thesamespeed.Let thenode
IDs rangefrom � to ¤1¥ ; theIDs areassignedrow wisestartingfrom thetopandfrom left to right.

The movementof the nodesis describedquite simply. Let �¦�Z§��¨¤1¥ . Nodesbelongingto the
equivalenceclass �$©ª§« ¬(®4¯#¤M£ startmoving to the South,nodesbelongingto the class ��©�§« ¬(®4¯°¤M£
startmoving to theNorth, nodesbelongingto theclass �#©�§« ¢¬8®4¯#¤M£ startmoving to theEastandnodes
belongingto theclass ±L©²§« ³¬8®�¯#¤M£ startmoving to theWest. Whena nodereachestheendof thegrid,
movementof thenodeis reversed.Thisisessentiallyreflectingtheboundaryconditionasopposedtoperiodic
boundaryconditionusedin many othercontexts. We run the simulationwith threedifferentnodespeeds:

11For statisticalanalysistheratio hasnotbeenfurtheradjustedor modified.
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1. Network topology: We describetheexperimentspecifictopologiesin respectivesections.

2. Number of connections:We usetwo connections.

3. Routing protocols: AODV, DSR,LAR scheme1. Thesearedenotedby ´¶µ , ·¹¸»º¶¸½¼ . Thesetof routing
protocolswill be denotedby ´ . The routingprotocolswerechosenbasedon the recommendationsmadeby
[DP+, JL+00] afterundertakingadetailedexperimentalstudyof recentroutingprotocols.

4. MAC protocols: IEEE 802.11DCF, CSMA and MACA. Theseare denotedby ¾L¿ , ·�¸ÁÀÂ¸Ã¼ . The
setof MAC protocolswill be denotedby ¾ . Again the choiceof theseprotocolsis basedon the study in
[RLP00, WS+97].

5. Thesizeof physicalareasimulatedwas ÄsÅRÅ�Æ�ÄRÅRÅ meters.

6. Speedof nodes: 10m/s,20m/sand40m/s.a Thesearedenotedby ÇMÈ , ·É¸#Ê¹¸�¼ . Thesetof all speedswill be
denotedby Ç .

7. Injection rates: low (0.05second),medium(0.025second)andhigh (0.0125second).Theinjectionratesare
denotedby Ë�Ì , ·8¸ÂÍÉ¸Â¼ . The setof injection rateswill be denotedby Ë . The initial packet sizewas256
bytes,theinitial numberof packetswas2,000,andtheinitial injectioninterval was0.05second.Eachtime the
injectioninterval wasreducedby afactorof 2, wealsoreducedthepacketsizeby afactorof 2 but increasedthe
numberof packetsby a factorof 2. For example,if theinjectioninterval washalvedto 0.025secondsthenthe
new packetsizewas128bytesandthenew numberof packetswas4,000.Thisallowedusto keeptheinjection
at inputnodesconstantat 40,960bits persecond.

8. Simulation runs: 10 runsfor any combinationof inputparameters.b

9. The bandwidthfor eachchannelwassetto 1Mbit. Otherradio propagationmodeldetailsareasfollows: (i)
Propagationpath-lossmodel: two ray (ii) Channelbandwidth: 1 Mb (iii) Channelfrequency: 2.4 GHz (iv)
Topography:Line-of-sight(v) Radiotype: Accnoise(vi) Network protocol: IP (vii) Connectiontype: UDP
(viii) In-banddataandcontrol,i.e.,a singlechannelfor bothdataandcontrolpackets.

10. Simulator used: GloMoSim[BT+99].

11. Thetransmissionrangeof transceiverwas250meters.

12. Thesimulationtime was100seconds.

13. Hardwareusedin all caseswasa Linux PC with 512MB of RAM memory, anda 500, 850, or 1000MHz
microprocessor.

am/sstandsfor meterspersecond.
bEachsimulationrunwith anindependentsimulationseed.

Figure6: Parametersusedin theExperiments.
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10 m/s,20 m/s,40 m/s.

Random Waypoint model: Thesetupof this experimentis againa grid network of �(��� nodes.Thegrid
unit is 100 meters.Thereare49 nodes(numbered0 to 48) that arepositionedon thegrid. In this model,
nodesmove from thecurrentpositionto anew randomlygeneratedpositionatapredeterminedspeed.After
reachingthe new destinationa new randomposition is computed.Thereareno stop-overs (pauses),i.e.,
nodesstartmoving immediatelyto anew destination.Thissetupis depictedin Figure7(b).

ECR Model: Thesetupof thisexperimentis anareaof Î-�p�Ï�ÉÎ-�p� metersontowhichweuniformly randomly
position ¤1Ð nodes.Let thenodesbenumberedfrom � to ¤1¥ in theorderthey arepositionedin thearea.We
divide thenodesinto four groups.Nodesbelongingto theclass�(©Ñ§° Ò¬8®�¯�¤M£ form thefirst group,nodes
belongingto theclass ��©¦§° Ò¬8®4¯%¤M£ form thesecondgroup,nodesbelongingto theclass�8©Ñ§° Ò¬8®�¯�¤M£
form the third group,andnodesbelongingto the class ±Ó©Ô§Ó ;¬8®�¯°¤M£ form the fourth group. The setup
is shown in Figure7(c). The four groupsfollow theexponentialcorrelatedrandommodeldescribedby an
equationof the form x  6Õ×Ö¦�R£¹� x  6Õ/£�Ø-ÙÛÚ �dÜÒÝ\Þ Ö rgß3àÓß � ßCá �Éâ$Ø ÙÛÚ �/ÜÒÝ\Þ where: (i) x  6Õ�£ is the position( � ,ã ) of a groupat time Õ , (ii) ä is a time constantthat regulatestherateof change,(iii) à is thevariancethat
regulatesthevarianceof change,(iv) r is thevelocity of thegroup,and(v) � is Gaussianrandomvariable.
Let åMæ betheorientationof thevelocity vector r for the � -th group. Theorientationis assignedasfollows:
thefirst group- south,thesecondgroup- north,thethird group- east,thefourthgroup- west.Shouldanode
reachboundariesof the areaits orientationis reversed.After all nodes’orientationis reversed,the group
startsmoving to theoppositedirection.

(a) (b) (c)

Figure7: (a)Grid mobility and(b) RandomWaypointModels.Weposition49nodesontoa ç¹èLç grid. The
nodesarenumberedfrom thetop left cornerin row wiseorder. Thefiguregivesanexamplefor four chosen
nodes.Movementfor othernodesis not shown. Therearetwo connections:thefirst onefrom the top left
cornerto the bottomright corner, andthe secondonefrom the top right cornerto the bottomleft corner.
(c) Exponentialcorrelatedrandommobility. Weposition49 nodesuniformly ontoa é-êpê~è�é-êpê metersarea.
The nodesarenumberedin the ordertheir randompositionis computed.The startmovementdependson
assignmentof thefour groups.

Network topologyis characterizedasa simpledistribution of node’s degrees(radio radius= 250m)at
a given time during simulation. The distribution is not averagedbut derived from mobility patternof a
singlerun. By providing distributionsfor varioussimulationtimeswe provide insight into theevolution of
network’s topologyover time.
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5 Statistical Analysis

Wesetup astatisticalexperimentto evaluatetheperformanceof thefollowing four factors;theMAC proto-
col, routingprotocol,theinjectionrateandthespeedatwhich thenodesaremoving in thenetwork. Eachof
thesefour factors(variables)have threelevels(valuesthevariablestake). Thevariablesandtheir levelsare
givenin Section2.

In this study, we analyze,if the four factors,interactin their effect on the performancemeasure.We
performthreedifferentanalysis,onefor eachperformancemeasureto observe theinteractionamongfactors.
We performa differentsetof experimentsfor eachof the mobility models. Our generalimplicationsare
summarizedin Figure1.

5.1 Experimental Setupfor the Statistical Analysis

Eachsetof experimentutilizes threedifferentcombinationsof MAC protocol,routing protocol, injection
rateandthespeed;thusyielding ±ìë&�í¥�� differentscenariosfor eachmobility model.

Approach: We first constructa matrix of 4 dummyvariables.For eachfactorwe createa dummyvariable.
This variabletakesa value1, 2 and3 for the threelevels of the factor. For example,the dummyvariable
for MAC protocol, takes a value 1 whenever 802.11is being usedto calculatethe performancematrix,
value2 whenever CSMA protocol is beingusedandvalue3 whenever MACA is beingusedto calculate
theperformancematrix. For the routingprotocolvariable,thedummytakesa valueof 1 whenever AODV
protocol is being usedand value 2 whenever DSR is being usedand value 3 whenever LAR1 is being
usedto calculatetheperformancematrix. Similar dummiesarecreatedfor the injection rateandthespeed
variables.To detectinteractionsbetweenthe factors,we usea statisticaltechniqueknown asthe analysis
of variance(ANOVA).12 ANOVA is usedto studythesourcesof variation,importanceof differentfactors
andtheir interrelations.It is a useful techniquefor explaining the causeof variation in responsevariable
whendifferentfactorsareused.Thestatisticaldetailsdiscussedbelow areroutineandareprovidedfor the
convenienceof thereader. For moredetailson thetechniquesusedin this analysis,referto [GH96, Ron90].
Giventhatwe have four factors,we usea four factorANOVA.

Mathematical Model: Theappropriatemathematicalmodelfor a four factorANOVA is asfollows:

� æqî2ïyðqñ �oò~Ö ã æCÖ»ó4îHÖ�å ï Öõô ð ÖÂ  ã óö£ æqî ÖÂ  ã å«£ æ÷ï ÖÂ  ã ôì£ æ�ð Ö
Ö8 6ó«åO£ îiï ÖÂ 6ó�ô-£ îið ÖÂ å«ôì£ ïøð Öí  ã ó«åO£ æqîiï ÖÂ  ã ó�ô-£ æqî2ð Ö

Ö8  ã å�ô-£ æ÷ïyð ÖÂ 6óOå�ô-£ îiïøð Öí  ã ó«å«ôì£ æqî2ïyð Öõù æúîiïyðqñ
where

1. � æqîiïyðqñ is themeasurementof theperformancevariable(e.g. latency) for the �¢û�ü routingprotocol, ¡pû�ü
speed,§ û�ü MAC protocoland ý û�ü injectionrate.

2. þ is thenumberof runswhich is 10 in ourexperiment.

12ANOVA is a linearmodel.Therearealternativesavailableto ANOVA which canhandlemuchmorecomplex statisticalprob-
lems. BayesianinferenceUsing Gibbs Sampling is onesuchnon-linearmethodwhich performsBayesiananalysisof complex
statisticalmodelsusingMarkov chainMonteCarlo(MCMC) methods.ANOVA sufficesfor thepurposesof theconclusionsthatwe
aim atdrawing in thispaper.
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3. ã æ is theeffect of routingprotocol, óMî is theeffect of thespeedof nodes,å ï is theeffect of theMAC
protocoland ô ð is theeffect of theinjectionrateon theperformancemeasures.

4. Thetwo way interaction terms measuretheinteractionpresentbetweenpairsof variables 6ÿ|���U£ and
areasfollows:

(a)   ã óÏ£ æúî : (routingprotocol,nodes’speed);

(b)   ã å«£ æ÷ï : (routingprotocol,MAC protocol);

(c)   ã ô-£ æ÷ð : (routingprotocol,injectionrate);

(d)  6óOå«£ îiï , (nodes’speed,MAC protocol);

(e)  6óÏôì£ î2ð : (nodes’speed,injectionrate);

(f)  å«ôì£ ïyð , (MAC protocol,injectionrate).

5. Thethr eeway interaction terms measuretheinteractionpresentbetweentriplesof variables 6ÿ|���^���M£
andareasfollows:

(a)   ã ó«åO£ æqî2ï : (routingprotocol,nodes’speed,MAC protocol);

(b)   ã ó�ô-£ æqîið : (routingprotocol,nodes’speed,injectionrate);

(c)   ã å�ô-£ æ÷ïyð : (routingprotocol,MAC protocol,injectionrate);

(d)  6óOå�ô-£ îiïøð : (nodes’speed,MAC protocol,injectionrate).

6. The four way interaction term   ã ó«å«ôì£ æqî2ïyð measuresthe four way interaction: (routing protocol,
nodes’speed,MAC protocol,injectionrate).

7. Finally, ù æqîiïøð ñ is therandomerror.

Model Selectionand Inter pretation: The modelselectionmethodconsideredhereis calledthe stepwise
method.This methodassumesaninitial modelandthenaddsor deletestermsbasedon their significanceto
arriveat thefinal model.Forward selectionis a techniquein whichtermsareaddedto aninitial smallmodel
andbackward eliminationis a techniquein whichtermsaredeletedfrom aninitial largemodel.Ouranalysis
usesthe methodof backward elimination whereeachterm is checked for significanceand eliminatedif
found to be insignificant. Our initial modelis the largestpossiblemodelwhich containsall the four factor
effects. We theneliminatetermsfrom the initial model to eventuallyfind the smallestmodel that fits the
data.Thereasonfor trying to find thesmallestpossiblemodelis to eliminatefactorsandtermsthatarenot
importantin explaining the responsevariable. After eliminatingredundantfactors,it becomessimpler to
explain the responsevariablewith the remainingfactors. The smallermodelscannormally provide more
powerful interpretations.

To testfour way interactionbetweenMAC protocol,routingprotocol,nodes’speedandinjectionratein
effecting the responsevariable,we performthe four factorANOVA usingthe above mathematicalmodel.
This is alsocalledthefull/saturatedmodelsinceit containsall 1-way, 2-way, 3-way and4-way interactions.
After runningthis model,we calculatethe residualsumof squares13 andrefer it by

���  ��y¤M£ , which stands
for residualsumof squaresfor modelnumber14. Thedegreesof freedom14 is referredby ���~ ��y¤M£ . Now

13For a regressionmodel, �	��
��������������� , the residualsare ����
�	������������� and the residualsum of squaresis� ��� � �"!�#$
 � �%� �	�&�'�(�(�)�*�+!�# . Referto [GH96] for moredetails.WeusestatisticalpackageSplusto performthis analysis.
14Thenumberof independentpiecesof informationthatgo into theestimateof a parameteris calledthedegreesof freedom.

16



we dropthe4-way interactiontermi.e.   ã ó«å�ô-£ æqîiïyð andreruntheANOVA model. Theresultantmodelhas
now only have 1-way, 2-way and3-way interactionterms. From this model,we cancalculatethe residual
sumof squaresfor model13, i.e.

�,�  ��\±3£ anddegreesof freedomfor model13, ���~ ��\±3£ . Wenow compare
model14 with model13 to find out if the4-way interactionis significant. If the � -statisticturnsout to be
insignificant,wecansaythat3-wayinteractionmodeli.e. modelnumber13canexplaintheresponsevariable
aswell asmodel14. This impliesthatmodel14 canbedroppedoff without loosingany information.Next
we testfor eachtermin model13 andcheckwhich onesaresignificant. Any termthat is not importantin
affectingtheresponsevariablecanthenbedroppedoff. This is achievedby droppingeach3-way termone
at a time andthencomparingthe resultingmodelwith model13. In our tables,model9 to 12 arebeing
comparedwith model number13. If the � -statistic is significantafter droppingoff the term, it implies
that thetermthatwasdroppedoff playeda significantrole andhenceshouldnot have beendropped.After
checking3-way interactions,we compareall 2-wayinteractionmodel(model8) with all 3-wayinteraction
model to seeif thereis a smallermodel that canfit the dataaswell asthe 3-way interactionmodel. Just
like the3-way model,we thendropoff onetermat a time from model8 andcomparethenew modelswith
model8 to find out which of the2-way interactionsaremostsignificant;in thetables,model2-7 arebeing
comparedwith model8. We continuewith theeliminationprocesstill we find thesmallestpossiblemodel
thatexplainsthedata.

The sumof squares,degreesof freedomandthe � -testvaluefor eachof the modelsis shown in the
Table 2. Interactioncolumn shows which interactionsare includedin the model. Finally the � -test is
calculatedusingthefollowing statistic:

� � ���  .-�£ â �,�  �/Q£ n �0�� .-�£×â1�0�� �/Q£�,�$243 ð ð n ��� 243 ð ð
where

�,�  .-�£ is thesumof squaresresidualsfor model - and
�,�  �/Q£ is thesumof squaresresidualsfor model

/ . Similarly ���~ .-�£ is thedegreesof freedomfor model - and ���� �/Q£ is thedegreesof freedomfor model / .
The

�,�5263 ð ð is thesumof squaresresidualsfor thefull model(largestmodel)i.e. themodelwith all thefour
interactionterms. ��� 243 ð ð is thedegreesof freedomfor thefull model.

5.2 Grid Mobility Model Results(Experiment 1)

Performancemeasure: Latency. Table2 shows ANOVA resultsfor the Grid Mobility model. Columns
4-6 show the interactionresultswhenlatency is usedastheperformancemeasure.We startwith an initial
modelof all the 4-way interactionsandcompareit with all 3-way interactionsmodel. Model 14 is being
comparedwith model 13. The � -statisticof �87 Î&9 (insignificantat any confidencelevel) shows that the
model13 fits the dataaswell asmodel 14 so the four way interactionis not significantin affecting the
latency measure.Similarly, we try to find all significant3-way interactionsby droppingeach3-way term
oneat a time. Looking at the � -test resultsof modelnumbers9 to 12, we find model12 to be the most
significant. From thatwe concludethat the routing protocol,nodes’speedandtheMAC protocolinteract
mostsignificantly. Note that this wasthecombinationthatwasdroppedoff from model12. To find out if
thereis a smallermodelthatcanfit thedataaswell asthe3-way interactionmodel,we further look at the
2-way interactionmodels. The � -testvaluesconcludethat the mostsignificantinteractionis betweenthe
routingandMAC protocol.Theothermostsignificant2-way interactionis betweennodes’speedandMAC
protocol.Therestareall insignificant.This shows that the3-way interactionbetweentheroutingprotocol,
nodes’speedandthe MAC protocolaredueto the 2-way interactionbetweenrouting/MAC protocoland
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speed/MAC protocol.Thereis no interactionbetweenroutingprotocolandnodes’speedasfar astheeffect
on latency is concerned.Now we createa model with only the 2-way significant interactiontermsand
compareit with a modelcontainingonly the3-way significanttermsto find thesmallestmodelthatfits the
data.If the � -testfor thesetwo modelsturnsout to besignificant,weconcludethatthese3-way interactions
cannotbeexplainedby the2-way modelandhencecannotbedroppedoff. Our resultsfind that to betrue,
implying thatindeedthesmallestpossiblemodel,is the3-way S T �VUXW

model.

Performancemeasure: Numberof packetsreceived. Columns7, 8 and9 in Table2 show theANOVA re-
sultsfor theresponsevariable“packetsreceived”. Theinterpretationof theresultsis similar to theresponse
variable“latency”. Theinteractionresultsshow significant4-way interactionbetweentheroutingprotocol,
nodes’speed,MAC protocolandtheinjectionratein explainingthenumberof packetsreceived.The4-way
interactionautomaticallyimplies that theremustbe significant2-way and3-way interactionspresenttoo,
althoughit doesnot imply that all smallermodelswill be significant. A closerlook in our case,however
shows thatall smallermodelswith 3-way and2-way interactionaresignificant.Amongthe2-way interac-
tions, � -testshows thattheMAC protocolandinjectionrateinteractmostsignificantly. Theroutingandthe
MAC protocolalsointeractverysignificantly. In 3-way interaction,it is theroutingprotocol,MAC protocol
andinjectionratethatinteractmostsignificantly. The3-way interactionresultsareconsistentwith the2-way
resultsbecausethey all point to interactionbetweenroutingprotocol,speedandtheinjectionratein affect-
ing thenumberof packetsreceived. In thiscase,thesmallestmodelhasall four factors S T �VUZY&W

interacting
significantly.

Performancemeasure: Fairness. The last threecolumnsof Table2 show theANOVA resultsfor various
modelsusinglong term fairnessasthe performancemeasure.The initial setupfor a four way interaction
effect of the factorson the fairnessmeasureis doneasexplainedbefore. The only exceptionis that now
we have 10 samplesinsteadof 20 for eachof the 81 scenariosmentionedabove.15 The resultsshow that
both4-wayand3-way interactionsareinsignificantin affectingthefairness.Lookingat theresultsof 2-way
interactionsbetweenthefactors,we find that theroutingandMAC protocolinteractin themostsignificant
wayin affectingthefairness.TheinteractionbetweentheMAC protocolandinjectionrateis alsosignificant
but not to the extent of routing andMAC protocol interaction. In this case,the smallestmodelhasonly
S T UXW S UY	W

2-way interactionterms.

5.3 ECR Mobility Model Results(Experiment 2)

Performancemeasure: Latency. Table3 shows theANOVA resultsfor theECR mobility model. Again,
columns4-6 show the interactionresultswhenlatency is usedasthe responsevariable. Theanalysisdone
hereis similar to thegrid mobility modelcase.Theresultsshow that thereis significant3 way interaction
betweenroutingprotocol,transceiver (node)speedandtheMAC protocol. Models6 and7 reconfirmthat
interaction. Model 6 shows that routing andMAC protocol interactsignificantlyandmodel7 shows that
routingprotocolandspeedinteractionis important.

Performancemeasure: Numberof packets received. Columns7, 8 and9 of Table3 show resultsfor the
numberof packetsastheperformancemeasure.Unlike in thegrid mobility model,herewe do not find any
significant4-way or evena 3-way interactionbetweenthevariables.All 2-way interactionsexceptrouting
protocol/injectionrateandroutingprotocol/transceiver speedaresignificant.

15This is due to the fact that fairnessmeasureis calculatedby taking a ratio of the numberof packets received for the two
connections.
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Performancemeasure: Fairness. Sincetheinterpretationof all theperformancemeasuresarethesameas
explainedbefore,we just highlight the main resultsfor eachof them. Columns10, 11 and12 of Table3
show that only MAC androuting protocol interactin affecting the fairness. All other2-way, 3-way and
4-way interactionsareinsignificantfor thismeasure.Notethatsofarall selectedmodelshavehadMAC and
routingprotocolinteractingsignificantly. This wastruefor grid mobility modelsalso.

5.4 RandomWaypoint Mobility Model Results(Experiment 3)

Performancemeasure: Latency. Table4 shows ANOVA resultsfor randomwaypointmobility model.Un-
likethefirst two mobility models,thereis no3-wayinteractionwhenlatency is usedastheresponsemeasure.
Among2-wayinteractions,thesignificantonesareMAC protocol/injectionrate,routingprotocol/transceiver
speedandrouting/MAC protocol.

Performancemeasure: Numberof packetsreceived. Columns7, 8 and9 of Table4 show thatAll 2-way
interactionsaresignificantexceptfor routingprotocolandnodes’speed.

Performancemeasure: Fairness. The last threecolumnsof Table4 show that thereis no 3-way or 4-
way interactionspresentin affectingthefairness.Theonly 2-way interactionsthataresignificantareMAC
protocol/injectionrateandrouting/MAC protocol. Again, notethatMAC/routingprotocolinteractionsare
themostrobustof all.

6 Additional Observationsand Explanation

In this sectionwe briefly explain specificresultsfor the threemobility models. For clarity of exposition,
we only presentresultswhenthespeedis 20 m/sandinjectionrate(interval) is 0.025second.Latency and
percentageof packetsreceivedarepresentedfor variousinjectionrates.Theresultsaredepictedin Figures8
to 13. Figuresfor thecompletesetof experimentalparametersoutlinedin Figure6 canbeobtainedfrom the
authors.

Recall that the ECR model representsa mobility model that keepsthe relative (average)distancesof
nodeswithin agrouproughlyconstant.Let [�æ bethe � -th groupin oursetting,andlet

� æ bethesetof nodes
thatbelongto thegroup [�æ . Thenany two nodes-F� /0\ � æ thathave a commonedge  .-F� /Q£ at time Õ will
alsohave a commonedgewith high probability, at time Õ«Ö § , §��  ;��� �^]`_

,
�a]

is thesimulationtime. The
randomwaypointmodelrepresentsa movementpatternthat is hardto predict. Note that we do not insert
any pausesinto themodel,i.e.,pauseswere0 second.On theotherhand,thegrid mobility modelhasavery
deterministicmovementpatternthatis easyto predict.

Wemake thefollowing observations.Someof theobservationswerealsomadein [DPR, RLP00].

b CSMA andMACA donotperformwell for any of thethreemobility models.BothCSMA andMACA
areableto deliver no morethan20%of thetotal packets,thepercentagedropswith increasedspeeds
andinjectionrates.In addition,MACA alsoproducesa hugenumberof MAC level controlpackets.
They rangebetween70,000and100,000.This makesthebehavior of MACA muchlessacceptable
thanCSMA.

b Our resultsshow thatin generaltheperformanceof thesystemfallssignificantlywith increasedspeed
for all MAC protocols. However (802.11,AODV) is still ableto deliver 50% of the packetsat high
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speeds(40 m/s)andinjectionrates(0.0125s)in caseof ECRM.Oneobviousreasonfor this observed
behavior is thatincreasedmobility causesfrequentchangesin routesresultingin frequentMAC over-
headrequiredfor routediscovery andupdate.

b Figure8 depictsthedistribution of nodedegreesat threedistinct timesin thesimulation. Intuitively,
suchdistributionsandtheir temporalpropertiesarea goodmeasureof geographicalreconfiguration
changeover time. Networkswith highermobility havedifferenttemporalpropertiesthanstaticor low
mobility networks. Fluctuationsin thesedistributions aredirectly co-relatedwith the performance
of routing andMAC protocols.Thedegreedistributionsshow variationacrossthe mobility models.
Thegrid mobility modelandthe randomwaypointmodelstartedfrom a grid topology. This created
threemajor peaksin the distribution. However, suchpeaksquickly disappearedduring the run of
a simulation. Nodesfor ECRM wereinitially positionedrandomly. We canseethat in caseof the
randomwaypointmodelthemaximumnodedegreecontinuallyincreases.This observation is in ac-
cordancewith the recentresultsreportedin [Be01]. For the two othermodelsthe maximumnode
degreeincreasesonly very slowly.

b Figures9 to 11 show the performanceof protocolsin termsof threeresponsevariables: Fairness,
latency, andratio of packetsreceived,respectively. Theresultsmake aninterestingpoint: in contrast
to recenteffortsto improvethefairnessof MAC protocols[LNB98], theresultsshow thatroutinglayer
canmake aconsiderableimpacton thefairnesscharacteristicsof theseprotocols.

b Figures12 and13 show thedistributionsof MAC androutinglayercontrolpacketsfor threedifferent
combinations.Dueto thediscussionabove,theMAC layerprotocolconsideredis always802.11.The
routinglayerprotocolsusedareAODV, DSRandLAR1 respectively. WecanseethattheECRmodel
producedthe leastnumberof MAC layer control packets. This is consistentwith our assertionthat
ECRmodelputstheleastpressureon theprotocolsstack.

b Performancefor otherinjection ratesandspeedslook similar to thoseshown. Thedifferencein per-
formanceis proportionalto increasedor decreasedinjectionrate,or speed.

b In highly mobileenvironments,thehiddenandexposedterminalissuesbecomemoreinteresting.At
high speedsnew hiddenterminalsaresimply created(or possiblydestroyed) by movementof nodes
duringtransmissionof othernodes.Sincethesenodeswereoutsideof theRTS-CTSor carriersensing
mechanismfor a givendatatransmission,they arenot awareof theradioenvironmentaround.After
establishingthemselvesin anareathey oftenmovefrom thatlocationalmostimmediately. Thisfeature
appearsto bemoreprnouncedin therandomwaypointmodelthanthegrid mobility model.ForECRM
nodesarealwaysestablishedwithin theirrespectivegroups.Thissuggestsonemeasureof performance
for mobilesystems:thenumberof hiddenterminalsthatareeffectively presentat eachunit of time.
Clearly, this dependson which nodeshave packetsthat they wish to retransmit.This in turn depends
on theroutingprotocolused.

b An importantdifferencebetweenAODV andDSRis thefact thatDSRencodescompleteroutesinto
route request,route reply, and datapackets. Any corruptionof a route request/replypacket leads
to a repeatedroute acquisitionprocedure. This also contributes to slightly higher consumptionof
bandwidthcomparedto AODV. Thedifferencein performancebetweenDSRandAODV is alsodue
to differencesin handlingbroken links. We notethat theversionof DSRimplementedin GloMoSim
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usessalvaging.In DSRif thereis abrokenlink theforwardingnodetriesto salvagepacketswaitingin
sendbuffer by trying to searchtheRouteCachefor analternative route.If this procedurefails a route
error is sentto thesourceandthesourcetries to resendthepacket. In AODV local repairis possible
aswell. If a nodedetectslink failure it sendsa routerequestto thedestinationaffected.Theversion
of AODV in GloMoSimdoesnot implementrouteerrorpackets.However, anunsolicitedroutereply
packet is sentupstreamto notify all active sources.

b We notethat speedof 40 m/s for bothsourceanddestinationcaneasilymeanthat thedestinationis
moving at 80 m/s relative to the source. Speedof 40 m/s (144 km/h) can representa fast moving
caron a speedway. Thusat latency for datapacketsexceeding1 secondthetopologychangescanbe
relatively big.

b Otherresearchersoftenalleviatedtheproblemthatoccursdueto high mobility by insertingpausesin
nodes’movement.Thesesmall pauseshelp nodesupdatetheir local statesafter they moved.16 Our
observationscorrespondroughly with conclusionsmadein [Ro01+] whereauthorsshow that node
degreesashigh as15-20arenecessaryfor decentperformancein a mobilesetting.Our resultsextend
their performanceresultsfor higherinjectionratesandspeeds.

b It is likely that the ability of MAC/routing layer protocolsto anticipatemovementcan improve the
overall performance.Due to inherentrandomness,suchimprovementsareunlikely for the random
waypointmodel. However, thegoodperformancefor ECRM suggeststhatwell establishedpatterns
for certainmobilenodesmight behelpful. Intuitively, suchnodescouldactaspseudo-base-stations:
oncethe routesareestablishedbetweenthesenodesthey might persistfor fairly long periods. As
a resultrouting protocolsneedto find appropriateroutesonly to the ”nearest”pseudo-base-stations.
Theparticularmechanismsusedin LAR scheme1 helpedlittle in this respectasin oursettingrequest
zonesin many casescoincidedwith thetotalarea.
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Figure8: Distributionof nodedegreesatthreedifferentsimulationtimesfor thethreemobility models.From
left: (a)Grid mobility model,(b) ECRM,(c) Randomwaypointmobility model.

16For slower speedstheimportanceof pausesis lesser.
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Figure9: Long termfairnessfor thethreemobility models.Fromleft: (a) Grid mobility model,(b) ECRM,
(c) Randomwaypointmobility model.
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Figure 10: Latency for the threemobility models. From left: (a) Grid mobility model, (b) ECRM, (c)
Randomwaypointmobility model.
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Figure11: Packetsreceived for thethreemobility models.Fromleft: (a) Grid mobility model,(b) ECRM,
(c) Randomwaypointmobility model.
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Figure 12: MAC layer control packets distribution for the threemobility models. ¿Fromleft: (a) Grid
mobility model,(b) ECRM,(c) Randomwaypointmobility model.
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Figure13: Routing layer control packets distribution for the threemobility models. From left: (a) Grid
mobility model,(b) ECRM,(c) Randomwaypointmobility model.
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1. Network topology: The topologywasgiven by 49 mobile nodesinitially uniformly distributedover an area
of ÄRÅsÅ¹Æ#ÄRÅsÅ meters( ·iÅRÅsÅ¹Æ�·iÅsÅRÅ meters)andthe radio rangeof 250 meters.Later, the topologybehaved
accordinglyto theRandomwaypointmodelwith pausessetto 0 secondsandthespeedof nodessetto 15m/s.

2. Number of connections: We use2, 4, or 8 connections.The sink andsourceconnectionpair waschosen
randomlyfor eachsimulationrun. Connectionsaredenotedby g µ , · ¸�º|¸ ¼ .

3. Routing protocols: AODV, DSR.

4. MAC protocols: IEEE 802.11DCF, CSMA.

5. Speedof nodes: A singlespeed:15m/s.

6. Injection rates: We have kept the total numberof packets injectedduring the 100-secondsimulationtime
constantat 8,000packets. That determinedthe relatedinjection ratesandthe numbersof packetsinjectedin
caseof 2, 4, or 8 connections.For 2 connectionswe have injected4,000datapacketsperconnectionandthe
injectionrate(interval) was0.025second;for 4 connectionswehaveinjected2,000datapacketsperconnection
andthe injection ratewas0.05second,andfinally, for 8 connectionswe have injected1,000datapacketsper
connectionandtheinjectionratewas0.1second.

7. Simulation runs: 30 simulationrunsfor eachcombinationof input parameters.

8. Otherparameterswereidenticalto thosein Figure6.

Figure14: Differencesin parametersusedin theexperimenton theeffect of increasingnumberof connec-
tionsandotherexperimentsfrom Section4.2.

7 Number of Connectionsand AverageTransceiver Density

Sofar we only consideredtheeffect of two connectionson theoverall performanceof ad-hocnetworks. In
this sectionwe studythesensitivity of our resultsto increasingthenumberof connectionsanddecreasing
theareaof simulation.This on anaverageincreasesthenodedensityduringthecourseof our simulations.
Note that both thesevariableswerekept fixed in our setupdescribedin Section4. The differencesin the
experimentalsetupswith respectto experimentsdescribedin Section4 aresummarizedin Figure14.

In view of theresultsreportedin theprecedingsection,wedid asmallfocusedexperiment.Specifically,
we usedonly 802.11andCSMA asMAC layerprotocols,andAODV andDSRasrouting layerprotocols.
Theinjectionratewasdesignedto keepthenumberof datapacket injectionsconstantat 8,000packetsover
thesimulationtime. Someof thepreviously reportedstudieskepttheperconnectioninjectionrateconstant
with the increasingnumberof connections.This approachdoesnot allow oneto distinguishthe possible
reasonsbehindthedropin performance.We have useda singlenodespeedof 15m/sanda singlemobility
modelwhichwastheRandomwaypointmodel.

Mixed Effects Model. Onereasonfor not includingnumberof connectionsin theearlierANOVA based
analysiswasthat the designspacebecomesvery large, especiallywhenoneconsidersthe levels that this
variablecantake in a full design. Indeed,in general,for an m nodesystem,the total numberof possible
connectionsin a systemcanbe h� 6m � £ (assumingno morethanoneconnectionper node). To handlethis
situation,weuseamixedeffectmodel.A combinationof fixedandrandomeffectmodelis calledthemixed
effectsmodel.Mixedeffectsmodelconsistsof at leastonerandomandonefixedeffectfactor. In ouranalysis
we useMAC androuting protocolsasfixed factorsandnumberof connectionsasthe randomfactor. In a
fixedeffect model,the levels of a factorconsideredarefixed(e.g. 802.11,CSMA asMAC protocols)and
the inferenceis madeonly for the levels consideredin the study. The inferencederived for a fixed factor
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cannotbegeneralizedto otherlevelsof thefactorwhichareexcludedfrom thestudy. In contrast,in arandom
effectmodel,thelevelsof thefactorareviewedasa randomsamplefrom aninfinite populationof normally
distributedlevels which canvary acrossdifferentreplicationsof thesameexperiment.Onemight perform
thestudyusingonesetof levelsbut theinferencecanbegeneralizedto otherlevelsof thatfactor.

In orderto addresstheissueof interactionbetweenMAC androutingprotocolswhendifferentnumber
of connectionsareused,we considerthenumberof connectionsasa randomfactor. This allows usto usea
few connectionsto performthestudyandyet theconclusionswouldholdfor theentirepopulationof number
of connections.We setup a threefactorexperimentto testwhetherMAC androutingprotocolsinteractfor
differentnumberof connections.MAC androuting protocolsareassumedto be the fixed factorsandthe
numberof connectionsis the randomfactor. The two levels of the MAC protocolconsideredare802.11
and CSMA; and the two levels of the routing protocol consideredare AODV and DSR. The numberof
connectionsusedare2, 4 and8. Theresponsevariablesusedto measuretheperformanceof differentfactors
arelatency, thenumberof packetsreceivedandfairness.Theexperimentswerecarriedout for two different
areasasnotedin Figure14. Thefollowing conclusionswereobtained,moredetailson thetestsareomitted
herebut canberequestedfrom theauthors.

b Theresultsshow thatfor a �Q�p�p� �~�Q�p�p� simulationarea,all responsevariablesi.e. latency, thenumber
of packetsreceived andfairness,thereis significantinteractionbetweenMAC androutingprotocols
at 95i confidencelevel. Giventhat thenumberof connectionsis a randomfactor, we canconclude
from theresultsthatfor any numberof connections,MAC androutingprotocolsshow significantlevel
of interaction.

b Essentiallyidenticalresultsholdevenwhenthesimulationareawaschangedto Î-�p�~��Î-�p� .
Thus,we canconcludethattheresultsin precedingsectionsarerobust to changesin numberof connec-

tionsandnodedensity.

8 Concluding Remarksand Futur e Dir ections

We characterizedtheperformanceandinteractionof well known routingandMAC protocolsin anad-hoc
network setting. Our resultsandthosein [Ba98] on thedesignof snoopprotocolssuggestthatoptimizing
the performanceof the communicationnetwork by optimizing the performanceof individual layersis not
likely to work beyonda certainpoint. We needto treat theentire stack asa singlealgorithmicconstructin
orderto improve theperformance.In a companionpaper[BDM+] we characterizetheinteractionbetween
theparametersstudiedherein astaticradionetwork. Thestudyis undertakenfor two reasons:(i) it helpsus
understandtheeffect of mobility on theperformanceand(ii) in a staticnetwork we cancontrol thedegree
andconnectivity parametersmoreeffectively; our resultsshow thattheseparametersplay animportantrole
in protocolperformance.

Wemake animportantobservation: our statisticalanalysiswasaimedatunderstandingtherelative vari-
ationin theperformanceof thesystemwith changesin theparticularMAC/routingprotocolsused.As such
the statisticalresultsmake a genericconclusion,namely, MAC androuting layersinteract. They do not
yield additionalinformationaboutinteractionsbetweenparticularcombinations(e.g. 802.11andAODV).
Section6 dealswith this aspectto someextent. A studyto understandthecrosslayer interactionbetween
specificcombinationsof MAC androuting protocolscaneasilybe doneusingthe methodologypresented
hereandwill beundertakensubsequently.
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Thestatisticalanalysisusedin this papersuggestsanengineeringapproachto choosetheright protocol
combinationfor a givensituation.Specifically, theanalysiscombinedwith theconceptof recommendation
systemscanbeusedasanautomatedmethodfor tuningandchoosingaprotocolcombinationif thenetwork
andtraffic characteristicsareknown in advance.Wearecurrentlyin theprocessof building suchakernel.

It is worthnotingthatANOVA is astatisticaltool to qualitatively measuretheinteractionbetweendiffer-
entinput variables.As suchit presumescorrectnessof thedatabeingproducedby simulationsfor statistical
testing.Errorsin implementingaprotocolmayresultin spuriousinteractionsandinvalid conclusions.Never-
theless,themethoddoesprovideawayto comparetwo simulatorsor comparingtheresultsfrom simulations
with realfield tests.

Anotherimplicationof thework is to designnew dynamicallyadaptiveprotocolsthatcanadaptto chang-
ing network andtraffic characteristicsin order to efficiently deliver information. Moreover, evaluationof
suchprotocolsasdiscussedabove needsto bedonein totality. For instancewhenwe sayoverheadit should
includebothMAC androutingoverhead(in factshouldalsoincludetransportlayeroverheadbut is beyond
thescopeof thecurrentpaper).Also, in orderto draw meaningfulandrobustconclusionsfrom theresultsof
suchcomplex experiments,it is almostessentialto usestatisticaltoolswhich areusedextensively by other
researchersin similar situations.As a next step,we plan to undertake a morecomprehensive experimental
studyinvolving in additionto theMAC androutingprotocols,varioustransportprotocols.

References

[802.11] WirelessLAN Medium AccessControl (MAC) andPhysical(PHY) Layer Specification. IEEE
Standard802.11,IEEE,June1999.

[Ab70] TheALOHA System– AnotherAlternative for ComputerCommunications.Proc.Fall Joint Com-
puterConference,pp.281–285,1970.

[Ba98] H. Balakrishnan.Challengesin ReliableDataTransportOver HeterogeneousWirelessNetworks.
Ph.D.Thesis,Departmentof ComputerScience,Universityof Californiaat Berkeley, 1998.

[BCSW98] S. Basagni,I. Chlamtac,V. Syrotiuk,andB. Wood. A DistanceRoutingEffect Algorithm for
Mobility (DREAM). ACM/IEEE InternationalConferenceon Mobile Computingand Communication
(MOBICIM98), pp.76–84,1998.

[BS+97] H. Balakrishnan,S. Seshan,E. Amir, R. Katz. Improving TCP/IP Performanceover Wireless
Networks. Proc.1stACM Conf. onMobile ComputingandNetworking, Berkeley, CA, November1995.

[BDM+] C.L.Barrett,M. Drozda,A. Marathe,andM.V.Marathe.Do routingprotocolsaffect mediaaccess
controlprotocols?ReportLA-UR-01-6218,LosAlamosNationalLaboratory, 2001.

[Be01] C. Bettstetter. Smoothis BetterthanSharp:A RandomMobility Model for Simulationof Wireless
Networks.Proc.4thACM InternationalWorkshoponModeling, Analysis,andSimulationof Wirelessand
MobileSystems(MSWiM’01), Rome,Italy, July2001.

[BD+94] V. BharghavanandA. DemersandS.Shenker andL. Zhang.MACAW: A MediaAccessProtocol
for WirelessLANs. Proc.1994SIGCOMMConference, London,UK, pages212–225,1994.

[BM+98] J. Broch,D. Maltz, D. Johnson,Y. Hu, andJ. Jetcheva. PerformanceComparisonof Multi-Hop
WirelessAd HocNetwork RoutingProtocols.Proc.4th AnnualACM/IEEEInternationalConferenceon
MobileComputingandNetworking, ACM, Dallas,TX, October1998.

29



[DPR] S. Das,C. Perkins,andE. Royer. PerformanceComparisonof Two On-demandRoutingProtocols
for Ad Hoc Networks. Proc. IEEE Conferenceon ComputerCommunications(INFOCOM),Tel Aviv,
Israel,March2000,pp.3-12.

[DP+] S. R. Das,C. E. Perkins,E. M. Royer andM. K. Marina. PerformanceComparisonof Two On-
demandRouting Protocolsfor Ad Hoc Networks. IEEE Personal CommunicationsMagazine, special
issueonMobileAd HocNetworks, Feb. 2001.

[BT+99] L. Bajaj, M. Takai, R. Ahuja, K. Tang, R. Bagrodia,and M. Gerla. GloMoSim: A Scalable
Network SimulationEnvironment.UCLA ComputerScienceDepartmentTechnicalReport990027,May
1999.

[Ep02] A. Ephremides. The WirelessLink Perspective in WirelessNetworking KeynoteSpeech, ACM
Mobicom2002.

[FG95] C.L.FulmerandJ.J.Garcia-Luna-Aceves. Floor Aquisition Multiple Access(FAMA) for Packet-
RadioNetworks. Proc.SIGCOMM’95, pp.262–273,1995.

[GK+00] M. Gerla,M. Kazantzidis,G. Pei,F. Talucci,K. Tang.Ad Hoc,Wireless,Mobile Networks: The
Roleof PerformanceModelingandEvaluation.PerformanceEvaluation, pp.51-95,2000.

[GH96] G. GlassandK. D. Hopkins. StatisticalMethodsin EducationandPsychology, 3rd ed.,Allyn and
Bacon,1996.

[HG+99] X. Hong, G. P. M. Gerla, and C. Chiang. A group mobility model for -ad-hocwirelessnet-
works. 2ndACM InternationalWorkshopon ModelingandSimulationof WirelessandMobile Systems
(MSWiM’99), p.8,Aug. 1999.

[JM96] D. JohnsonandD. Maltz. DynamicSourceRoutingin Ad HocWirelessNetworks.MobileComput-
ing, TomaszImielinski andHankKorth, Eds.Chapter5, pages153-181,Kluwer AcademicPublishers,
1996.

[JL+00] P. Johansson,T. Larsson,N. HedmanandB. Mielczarek.RoutingProtocolsfor Mobile Ad hocNet-
works: A Comparative PerformanceAnalysis.Proc.5th ACM InternationalConf. on Mobile Computing
andNetworks,(MOBICOM),pp.195-206,1999.

[Ka90] P. Karn. MACA - a new channelaccessmethodfor packet radio. MACA - a new channelaccess
methodfor packet radio.ARRL/CRRLAmateurRadio9thComputerNetworkingConference1990

[KKB00] C. Koksal,H. Kassab,andHari BalakrishnanAn Analysisof Short-Term Fairnessin Wireless
MediaAccessProtocols.Proc.ACM SIGMETRICS, June2000.Also asMIT-LCS-TR-807,May 2000.

[KV98] Y. Ko andN. Vaidya. Location-AidedRouting(LAR) in Mobile Ad Hoc Networks. 4th Annual
InternationalConferenceon MobileComputingandNetworking(MOBICOM’98), October, 1998.

[LNB98] S.Lu, T. Nandagopal,andV. Bharghavan. A WirelessFair ServiceAlgorithm for Packet Cellular
Networks. ACM Mobicom’98, Dallas,TX. October1998.

[NZD99] A. Nasipuri,J.ZhuangandS.R. Das.A MultichannelCSMA MAC Protocolfor Multihop Wire-
lessNetworks. Proc. IEEEWirelessCommunicationsandNetworkingConference(WCNC),Sept.,1999.

[OP] B. O’HaraandA. Petrick802.11Handbook,A Designer’s Companion.IEEEPress,1999.

30



[PB94] C. E. Perkinsand P. Bhagwat. Highly dynamicDestination-SequencedDistance-Vector routing
(DSDV) for mobilecomputersProc.SIGCOMM’94,pages234–244,August1994.

[PC97] V. Park and S. Corson. A Highly Adaptive Distributed Routing Algorithm for Mobile Wireless
Networks. Proc. IEEE INFOCOM’97, Kobe,Japan(April 1997).

[PR99] C. E. PerkinsandE. M. Royer. Ad-hocOn-DemandDistanceVectorRouting. Proceedingsof the
2nd IEEE Workshopon Mobile ComputingSystemsand Applications, pp. 90–100,New Orleans,LA,
February1999.

[RLP00] E. Royer, S. Lee andC. Perkins. The Effectsof MAC Protocolson Ad hoc Network Commu-
nications. Proc. IEEE WirelessCommunicationsand NetworkingConference, Chicago,IL, September
2000.

[Ron90] R. Christensen.Log-linear Models, SpringerVerlag,Chapter4, 1990.

[RS96] S. RamanathanandM. Steenstrup,A survey of routing techniquesfor mobilecommunicationnet-
works,MobileNetworksandApplications, 1-2,pp.89-104,1996.

[RS98] S. RamanathanandM. Steenstrup,Hierarchically-organized, multihopmobilenetworks for multi-
mediasupport,ACM/BaltzerMobileNetworksandApplications, Vol. 3, No. 1, pp 101-119,1998.

[Ra96] T.S.Rappaport.WirelessCommunications. Prentice-Hall,1996.

[Ro01+] ElizabethM. Royer, P. MichaelMelliar-Smith,andLouiseE. Moser. An Analysisof theOptimum
NodeDensityfor Ad hocMobile Networks.Proc. IEEE InternationalConferenceon Communications,
Helsinki,Finland,June2001.

[SM+02] C. Santivanez,A. BruceMcDonald,I. StavrakakisandR. Ramanathan.On theScalabilityof Ad
HocRoutingProtocols.Proc.21stIEEE INFOCOM2002.

[TCG01] K. Tang,M. CorreaandM. Gerla, Effectsof Ad Hoc MAC LayerMediumAccessMechanisms
underTCP. MONET6(4): 317-3292001.

[TCG01a] K. Tang,M. CorreaandM. Gerla, Isolationof WirelessAd hocMedium AccessMechanisms
underTCP. TechnicalReport,UCLA 2001.

[WS+97] J. Weinmiller, M. Schlager, A. FestagandA. Wolisz PerformanceStudyof AccessControl in
WirelessLANs - IEEE802.11DFWMACandETSIRES10Hiperlan.MobileNetworksandApplications,
pp.55-67,2, (1997).

[ZD97] M. ZonooziandP. Dassanayake. Usermobility modelingandcharacterizationof mobility patterns.
IEEE Trans.on SelectedAreasin Communications, pp.1239–1252,Sept.1997.

31


