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Abstract

We empirically studythe effect of mobility andinteractionbetweernvariousinput parametersn the
performancef protocolsdesignedor wirelessad-hocnetworks. An importantobjectie is to studythe
interactionof the routing and MAC layer protocolsunderdifferentmobility parametersWe usethree
basicmobility models:grid mobility model,randomwaypointmodel,andexponentiakorrelatedandom
model. The performancef protocolsis measuredh termsof variousquality of servicemeasureclud-
ing (i) lateng, (i) numberof pacletsreceved and(iii) long term fairness. Threedifferentcommonly
studiedrouting protocolsareused:AODV, DSRandLAR schemel. Similarly threewell known MAC
protocolsareused:MACA, 802.11andCSMA.

Our maincontribution is simulationbasedexperimentscoupledwith rigorousstatisticalanalysisto
characterizehe interaction betweenthe above statedparameters.Suchmethodsallow us to analyze
complicatedexperimentswith large input spacein a systematiananner From our results,we conclude
thefollowing:

e NosingleMAC or routingprotocoldominatedheotherprotocolsin theirclass.More interestingly
no MAC/routingprotocolcombinationwvasbetterthanothercombinationgverall mobility models
andresponseariables.

¢ In generaljt is not meaningfulto speakabouta MAC or a routing protocolin isolation. Presence
of interactionleadsto trade-ofs betweenthe amountof control paclketsgeneratedy eachlayer
The resultsraisethe possibility of improving the performanceof a particularMAC layer protocol
by usinga cleverly designedouting protocolor vice-versa.

1 Intr oduction

Designof mobile ad-hocnetworks (MANET) is currentlyan extremely active areaof research MANETS
lack afixedinfrastructuran the form of wireline, or basestationsto supporthe communicationlnterestin
ad-hocnetworksfor mobile communicationfiasalsoresultedn a specialinterestgroupfor mobile,ad-hoc
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networking within theInternetEngineeringraskForce(IETF). Suchnetworksimposespecificrequirements
onthedesignof communicatiorprotocolsat all levels of the protocolsstack.Many MAC layerandrouting
layer protocolshave beenproposedand designedfor ad-hocnetworks. Theseprotocolsneedto fulfill a
multitude of designandfunctionalrequirementsincluding, (i) High throughput;(ii) Low aveiage latency;
(i) Hetelogeneoudraffic (e.g. data,voice andvideo); (iv) Preservationof padet order; and (v) Support
for priority traffic. (See [RS96 Ra96 Ba9§.) Sincead-hocnetworkslack fixedinfrastructuren theform
of basestations{ulfilling theabove statedfunctionalrequirementd®ecomesll the moredifficult.

MAC Protocols. A commonlyknown group of MAC protocolsis basedon the carrier sensemultiple

acces{CSMA) paradigm. The ideabehindthis paradigmis to resere transmissiorchannelat the orig-

inator (source)by carrier sensing. Until recently CSMA basedprotocolssupportedonly single channel
communicationput now, multiple channelextensionshave beenproposedNZD99]. Many protocolshave

beenproposedo avoid the hiddenterminal problems. Two notableexamplesarethe MACA [Ka9(0] and
MACAW [BD+94] protocols.MACA introduceda reseration systemachiezed with exchangeof an RTS-

CTS(RequesiTo Send/Cleaifo Send)pair of control paclets. MACAW alsorecognizeshe importanceof

congestionandexchangeof knowledgeaboutcongestiorlevel amongentitiesparticipatingin communica-
tion. An advancedback-of mechanisnwasproposedo spreadnformationaboutcongestionFurthermore,
the basicRTS-CTS-DATA resenation schemehasbecomean RTS-CTS-DS-ATA-ACK schemawith sig-

nificantly improved performance.n theseprotocolsmessag@riginatorsresere receptionareaat the sink

by exchangeof RTS-CTScontrol messagesThis is in contrastto CSMA whereresenation wasdoneat

originators.This powverful methodhasa dravbackof introducingsmallcontrolpacletsinto the network that
later collide with otherdata,control, or routing paclets. IEEE 802.11MAC standardOP] was designed
with aresenationsystemsimilarto MACA or MACAW in mind. 802.11hasalsoimprovedfairnesscharac-
teristics,however, in [LNB98] authorspointoutdeficienciesn thefairnesof this protocol,aswell. Detailed
discussiorof theseprotocolsis omittedherebut canbefoundin [Ra96 BD+94, 802.11.

Routing Protocols. Therole of routing protocolsfor mobile/ad-hometworksiis to find the shortestpath
from the sourceto the sink of a datatransmission.The mostcommonmetric for assessinghe quality of
theseprotocolsis the numberof hopsdatapacletstake to reachthe destinationthough,othermetricsbased
on traffic, contention,available power at transceiers etc. have alsobeenproposed.Routingprotocolsfall
in oneof the two cateyories: proactiveandreactive Reactve routing protocolsare alsoreferredto ason-
demand Proactve protocolsattemptto maintainroutesto all destinationstall times,regardlesof whether
they are needed.An exampleof pro-actie protocolis DSDV [PB94]. In DSDV eachnodemaintainsa
routing tablethatlists all available destinationsandroutesto them. Eachnodeperiodicallybroadcastshe
routing tableto its neighborswhich incorporatethat informationinto their own tables. AODV [PR99]is
anon-demandxtensionof DSDV. This protocolis trying to minimize the numberof routing tableupdates
by spavning broadcasimechanismon need-to-kner basis. When a node needsto find a destinationit
broadcastarouterequespaclet. This pacletis floodedthroughouthe network andeachforwardingnode
storesthe nodeaddresgrom which it camein their routing table. The routerequesipaclet eitherreaches
the destinatiomodeor a forwardingnodewith anunexpiredrouteto the destination.This nodesendsback
a route reply paclet which follows the reversedroute to the source. This paclet is also usedto update
routing tablesof forwarding nodes. The sourcenodeis now readyto senddatapaclets that follow the
routeto the destinationprovided by eachforwardingnode. DSR [JM96] implementsa similar stratgy to
AODV. In this protocol, howvever, the full routeto the destinationis encodednto the route request/reply
paclet, andlater storedat sourceandcopiedinto datapaclets. Datapacletsthuscontaina completeroute



to the destinationin their headersanddo not rely on forwarding nodesto provide this information. The
disadwantages higherrequiremenbn memoryatnodesandbiggersizeof routerequest/replypacletsasthey

encapsulatéhecompleteroute. TORA [PC97]is anexampleof a distributed on-demandoutingalgorithm.
This protocol hasan advantageof localizing algorithmicreactionwhene&er possible. Routeoptimality in

this protocolis consideredf secondarymportance.A comprehense surwey of variousrouting protocols
canbefoundin [RS96]. Performanceomparisorof variousrouting protocolsfor ad-hocnetworks canbe
foundin [BM+98].

Recently mary researcheradwcateduseof the Global PositioningSystem(GPS)in efficient routing.
Basedon GPScoordinatesn LAR schemel andscheme [KV98] theauthorscomputeazonewithin which
thedestinatiomodeis believedto belocated.This approactdecreasesutingoverheacandcommunication
compl«ity. Theforwardingschemeof LAR is similarto DSR, however, theintermediatenodesareallowed
to forwardrouterequespacletsonly to neighborsn thezone.

In this paper we considerthreewell known routing protocols: (i) Dynamic SourceRouting Protocols
(DSR)[IM9q], (ii) Ad-hocOn-demandistanceVectorRouting(AODV) [PR99]and(iii)) Location-Aided
Routing (LAR) Schemel [KV98]. Similarly we considerthreewell knovn MAC layer protocols: (i)
CSMAJCA, (iiy MACA and(jii) 802.11°

Many mobility modelsfor ad-hocnetworks simulationshave beenproposed. Theseinclude the ran-
domwaypointmodel [JM96], randommobility model[ZD97], and exponentialcorrelatedrandommodel
(ECRM)[RS98]. Thefirst two specifymovementfor individual nodeswhereaghe ECR modelis a group
mobility model. It specifiesmaovementof a group of nodesin a correlatedway. This model provides a
morerealisticmodelfor nodemovement.A moresophisticatednodelis the RefeencePoint GroupMobility
(RPGM)model[HG+99. See[HG+99, BCSW98,RS96,RS98]for a comprehensk discussiorof other
mobility models.

2 Our Contributions

We conducta comprehense simulation basedexperimentalanalysisto characterizethe interactionbe-
tweenMAC protocols,routing protocols,nodes’speedandinjection ratesin mobile ad-hocnetworks. Our
work is motivatedby the earlierwork by Balakrishnaret al. [Ba98 KKBO00], EphremidedEp02], Gerla
etal. [GK+00] who studiedtheinteractionbetweertransporiayerandthe MAC layerandtherecentresults
by Royeretal. [DP+, DPR, RLPO(Q thatnotetheinterplaybetweerRoutingandMA C protocols.In [DPR],

the authorsconcludeby saying— “This observationalso emphasizethe critical needfor studyinginterac-
tionsbetweerprotocollayers whendesigningwirelessnetworkprotocols”.

This paperaimsto undertak preciselysucha study We employ threedifferentmobility models:(i) grid
mobility modelthatsimulateanovementof nodesn atown with grid architecture(ii) therandomwaypoint
mobility modelthatapproximatesnobility in squareareabut the directionalityanddurationis random,and
(i) the exponentialcorrelatedrandommobility model [RS98] that approximatesnovementof groupsof
nodesin a squarearea. The modelsareall qualitatvely different. At one extremeis the randomwaypoint
movementmodelwith no predictablenovementwhile ontheotherextremeis the ECRmodelwherepoints
form clustersandtheseclustersmove in fairly deterministidashion.Thegrid mobility modelis someavhere
in themiddle.

The following termsare usedinterchangeablyn this document:IEEE 802.11DCF and802.11,LAR Schemel andLAR1,
ECRMandECRModel.



Apart from mobility patternswe study the effect of MAC protocols,routing protocols,nodes’speed
andinjection ratesof pacletson the systemperformance More detailson the input variablesarelistedin
Figure6.

Our evaluation criteria consistsof following basic metrics: (i) Latency: Averageendto end delay
for eachpaclet asmeasuredn secondsandincludesall possibledelayscausedy buffering during route
discorery, lateng, queuingandbacloffs, (ii) Total numberof padetsreceived:(andin somecasegaclet
delivery fraction) (i) Long term fairnes$ of the protocols,i.e. the proportionalallocationof resources
givento eachactive connection. Eachof the input parametersand the performancemeasuresonsidered
herehave beenusedin oneof the earlierexperimentalstudies|DP+, BM+98, KV98, RLP0Q RS98]. We
briefly commenton the parameterghosenin [DP+, RLP00] sincethe two studiesare closestto the onein
this paper The authorsconsidertwo parameterghat are not variedin this simulation: (i) Pausetime in
movementmodelsand (ii) total numberof connections.In our casethe pausetime is alwayszeroandthe
numberof connectiongypically keptat 2. Insteadwe vary (i) theinjectionrate,(ii) movementmodelsand
(iif) speedof nodes.Basedon the discussiornin [DP+], a pausetime of zeroandour injection rateswhich
startat.05seconcandup imply thatour scenariosnightbe consideredstressful”. Most of ourresultsagree
with their generaffindingsin thisregime.

Eachcombinationof the input variable corresponddo a scenario We usefour input variables,each
with threedifferentlevels, which resultsin total numberof 3* = 81 scenarios.We ran eachscenariol0
timesto getareasonablesamplesizefor statisticalanalysis. This resultedin 810 runs. We constructe
basicexperiments:eachcorrespondindo one of the mobility models. For eachof thesemobility models,
we have 81 scenariosand 810 runs. In our experiments,we make two importantobserations: (i) All
parametergonsiderechereareimportantand cannotbe ignored Specifically the resultsshav that two
andthreeway interactionsare quite common; also, the interactingvariablesdiffer for differentresponse
variables(performancaneasure).Thusomitting ary of theseparameterss not likely to yield meaningful
conclusions(ii) Thevariationin parametersepresentsealisticpossibilities. Othercloselyrelatedstudies
have alsoconsideredimilar parametersSee[RLP00,DPR, DP+, BM+98§].

Giventhelarge numberof variablesinvolvedi.e. MAC protocol,routing protocol,injectionrate,nodes’
speed,mobility and several levels of eachvariables,it is hardto derive ary meaningfulconclusionsby
merelystudyingplotsandtables.In orderto effectively dealwith the combinatorialexplosion,andto draw
conclusionswith certainlevel of precisionandconfidencewe resortto well known techniquesn statistics
that can simultaneouslyand effectively handlesuchdatasets. We setupa factorial experimentaldesign
andmeasurdahe responsef 3 importantresponses/ariables(outputmetrics). We useanalysisof variance
(ANOVA) to performstatisticalanalysis. A methodologicatontrikution of this paperis theuseof statistical
methodsto characterizehe interactionbetweenthe protocols,injection ratesand speed Even thoughit
is widely believed thattheseparameterinteractin affecting the performancaneasureto our knowledgea
formal studysuchasthe oneundertaken in this paperhasnot beenpreviously done. The simple statistical
methodsusedherefor analysisof network/protocolperformancenodelingare of independeninterestand
canbeusedin severalothercontets.

While intuitively it is clearthat differentlevels in the protocol stackshouldaffect eachotherin most
casesto thebestof our knowledgea thoroughunderstandingf this interactionis lacking. The only related
referencesn this directionthatwe areawareare[Ba98 KKB00, GK+00,RLP00,DP+,DPR]. In [KKBO0O],

"Later, ary referencdo fairnessmplieslong termfairness.
8Thestatisticaltechniquesisedin this paperarewell known androutine;but to our knowledgehave not beenpreviously applied
in our setting.



theauthorsconsidered CP/IPprotocolanddevisedanelegantsnoopprotocolthatconceptuallysitsbetween
the transportlayer and the network layer to overcomethis problem. They also point out how shortterm
fairnessof the MAC can affect the TCP/IP performancewnhich in turn canaffect the overall performance
of the communicatiorsystem.In [RLP0O] the authorsconsideregerformanceof routing andthe effect of
MAC layerson routing protocols.Our resultscanbe viewed asfurtheringthe studyinitiatedin [RLPOOP in
thefollowing ways:

1. In [RLPOO], the authorsconsidera multitude of routingandMAC protocolsasconsiderechere. But
theauthorgdid not considesimultaneouslyheeffect of injectionrates spatiallocationof connections
andmobility modelsin characterizinghe interaction. As our resultsshav eachof theseparameters
play asignificantrole in characterizingnteraction.

2. Statisticalmethodgo characterizendquantifyinteractionsbetweerprotocolshave not beenconsid-
eredprior to this paper Moreover, we characterizehe interactionnot only betweenthe MAC and
routing protocolsbut alsobetweerotherinput parameterandshawv thatin mary casesaresignificant.

3. In [RLPO0O], the authorsleaveopenthe questionof characterizingthe interplay betweerOn Demand
Routingprotocolsand MAC protocols. This papertakesthefirst stepin this directionandconsiders
AODV and DSR (both of which are on demandrouting protocols). Our findings shav that these
protocolsexhibit differentlevelsof variationsdueto MAC protocols.

4. Finally, the papemotonly aimsto studythe effectsof MAC layeronroutinglayerbut alsostudieshe
effect of routing layeronthe MAC layer Theresultsshav thattheinteractionis bothways: routing
layersaffect MAC layersandMAC layersaffect routinglayers.

2.1 Summary of Experiment SpecificResults

We first summarizeesultsspecificto eachexperiment.

Experiment 1. Grid mobility model. CSMA and MACA did not performwell. For MACA, this was
accompanieavith anextremeincreasan MAC layer control pacletsgeneratedinteractionbetweenMAC
androuting layer protocolsis quite apparent.Control paclets at the routing layerin mary casedailedto
deliver therouteto the source.This wasespeciallytrue at higherspeedsvhichis consistentvith the earlier
experimentaktudiedDP+, BM+98, KV98, RLP0Q RS98]. This causedhedatapacletsto spendnordinate
amountsof time in the node buffers and their subsequentemoval due to time outs. Numberof control
pacletsfor 802.11wasalsoextremelyhigh andvariedunderdifferentrouting protocols.Yetit is fair to say
thatit performedsubstantiallybetterthan CSMA andMACA at low speeds.As for the routing protocols,
AODV performedbetterthanDSR, or LAR schemel — demonstratingin advantageof distributed routing
(AODV) informationhandlingover centralized DSR).

Experiment 2: Random waypoint model. This experimentillustratedthe differenceas measuredy re-
sponsevariablesbetweemmodelsin which movementof nodesis correlatedn someway versusmodelsin
which the nodemovementis by andlarge random. The temporalvarianceof individual nodedegreesand
connectvity is quite high. As a result, the performanceparametergxhibit the worst behaior underthis
movementmodelas comparedo othermovementmodels. CSMA and MACA performedpoorly. Perfor
manceof 802.11dependean therouting protocolused,andperformedbestwith AODV.

®We arenot awareof othersuchstudiesin theliterature.



1. Grid Mobility Model

(a) Latency: Significant3 way interaction— Routing protocols, Transceier (node)speedsand the MAC
protocolsinteractsignificantly

(b) Number of packetsreceved: Significant4-way interaction— Routing protocols, Transcever speeds,
Injectionratesandthe MAC protocolsinteractsignificantly

(c) Fairness:2kindsof 2-way interactions- Routing/MAC protocolsandMAC protocols/Injectiomatesare
significant.
2. ECR Mobility Model
(a) Latency: Significant3 way interaction— Routingprotocols,Transcever speedsaandthe MAC protocols
interactsignificantly

(b) Number of packetsreceved: All 2-way interactionsexceptRoutingprotocols/InjectiomatesandRout-
ing protocols/Tanscerer speedsaresignificant.

(c) Fairness: Only Routing protocolsand MAC protocolsinteract. All otherinteractionsare completely
insignificant.

3. Random Waypoint Mobility Model

(a) Latency: Unlike the first two mobility models,thereis no 3-way interactionwhenlatengy is usedas
theresponseneasureAmong2-way interactionsthe only significantonesareMAC protocols/Injection
rates,Routingprotocols/TanscererspeedandRouting/MAC protocols.

(b) Number of packetsreceved: All 2-wayinteractionsaresignificantexcepttheinteractionbetweerRout-
ing protocolsandTranscever speeds.

(c) Fairness:Theonly 2-way interactionghataresignificantare MAC protocols/Injectiorratesand Rout-
ing/MAC protocols.

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

Experiment 3: Exponential correlated random model. ECRM represents mobility modelthat keeps
relative distancesf nodeswithin a group roughly constant.Moreover, the nodaldegreeand connectiity
characteristic®f nodeswithin a groupstayroughly the sameandthis featurepositvely influencesperfor
mance.Performancef 802.11with this modelis very good,andperformancesf MACA shaws significant
improvementover the randomwaypointmodel. Performancef CSMA is againvery poor The correlated
movementof nodeswithin a group facilitatedrouting and decreasedhe numberof control paclets at the
MAC aswell astheroutinglayer

2.2 Broad Conclusionsand Implications

1. The performanceof the network varieswidely with varying mobility models,paclet injection rates
andspeedsandcanin fact be characterizedsfair to poor dependingon the specificsituation. No
singleMAC or routing protocol,aswell as,no singleMA C/routingprotocolcombinationdominated
the otherprotocolsin their respectie classacrossvariousmeasuresf performanceNeverthelessin
generaljt appearshatthecombinatiorof AODV and802.11is typically betterthanothercombination
of routingandMAC protocols.Thisis in agreementvith theresultsof [DP+, RLP0O].

2. MAC layerprotocolsinteract with routinglayer protocols.This conceptwhich is formalizedin Sec-
tion 3 and 5 impliesthatin generalit is not meaningfulto speakabouta MAC or a routing protocol
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in isolation. SeeFigurel for asummaryof resultsoninteractions Suchinteractiondeadto trade-ofs
betweenthe amountof control pacletsgeneratedy eachlayer More interestingly the resultsraise
the possibility of improving the performanceof a particularMAC layer protocolby usinga cleverly
designedouting protocolor vice-versa.

3. Routingprotocolswith distributed knowledgeaboutroutesare more suitablefor networks with mo-
bility. Thisis seenby comparinghe performancef AODV with DSRor LAR schemel. In DSRand
LAR schemel, informationabouta computedpathis beingstoredin the route query/replycontrol
paclet.

4. MAC layerprotocolsshav varying performancdor variousmobility models.It is notonly speedhat
influenceghe performancéout alsonodedegreeandconnectiity of thedynamicnetwork thataffects
the protocolperformance.

3 Characterizing Interaction

An importantresearchguestionwe study is whetherthe four factorsi.e. routing protocol, nodes’speed,
MAC protocolandinjection rate interactwith eachotherin a significantway. Of particularinterestis to
characterizéheinteractionbetweerthe MA C andtheroutingprotocols.

Variable Interaction. Statistically interactionbetweenwo factorsis saidto exist wheneffect of afactor
ontherespons&ariablecanbe modifiedby anotherfactorin asignificantway. Alternatively, in thepresence
of interactionthemeandifferencedbetweerthelevelsof onefactorarenotconstanaicrosdevelsof theother
factor We illustratethis by a simpleexample.Supposeave wantto know if injectionrateandspeedf nodes
interactin affecting the numberof pacletsreceved. The dependenbr responsevariableis the numberof
padetsreceived Theindependenvariables(factors)areinjection rate and speedof nodes The goalis to
testif thereis interactionbetweennjectionrateandspeedf nodes.

Our main concernis not if the numberof paclets receved differs betweendifferent speedlevels or
whetherthe numberof pacletsreceved differs betweenow andhigh injectionrates. Our main concernis
to determindf oneinjectionrateperformsrelatively better(in termsof numberof pacletsreceved)thanthe
otherfor differentspeedevels. In otherwords,is thereinteractionbetweennjectionrateandthe speedof
nodes. If the differencebetweenthe meannumberof pacletsreceved is the samefor all speedevels for
bothinjectionrates thereis nointeractionbetweerinjectionrateandnodes’speedFigure2(a)conceptually
shows absencef interactionbetweerthe injectionrateandspeedf nodes:°

However, if the meandifferencein numberof pacletsrecevedfor differentspeedevelsis significantly
differentfor high injection ratesversuslow injection rate, an interactionbetweeninjection rate and speed
of nodesis saidto exist. Figure2(b) conceptuallyshavs the presencef interactionbetweerthe injection
rate and speedof nodes. Tablel illustratesthe conceptvia the datacollectedfrom our simulations. The
first threerows of the table shav that the differencebetweenthe meanvalue of paclets receved at high
andlow injectionratesis very differentfor thethreespeedevels. The F-testwhich is explainedlaterfinds
this differenceto be statisticallysignificantand hencewe concludethat speedandinjection ratesinteract
whennumberof pacletsis usedastheresponse&ariable.In otherwords,onecannotexplainthevariationin
numberof pacletsby consideringeachof theseparametersdividually; it is thecombinatiorof thevariables

®Thereis no realdataplottedfor Figure2. It is shavn justfor illustrative purpose.
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Figure2: Interactionlevelsbetweerinjection RateandSpeedf Nodes

Speed| Low Inj | HighInj | Diff in High-Low In;.
MeanNumberof PacketsRecd.
10m/s| 28.17 12.52 15.65
20m/s| 18.51 8.39 10.12
40m/s| 11.12 474 6.38
MeanValueof Lateny
10m/s| 0.61 0.81 0.20
20m/s| 1.21 1.28 0.07
40m/s| 2.02 1.91 0.11

Tablel: Thistableshavs the meanvalueof the responsevariablefor high-low injection ratesanddifferent
speedf thenodes.Theinteractionis foundto besignificantin caseof responseariablenumber of packets
receved but insignificantin caseof latency.

thatis important. The secondpart of Table1l shavs the meanvalueof lateng. The differencein the mean
value of lateng at high andlow injection ratesis insignificantaccordingto the F-testat differentspeed
levels which implies that thereis no interactionbetweenspeedandinjectionrateswhenlateng is usedas
theresponseariable.

Algorithmic Interaction. In the contet of communicatiometworks, we alsohave anotherkind of inter
action— algorithmicinteraction.Suchan interactionexists betweenwo protocols(algorithms)operatingat
individual transceter nodesof a communicatiometwork. Herewe usethe word interaction to meanthat
the behaior (semanticspf a protocolat a given layerin the protocolstackvariessignificantlydepending
uponthe protocolsabore or below it in the protocolstack. Note thatin contrast,speedandinjectionrates
are variablesandthe value of one remainsunchangedvhenwe changethe value of the other Algorith-
mic interactioncanbe more subtle. First, the changein a responsevariableis a resultof the complicated
causaldependenciebetweenthe two protocolsA and B that mutually affect eachother Secondsomeof
the effectsof this interactionmight be measurablavhile othereffectsmight not be directly measurablefor
instancejn caseof routing protocolsalthoughthe routing pathsneednot have commonnodes they might
causenteractionbetweentwo MAC protocolsoperatingat distincttranscerers (thatarenot neighbors)as
a resultof long rangeeffects. Theseeffects cantypically be producedthroughintermediatesequencef



routing paths.To make mattersmorecomplicateda routingprotocolat a given nodeinteractswith arouting
protocolatanothemode. Thuswe have interactionbetweeni) two routing/MAC protocolsrunningat two
distinct and not necessarilyadjaceninodesand (i) a MAC anda routing protocol running at the sameor
distinctnodes Weillustratethis via our simulationexperiments.

Example 1. Intuitively, it is clearthatthe specificrouteschoserby the routing protocolaffectsthe perfor
manceof the underlyingMA C protocols.In this section,we try to understandhis effect further First note
that althoughthe routing pathsneednot have commonnodes,they might be closeenoughso asto cause
MAC protocolsat nearby transceiersto interact. Considerthe following settingillustratedin Figure 3(a).
We have shavn threepathsfrom 1 to 2 and similarly threepathsfrom 3 to 4. The pathsl — 6 — 2 and
3 — 5 — 4 arecompletelynon-interfering.Paths1 — z — 2 and3 — z — 4 sharethenodex andthusclearly
interfere. Thepathsl — y — 2 and3 — z — 4 areinteresting.Thesepathsdo not sharenodesbut influence
eachotherin thaty andz cannotsimultaneouslyransmitunderthe radio propagatiormodel. Figure 3 (b)
shawvs a simplegrid. We have two connectionspoth runningfrom left to right. Oneconnectionis at the
top of the grid andthe otherconnectionis at the bottom of the grid. (A) An exampleof a situationwhen
the routing protocolfound the shortestpath. Thus,therewasno interactionbetweerthe two pathsshavn
with theactualhops.The MAC layertransmittedall 1,000pacletsperconnectiorandthelateny was0.017
seconds(B) lllustratesa situationwhenthe routing protocolfoundareally badroute. Out of 1000paclets,
the upperconnectiorreceved only 2 pacletsandthe lower connectiorreceved 993 paclets. The lateny
was0.17sfor the upperconnectiorand0.014sfor the lower connection.(C) This shaws situationthatlies
in betweenthe previoustwo situations.Packetsreceved for the upperandlower connectionsvere425and
983respectiely. Thelateny for the upperconnectiorwas0.028sandfor thelower connectiorD.0175s.

Example 2: We shav the interactionbetweenMAC androuting layer The interactionis measuredy the
variationin thenumberof control pacletsgeneratedby eachlayer In this examplewe considertwo routing
protocols:AODV andDSR andtwo MAC protocols:MACA and802.11.Interestingly quantifying CSMA

interactionis somevhathardersinceit doesnot generatery controlpacletsperse.We couldhave usedthe
numberof back-ofs asa proxy variablethough. For illustrative purposesthe experimentsveredoneon a
staticgrid. This allows usto shav a spatialdistribution of control pacletsandthusamgueaboutlong range
interactions.The network is shawvn in Figure 3(c). Thereis atransmitterat eachgrid point which hasthe
samerange.Figure3(c) shavs therangefor oneof thetransmittervia a dottedquartercircle. Therearetwo

connectionsThefirst connectiorstartsatnode(1,0) andendsatnode(1, 6). Thesecondconnectiorstarts
atnode(5,0) andendsatnode(5, 6). We considerfour combination®btainedby usingMACA and802.11
asMAC protocolsandAODV andDSRasroutingprotocols.Figure4 shavs two differenttypesof plotsone
for eachcombination(8 plotsin total). The quantitiesplottedare: (i) distribution of MAC overheadpaclets
and (ii) distribution of routing overheadpaclets. Fromthe figuresit is clearthatthe differentcombination
yield differentlevels of overhead.This phenomenoiecomesnorepronouncedn the presencef mobility

asshawvn in Section6. We have also plotted a spatialdistribution of thesecontrol paclets producedat
eachnode.Figure5 shavs examplesof MAC/routingoverheador threedifferent(MAC, Routing)protocol
combination.The squaregrid is representeth the (X, Y')-planeandthe the heightof the barsdenoteghe
averagenumberof MA C/Routingcontrolpacletsgenerate@dver 10runsateachtranscerer. Interestinglyas
thefiguresshaw, therouting protocoltriesto discorer non-interferingpaths. The otherplotsareomittedbut

canbeobtainedrom theauthors.Theresultsclearlydemonstrat@rotocollevel interaction.They alsoshav

that the spatialdistribution of the overheadpacletsvary; this aspects harderto demonstratéor dynamic
networks.
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Figure3: (a) and(b): Illustrationof Examplel. (a) lllustrating schematicallythe effect of routing pathson
MAC layer protocols. (b) Figureillustrating the differentpathsusedby a routing protocol. (c) Setup for
Experiment2. Thefirst figure schematicallyillustratesthe connectvity of the graph. For clarity only the
edgedncidenton thenode(0, 0) areshavn. Thedottedarc shavs thetransceier’s radiorange.

The resultsshawv that the routing protocol can significantly affect the MAC layer protocolsandvice-
versa. The pathstaken by the routing protocol, inducea virtual network by exciting the MAC protocols
at particularnodes. Corversely contentionat the MAC layer can causea routing protocolto respondby
initiating new routequeriesandrouting tableupdates.Combinedwith the resultsof [KKB0O, RLPOQ], our
resultsshawv thatdiscussioraboutthe performancef a MAC or arouting layer cannottypically be carried
out without puttingit in context of the otherprotocolsin the stack. Moreover giventhe randomizechature
of the protocolsand constantmovementof transcerers in an ad-hocernvironmentmalkes the problemof
engineeringheseprotocolssignificantlyharder

4 Experimental Setup

Wefirst describehedetailsof theparametersised.Theoverview of theparametersanbefoundin Figure6.

4.1 Measuresof Performance

The independen{input) variablesare (i) Routingprotocol, (i) MAC protocol, (iii) Nodes'speedJiv) In-
jectionintenal (rate) for the paclets and (v) Network topology (dynamically changingover time). The
following piecesof information (also calledthe dependenvariable)were collected: (i) Lateng: Average
endto enddelayfor eachpacletasmeasuredn secondsin includesall possibledelaysdueto routediscor-
ery, queuingor bacloffs, (i) Ratioof numberof pacletsreceivedto numberof pacletsinjectedin percentage
points,(iii) Longtermfairness:Assignmenbf resources$o connections.

We usedtwo connectionsn our analysis. Also we considera fixed simulationarea. In Section7, we
discusoourresultswhenthesewo parameterarevaried. Averagenumberof pacletsrecevedandlateny is
simply measure@sarithmeticmeanover 10 or 30independensimulationruns. Thetotalnumberof samples
persimulationrun wasproportionalto the numberof connectionsWe compute(long term) fairnessatio ¢
for eachsimulationrun asallocationbetweenthe connectionwith the highestnumberof pacletsreceved
andthethe sumof pacletsreceved for the remainingconnectionsMore formally, let n denotethe number

10



Injection rate 0.05 second Injection rate 0.05 second

35 35

802.11/A0DV —— 802.11/A0DV ——
o 0 ! 802.11/DSR - ) o 0 802.11/DSR - )
2 25 | MACA/DSR = 2 25 MACA/DSR =
c | c A
IS | < \ /&
E 20 “:“ g 20 \ : N
G | 5 \
g 15 i g 15 X
i B *

g 10 “.‘\ u § 10
z i| 5 z

5 ‘:“\ VAR X 5 / e

0 W\ e B B e 0 ; T I

0 500 1000 1500 2000 2500 3000 3500 4000 0 2 4 6 8 10
Number of MAC layer control packets Number of routing layer control packets

Figure4: Figureshaving the MAC androuting overheadpaclet distribution for Example2. The overhead
is plotted as numberof nodeswith a given numberof routing or MAC layer paclets. For example,the
right handfigure shaws that for the combinationof 802.11and AODV therewere 31 nodesthat produced
two routing control paclets,andthattherewasno nodethatwould produce4 routing control paclets. The
network is asshavn in Figure3 (c). Eachfigure consistsof four plots: onefor eachMAC/routingprotocol
combination. The left plot shavs the MAC overheadpaclet distribution, the right plot shavs the routing
overheadbaclet distribution.

802.11/A0ODV MACA/AODV 802.11/AODV

0.025 —— 0.025 —— 0.025 ——

Figure5: Figureshawving the spatialdistribution of the control overheadior Example2. The network is as
shawvn in Figure 3 (c). All the plots arefor injection rate of 0.025seconds.Left: Resultsfor MAC layer
overheadfor (802.11,A0DV). Center. Resultsfor MAC layeroverheador (MACA,AODV) combination.
Althoughthenumberof MAC overheadhacletsappearsow, it is becaus¢hepercentagef pacletsdelivered
using this combinationis substantiallylower than whatis delivered using (802.11,A0DV) combination.
Right: Resultsfor Routinglayer overheadfor (802.11,A0DV) combination.
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of connectionslet p; be the numberof pacletsreceved by connectioni, let p,,a. = maz{p1,...,pn},
andlet £ denotea connectionsuchthat pr, = pn.: theng = %. It follows thatary deviation
from ¢ = 1 representsan inequitableallocation of resources.Forjn = 2 this ratio reducesto p; /p2 or
p2/pl. Notethatfor our simulationstherehasnever beena casethatp,,,,; = 0 andg wassetto 100.0 in the
rare casesvhenthe denominatorequaledzero. Moreover, connectionsiever sharedsinksor sourcesj.e.,
{sourcey,...,source,} N {sinki,...,sink,} = (). Fairnessesultsin the form of graphs® werefurther
adjusted.In casethatqg > 6.0 we setq = 6.0 to emphasizesmallervaluesandsubsequentlyhis interval
wasnormalizedinto (1, 2) intenal. Finally, averagefairnessfor » simulationrunsis % > iy ¢ whereg; is
the adjustedand normalizedfairnessfor the ith simulationrun. In a few casedor n = 2 we have plotted
the averagefairnessso that the resourcesassignedo Connectionl and Connection2 could be uniquely
identified. The resultare graphswhereq was normalizedinto (1,2) intenal if p; < ps andinto (0, 1)
intenal otherwisewheredeparturdrom ¢ = 1 towards2 or 0 meansaninequitableassignmenof resources
with respecto Connectionl or 2.

Additionally to the basicperformancemeasuresve have computeddistributions of nodedegrees.This
kind of distribution is importantfor understandinghe variability in this measureTheresultinggraphsshov
adependencbetweeragivennodedegreeandits occurrencdor » nodesn absolutderms. Thedistributions
of MAC or routinglayercontrol pacletswerecomputedasdependenciesetweera givennumberof control
paclets andthe numberof nodesusingthe given numberof control pacletsfor establishingaccesdo the
mediumor engagingin route acquisitionprocedures.As beforethe y-axis shawvs the numberof nodesin
absoluteterms. On the contraryto the variousdistributions describedust above we have computedthe
spatialdistributions of MAC or routing layer control pacletsasan averageover v simulationruns. Spatial
distributions uniquelytie a given averagenumberof control pacletsusedto the geographicapositionof a
node. Obviously, spatialdistributionscould only be computedor staticnetworks. The total of MAC layer
controlpacletsfor anodewascomputedasa sumof controlpacletssentout, i.e. for 802.11a sumof RTS,
CTSandACK paclets,andfor MACA a sumof RTS andCTS paclets. Thetotal of routing layer control
pacletswascomputedasa sumof RREQandRREPfor AODV, andRREQ,RREPandRERRfor DSRand
LAR schemel. Theaveragenumberof controlpacletsfor anodewascomputedasanarithmeticmeanover
u Simulationruns.

4.2 Mobility Models

Grid Mobility Model: Thesetupof this experimentis a grid network of 7 x 7 nodes.Thegrid unitis 100
meters. Thereare 49 nodesthat are positionedon the grid. SeeFigure7(a). The mobility modelfollows
movementin anareawith grid architecturei.e.,nodesat (7, ) move only to oneof the4 adjacengrid sites.
If anodereachesa boundaryit is reflectedbackandcontinueso move with the samespeed.Let thenode
IDs rangefrom 0 to 48; the IDs areassignedow wise startingfrom thetop andfrom left to right.

The movementof the nodesis describedquite simply. Let 0 < k < 48. Nodesbelongingto the
equialenceclass0 = k(mod 4) startmoving to the South,nodesbelongingto the classl = k(mod 4)
startmoving to the North, nodesbelongingto the class2 = k(mod 4) startmoving to the Eastandnodes
belongingto the class3 = k(mod 4) startmoving to the West. Whena nodereacheghe endof the grid,
movemenbf thenodeis reversed.Thisis essentiallyeflectingtheboundaryconditionasopposedo periodic
boundaryconditionusedin mary othercontexts. We run the simulationwith threedifferentnodespeeds:

HFor statisticalanalysisthe ratio hasnot beenfurther adjustecor modified.
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10.
11.
12.
13.

Network topology: We describethe experimentspecifictopologiesin respectie sections.
Number of connections:We usetwo connections.

Routing protocols: AODV, DSR,LAR schemel. Thesearedenotedby R;, 1 < i < 3. Thesetof routing
protocolswill be denotedby R. The routing protocolswere chosenbasedon the recommendationsadeby
[DP+, JL+0( afterundertakinga detailedexperimentaktudyof recentrouting protocols.

MAC protocols IEEE 802.11DCF, CSMA and MACA. Theseare denotedby M, 1 < k < 3. The
setof MAC protocolswill be denotedby M. Again the choiceof theseprotocolsis basedon the studyin
[RLPOQ, WS+97.

Thesizeof physicalareasimulatedwas600 x 600 meters.

Speedof nodes 10m/s,20m/sand40m/s? Thesearedenotedby S;, 1 < j < 3. Thesetof all speedwill be
denotedoy S.

Injection rates: low (0.05second)medium(0.025secondlandhigh (0.0125second).Theinjectionratesare
denotedby I;, 1 < I < 3. Thesetof injectionrateswill bedenotedby I. Theinitial paclet sizewas 256
bytes,theinitial numberof pacletswas2,000,andtheinitial injectioninterval was0.05second Eachtime the
injectioninterval wasreduceddy afactorof 2, we alsoreducedhepacletsizeby afactorof 2 butincreasedhe
numberof pacletsby afactorof 2. For example,if theinjectioninterval washalvedto 0.025secondghenthe
new pacletsizewas128bytesandthe nen numberof pacletswas4,000.This allowedusto keeptheinjection
atinputnodesconstantat40,960bits persecond.

Simulation runs: 10 runsfor ary combinationof input parameters.

The bandwidthfor eachchannelwassetto 1Mbit. Otherradio propagatiormodeldetailsare asfollows: (i)
Propagatiorpath-lossmodel: two ray (i) Channelbandwidth: 1 Mb (iii) Channelfrequeny: 2.4 GHz (iv)
Topography:Line-of-sight(v) Radiotype: Accnoise(vi) Network protocol: IP (vii) Connectiontype: UDP
(viii) In-banddataandcontrol,i.e., asinglechannefor bothdataandcontrolpaclets.

Simulator used: GloMoSim[BT+99].
Thetransmissiomangeof transcererwas250 meters.
Thesimulationtime was100seconds.

Hardware usedin all caseswasa Linux PC with 512MB of RAM memory and a 500, 850, or 1000 MHz
microprocessor

®m/sstand€or meterspersecond.
PEachsimulationrunwith anindependensimulationseed.

Figure6: Parametersisedin the Experiments.
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10m/s,20 m/s,40 m/s.

Random Waypoint model: The setupof this experimentis againa grid network of 7 x 7 nodes.Thegrid
unit is 100 meters. Thereare 49 nodes(numbered to 48) thatare positionedon the grid. In this model,
nodesmove from the currentpositionto a nev randomlygenerategbositionat a predeterminedpeed After
reachingthe new destinationa new randompositionis computed. Thereare no stop-wers (pauses)j.e.,
nodesstartmoving immediatelyto a new destination.This setupis depictedn Figure7(b).

ECR Model: Thesetupof thisexperiments anareaof 600 x 600 metersontowhichwe uniformly randomly
position49 nodes.Let the nodesbe numberedrom 0 to 48 in the orderthey arepositionedin thearea.We
divide the nodesinto four groups.Nodesbelongingto theclass) = & (mod 4) form thefirst group,nodes
belongingto theclassl = k (mod 4) form the secondgroup,nodesbelongingto theclass2 = k (mod 4)

form the third group, and nodesbelongingto the class3 = & (mod 4) form the fourth group. The setup
is shavn in Figure 7(c). The four groupsfollow the exponentialcorrelatedrcandommodeldescribedy an
equationof theform x(t + 1) = x(t)el"/™) + s - o - r - /1 — e(=2/7) where: (i) x(¢) is the position(r,

«) of agroupattimet, (i) 7 is atime constanthatregulatesthe rate of change(iii) o is the variancethat
regulatesthe varianceof change(iv) s is the velocity of the group,and(v) r is Gaussiarrandomvariable.
Let y; bethe orientationof the velocity vectors for the ¢-th group. The orientationis assignedasfollows:

thefirst group- souththesecondyroup- north,thethird group- eastthefourthgroup- west.Shouldanode
reachboundarief the areaits orientationis reversed. After all nodes’orientationis reversed,the group
startsmoving to the oppositedirection.

@) (b) (c)

Figure7: (a) Grid mobility and(b) RandomWaypointModels.We position49 nodesontoa 7 x 7 grid. The

nodesarenumberedrom thetop left cornerin row wise order Thefigure givesanexamplefor four chosen
nodes.Movementfor othernodesis not shavn. Therearetwo connectionsthe first onefrom the top left

cornerto the bottomright corner andthe secondone from the top right cornerto the bottomleft corner

(c) Exponentiakorrelatedandommobility. We position49 nodesuniformly ontoa 600 x 600 metersarea.
The nodesarenumberedn the ordertheir randompositionis computed. The startmovementdependon

assignmenof thefour groups.

Network topologyis characterizedsa simpledistribution of nodes 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 insightinto the evolution of
network’s topologyovertime.
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5 Statistical Analysis

We setup a statisticalexperimentto evaluatethe performancef thefollowing four factors;the MAC proto-
col, routingprotocol,theinjectionrateandthe speedat which thenodesaremoving in thenetwork. Eachof
thesefour factors(variables)have threelevels (valuesthe variablestake). Thevariablesandtheir levelsare
givenin Section2.

In this study we analyze,if the four factors,interactin their effect on the performanceaneasure.We
performthreedifferentanalysispnefor eachperformanceneasurdo obsere theinteractionamongfactors.
We performa differentsetof experimentsfor eachof the mobility models. Our generalimplicationsare
summarizedn Figurel.

5.1 Experimental Setupfor the Statistical Analysis

Eachsetof experimentutilizes threedifferentcombinationsof MAC protocol, routing protocol,injection
rateandthe speedthusyielding 3* = 81 differentscenariogor eachmobility model.

Approach We first constructa matrix of 4 dummyvariables.For eachfactorwe createa dummyvariable.
This variabletakesa value 1, 2 and 3 for the threelevels of the factor For example,the dummyvariable
for MAC protocol, takes a value 1 whenerer 802.11is being usedto calculatethe performancematrix,
value 2 whenerer CSMA protocolis beingusedand value 3 whenerer MACA is being usedto calculate
the performancamatrix. For the routing protocolvariable the dummytakesa valueof 1 whenaeer AODV
protocolis being usedand value 2 whene&er DSR is being usedand value 3 wheneer LARL1 is being
usedto calculatethe performanceanatrix. Similar dummiesarecreatedor the injection rateandthe speed
variables. To detectinteractionsbetweenthe factors,we usea statisticaltechniqueknowvn asthe analysis
of variance(ANOVA).12 ANOVA is usedto studythe sourcesf variation,importanceof differentfactors
andtheir interrelations. It is a usefultechniquefor explaining the causeof variationin responsevariable
whendifferentfactorsareused. The statisticaldetailsdiscussedbelon areroutineandareprovided for the
corvenienceof thereader For moredetailson thetechniquesisedin this analysisreferto [GH96, Ron9Q.
Giventhatwe have four factors,we useafour factorANOVA.

Mathematical Model: Theappropriatanathematicammodelfor afour factorANOVA is asfollows:
Yijkim = o+ i + B + v + 6 + (aB);; + () + (ad) +

+(B7) i, + (B0) jy + (70) gy + (By) 5 + (aB6) i+
+(ay8) 1 + (BY0) gy + (aBY6) 551 + Eijim

where

1. yijrm is the measurementf the performancevariable(e.qg. lateng) for thei'” routing protocol, j**
speedk! MAC protocolandi** injectionrate.

2. m isthenumberof runswhichis 10in our experiment.

2ANOVA is alinearmodel. Therearealternatvesavailableto ANOVA which canhandlemuchmorecomple statisticalprob-
lems. BayesianinferenceUsing Gibbs Sampling is one suchnon-linearmethodwhich performsBayesiananalysisof complex
statisticalmodelsusingMarkov chainMonte Carlo(MCMC) methods ANOVA suficesfor the purpose®f the conclusionghatwe
aim atdrawing in this paper
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3. «; istheeffect of routing protocol, 3; is the effect of the speedof nodes;y; is the effect of the MAC
protocolandd; is the effect of theinjectionrateon the performanceneasures.

4. Thetwo way interaction terms measureheinteractionpresenbetweerpairsof variables(z, y) and
areasfollows:
(a) aﬂ)ij: (routingprotocol,nodes’speed);
(b) (ay),: (routingprotocol, MAC protocol);

(d) (B7)x» (nodes’speedMAC protocol);
(e) ﬂé)jl: (nodes’speedinjectionrate);
(®) (o)

5. Thethr eeway interaction terms measureheinteractionpresenbetweertriplesof variablesz, y, z)
andareasfollows:

(
(
(c) (ad),: (routingprotocol,injectionrate);
(
(

w» (MAC protocol,injectionrate).

(
(b) (aﬂd)iﬂ: (routing protocol,nodes’speedijnjectionrate);
(€) (ayd);s;: (routingprotocol, MAC protocol,injectionrate);
(d) (B76)x: (nodes’speedMAC protocol,injectionrate).

6. The four way interaction term (aﬂW‘S)zjkz measureghe four way interaction: (routing protocol,
nodes’speedMAC protocol,injectionrate).

7. Finally, &;xim, is therandomerror

Model Selectionand Inter pretation: The modelselectionmethodconsideredchereis calledthe stepwise
method.This methodassumesninitial modelandthenaddsor deletesermsbasedn their significanceo
arrive atthefinal model. Forward selectionis atechniqudan whichtermsareaddedo aninitial smallmodel
andbadkwar eliminationis atechniquan which termsaredeletedrom aninitial largemodel. Ouranalysis
usesthe methodof badkward eliminationwhereeachterm is checled for significanceand eliminatedif
foundto be insignificant. Our initial modelis the largestpossiblemodelwhich containsall the four factor
effects. We theneliminatetermsfrom the initial modelto eventuallyfind the smallestmodelthat fits the
data. Thereasorfor trying to find the smallestpossiblemodelis to eliminatefactorsandtermsthatarenot
importantin explaining the responsevariable. After eliminating redundanfactors,it becomessimplerto
explain the responsevariablewith the remainingfactors. The smallermodelscannormally provide more
powerful interpretations.

To testfour way interactionbetweerMAC protocol,routing protocol,nodes’speedandinjectionratein
effecting the responsevariable,we performthe four factor ANOVA usingthe abose mathematicamodel.
Thisis alsocalledthefull/saturatedmodelsinceit containsall 1-way, 2-way, 3-way and4-way interactions.
After runningthis model,we calculatethe residualsumof squares® andreferit by $5(14), which stands
for residualsumof squaredor modelnumberl4. The degreesof freedom? is referredby DF (14). Now

3For a regressionmodel, Y; = a + BX; + e;, theresidualsaree; = Y; — a — 8X; andthe residualsum of squaress
>i(e)? = 3,(Yi — a — BX;)”. Referto [GHI6] for moredetails.We usestatisticalpackageSplusto performthis analysis.
The numberof independenpiecesof informationthatgo into the estimateof a parameters calledthe degreesof freedom.
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we dropthe 4-way interactiontermi.e. (afvd);;;, andrerunthe ANOVA model. Theresultantmodelhas
now only have 1-way, 2-way and 3-way interactionterms. From this model,we cancalculatethe residual
sumof squaresor model13,i.e. SS(13) anddegreesof freedomfor model13, DF(13). We now compare
model14 with model13to find out if the 4-way interactionis significant. If the F'-statisticturnsoutto be
insignificant,we cansaythat3-way interactionmodeli.e. modelnumberl3 canexplaintheresponseariable
aswell asmodel14. Thisimpliesthatmodel14 canbe droppedoff withoutloosingary information. Next
we testfor eachtermin model13 andcheckwhich onesaresignificant. Any termthatis notimportantin
affectingtheresponsevariablecanthenbe droppedoff. Thisis achiezed by droppingeach3-way termone
at a time andthen comparingthe resultingmodelwith model13. In our tables,model9 to 12 are being
comparedwith modelnumber13. If the F-statisticis significantafter droppingoff the term, it implies
thatthetermthatwasdroppedoff playeda significantrole andhenceshouldnot have beendropped.After
checking3-way interactionswe compareall 2-wayinteractionmodel(model8) with all 3-wayinteraction
modelto seeif thereis a smallermodelthat canfit the dataaswell asthe 3-way interactionmodel. Just
like the 3-way model,we thendrop off onetermatatime from model8 andcomparethe nev modelswith
model8 to find out which of the 2-way interactionsare mostsignificant;in the tables,model2-7 arebeing
comparedvith model8. We continuewith the eliminationprocesdill we find the smallestpossiblemodel
thatexplainsthe data.

The sumof squaresdegreesof freedomandthe F-testvaluefor eachof the modelsis shavn in the
Table 2. Interactioncolumn shavs which interactionsare includedin the model. Finally the F-testis
calculatedusingthefollowing statistic:

SS(a) — $S(b)/DF(a) — DF(b)

F—
SStun/DFpun

whereSS(a) is thesumof squaresesidualdor modela andSS(b) is thesumof squaresesidualdor model
b. Similarly DF(a) is thedegreesof freedomfor modela and D F'(b) is thedegreesof freedomfor modelb.
The SS.y is the sumof squaresesidualdor thefull model(largestmodel)i.e. the modelwith all the four
interactionterms.D Fy,;; is the degreesof freedomfor the full model.

5.2 Grid Mobility Model Results(Experiment 1)

Performancemeasue: Latency Table2 shavs ANOVA resultsfor the Grid Mobility model. Columns
4-6 shav the interactionresultswhenlateny is usedasthe performanceneasure We startwith aninitial

modelof all the 4-way interactionsand compareit with all 3-way interactionsmodel. Model 14 is being
comparedwith model13. The F'-statisticof 0.65 (insignificantat ary confidencelevel) shavs that the
model 13 fits the dataaswell as model 14 so the four way interactionis not significantin affecting the
lateny measure.Similarly, we try to find all significant3-way interactionsby droppingeach3-way term
oneat atime. Looking at the F'-testresultsof modelnumbers9 to 12, we find model12 to be the most
significant. From thatwe concludethat the routing protocol,nodes’speedandthe MAC protocolinteract
mostsignificantly Notethatthis wasthe combinationthatwasdroppedoff from model12. To find out if

thereis a smallermodelthat canfit the dataaswell asthe 3-way interactionmodel,we furtherlook at the
2-way interactionmodels. The F-testvaluesconcludethat the mostsignificantinteractionis betweenthe
routingandMAC protocol. The othermostsignificant2-way interactionis betweemodes’speedandMAC

protocol. Therestareall insignificant. This shawvs thatthe 3-way interactionbetweerthe routing protocol,
nodes’speedandthe MAC protocolaredueto the 2-way interactionbetweenrouting/MAC protocoland

17



"|oASPIUBPIIUOD %66 TeIURILIUBIS SIIS8)-7 8Y11eY) SMOYS ¥SSaulle) JIGUswWainseaw
[en1oe 0T AJuo 01pea(SuUOIIOaUU0D g Wolsajdwes 0g)sun QTaoUsH SUOIIIaUU0D 0M]3Y) 10} panadalsiajoed Jo oirel syl Buiye) Agpare|nojea si
Ssaulie) ayireylioe] ayl 01anp Si SIy'SaINseaw 0M1I3Y10 sylUuByLIS|[eWS SpiNseawssaule) ayl Jojwopaal) Josaalfep ayl1ey) 810N ssaulie)
pue pansdalsiafoed Joiaquinu ‘AHuare| syl aresanseaupouewlouad sy Josa|qeliemsuodsal ay | "arel uonos(ulayipue|osolold DA paads
.Sapou‘|oo010.d Bunnolayiaresioloe) syialaym YAONY 1010.]-IN0J J0S)NSal SMOYSa|qel SIYL PO N AlJIgOIN Pl ‘(T wewiedx3) :gajgel

62, | ,01 XT9 6EST |9TSTIET 6EST |8T.9. 1Sy fem-v IV | ¥T
080 |SPL | ,01X€9| ,9LF |SSST |ZVESET | S9°0 |SSST |ovels | IMSIIWYIISHllwsy] | Rem-g Iv | €T
€6'T | €SL | ,01X¥9| 98¢ |E9GT |2660VT | «FF'¥F |E9ST |ZT06L T sSlImyllrsy] fem-¢ | 21T
90T |€S. | ,0TX¥9| 0P |E9GT |6GETYT | ¥E0 |E9ST |LLELL TS| rmylln syl fem-g | 1T
¥9'0 | €SL | ,00 X €9 | .I8€ |€9ST |2S60¥T | 89°0 |€9ST |2ISLL [T SISyl sy] fem-¢ | 0T
290 |€SL | ,0TX€9| 99Z |E9GT |6T99GT | LT'0 |E9ST |0TELL [Ty rsyllwsy] Kem-¢ 6
90T |12 | ,01X99| 696 |/8ST |€06¥9T | Tv'T |.8ST |26v6L | [TmllIsllmslryllwyllsy] | fem-z v | 8
62T |T8L | ,01 x99 | .¥9°C¢ |T6ST |S€899T | €8'T |T6ST |2586L | Lrmllrslims]rallmy] Rem-z L
L08'8 | T8L | ,01 X 69 | LFT°00T |T6ST |2TZ66T | «G0'IC | T6GT |689€E8 Tmllrs]ims]irylisy] Rem-z 9
090 [T8L | ,01 x99 | .91°€¢ |T6ST |0v82LT | ¥2'0 |T6ST |TrseL |  [1wllrsllmsllmyllsy] Rem-z g
ve'Z | T8L | ,01 X L9 | .99°¢L |T6ST |L6.68T | 8671 | T6ST | 0828 s ralind]isy] Rem-z v
L2 |T18L | 01X 49| 8% |TI6ST |T2S99T | L0°T |T6ST |S0.6L | [ImllmsIrylinyllisy] Rem-z g
€97 | 18L | ,01 X 89 | .FT Ly |16GT (028682 | 6'C |16GT |12008 | (ISl sllryllmy]lsy] Rem-z Z
.G€'¢ | T08 | ,0I X €L | .82°C6 |TT9T |609vSE | +10°L |TI9T |6.8.8 []lm](s][4] fem-T v | T
159)-4 | 4a SS 1s9v-4 | da | Ss |sevd | 4a | ss 92Inos uopoesa| | "oN

ssaulieq "Po9YSIa|oed JO "WNN Auare a|qeleRsuodsay

18



speed/MAC protocol. Thereis nointeractionbetweerrouting protocolandnodes’speedasfar asthe effect
on lateny is concerned. Now we createa modelwith only the 2-way significantinteractiontermsand
compardt with a modelcontainingonly the 3-way significanttermsto find the smallestmodelthatfits the
data.lf the F'-testfor thesetwo modelsturnsoutto besignificant,we concludethatthese3-way interactions
cannotbe explainedby the 2-way modelandhencecannotbe droppedoff. Our resultsfind thatto betrue,
implying thatindeedthe smallesipossiblemodel,is the 3-way [R.S M| model.

Performancemeasue: Numberof padetsreceived. Columns7, 8 and9 in Table2 shav the ANOVA re-
sultsfor theresponsevariable“packetsreceved”. Theinterpretatiorof theresultsis similar to theresponse
variable“latengy”. Theinteractionresultsshawv significant4-way interactionbetweenrnthe routing protocol,
nodes’'speedMAC protocolandtheinjectionratein explainingthe numberof pacletsreceved. The 4-way
interactionautomaticallyimplies that theremustbe significant2-way and 3-way interactionspresentoo,
althoughit doesnot imply thatall smallermodelswill be significant. A closerlook in our case,however
shaws thatall smallermodelswith 3-way and2-way interactionare significant. Among the 2-way interac-
tions, F'-testshavs thatthe MA C protocolandinjectionrateinteractmostsignificantly Theroutingandthe
MAC protocolalsointeractvery significantly In 3-way interaction,t is theroutingprotocol, MAC protocol
andinjectionratethatinteractmostsignificantly The3-way interactionresultsareconsistentvith the2-way
resultsbecausehey all pointto interactionbetweerrouting protocol,speedandtheinjectionratein affect-
ing the numberof pacletsreceved. In this casethe smallestmodelhasall four factors|RS M I] interacting
significantly

Performancemeasue: Fairness. Thelastthreecolumnsof Table2 shav the ANOVA resultsfor various
modelsusinglong term fairnessasthe performanceneasure.The initial setupfor a four way interaction
effect of the factorson the fairnessmeasurds doneas explainedbefore. The only exceptionis that now
we have 10 samplesnsteadof 20 for eachof the 81 scenariosmentionedabove® The resultsshow that
both4-way and3-way interactionsareinsignificantin affectingthefairnessLooking at theresultsof 2-way
interactionsbetweerthefactors,we find thatthe routingandMAC protocolinteractin the mostsignificant
wayin affectingthefairness.Theinteractionbetweerthe MA C protocolandinjectionrateis alsosignificant
but not to the extent of routing and MAC protocolinteraction. In this case,the smallestmodel hasonly
[RM][MI] 2-way interactionterms.

5.3 ECR Mobility Model Results(Experiment 2)

Performancemeasue: Latency Table3 shavs the ANOVA resultsfor the ECR mobility model. Again,
columns4-6 shav theinteractionresultswhenlateny is usedasthe responsevariable. The analysisdone
hereis similar to the grid mobility modelcase. The resultsshav thatthereis significant3 way interaction
betweerrouting protocol,transcerer (node)speedandthe MAC protocol. Models6 and7 reconfirmthat
interaction. Model 6 shaws that routingand MAC protocolinteractsignificantlyand model 7 shaws that
routing protocolandspeednteractionis important.

Performancemeasue: Numberof padketsreceived. Columns7, 8 and9 of Table 3 shawv resultsfor the
numberof pacletsasthe performancaneasureUnlike in the grid mobility model,herewe do notfind ary
significant4-way or even a 3-way interactionbetweenthe variables.All 2-way interactionsexceptrouting
protocol/injectiorrateandrouting protocol/transceer speedaresignificant.

5This is dueto the fact that fairnessmeasureis calculatedby taking a ratio of the numberof paclets receied for the two
connections.
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Performancemeasue: Fairness. Sincetheinterpretatiorof all the performanceneasuresirethe sameas
explainedbefore,we just highlight the main resultsfor eachof them. Columns10, 11 and12 of Table3
shawv that only MAC and routing protocolinteractin affecting the fairness. All other2-way, 3-way and
4-way interactiongreinsignificantfor thismeasureNotethatsofar all selectednodelshave hadMAC and
routing protocolinteractingsignificantly This wastruefor grid mobility modelsalso.

5.4 RandomWaypoint Mobility Model Results(Experiment 3)

Performancemeasue: Latency Table4 shovs ANOVA resultsfor randomwaypointmobility model. Un-
likethefirst two mobility models thereis no 3-wayinteractiorwhenlateny is usedastheresponseneasure.
Among2-way interactionsthesignificantonesareMA C protocol/injectiorrate,routingprotocol/transceer
speedandrouting/MAC protocol.

Performancemeasue: Numberof padetsreceived. Columns7, 8 and9 of Table4 shav that All 2-way
interactionsaresignificantexceptfor routing protocolandnodes’speed.

Performancemeasue: Fairness. The lastthreecolumnsof Table4 shav that thereis no 3-way or 4-
way interactiongpresenin affectingthefairness.The only 2-way interactionghataresignificantare MAC
protocol/injectionrate androuting/MAC protocol. Again, notethat MAC/routing protocolinteractionsare
themostrohustof all.

6 Additional Observationsand Explanation

In this sectionwe briefly explain specificresultsfor the threemobility models. For clarity of exposition,
we only presentresultswhenthe speeds 20 m/sandinjectionrate(intenal) is 0.025second.Lateny and
percentagef pacletsrecevedarepresentedor variousinjectionrates.Theresultsaredepictedn Figures8
to 13. Figuresfor thecompletesetof experimentaparametersutlinedin Figure6 canbe obtainedrom the
authors.

Recallthat the ECR modelrepresents mobility modelthat keepsthe relative (average)distancesof
nodeswithin agrouproughlyconstantLet G; bethes-th groupin our setting,andlet S; bethe setof nodes
thatbelongto the groupG;. Thenary two nodesa, b € S; thathave acommonedge(a, b) attime ¢ will
alsohave acommonedgewith high probability attimet + k, k£ = (0, ST), ST is thesimulationtime. The
randomwaypointmodelrepresents movementpatternthatis hardto predict. Note thatwe do not insert
ary pausesnto themodel,i.e., pausesvere0 second Ontheotherhand,thegrid mobility modelhasa very
deterministiomovementpatternthatis easyto predict.

We male the following obsenrations. Someof the obserationswerealsomadein [DPR, RLPOQ.

¢ CSMA andMACA donotperformwell for ary of thethreemobility models.Both CSMA andMACA
areableto deliver no morethan20% of the total paclets,the percentagelropswith increasedspeeds
andinjectionrates.In addition,MACA alsoproducesa hugenumberof MAC level control paclets.
They rangebetween70,000and 100,000. This makesthe behaior of MACA muchlessacceptable
thanCSMA.

e Ourresultsshav thatin generathe performancef the systenfalls significantlywith increasedpeed
for all MAC protocols. However (802.11,A0DV) is still ableto deliver 50% of the pacletsat high
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speedg40 m/s)andinjectionrates(0.0125s)n caseof ECRM. Oneolviousreasorfor this obsered
behaior is thatincreasednobility causegrequentchangesn routesresultingin frequentMAC over-
headrequiredfor routediscorery andupdate.

Figure 8 depictsthe distribution of nodedegreesat threedistincttimesin the simulation. Intuitively,
suchdistributions andtheir temporalpropertiesare a good measureof geographicateconfiguration
changeovertime. Networkswith highermobility have differenttemporalpropertiegshanstaticor low
mobility networks. Fluctuationsin thesedistributions are directly co-relatedwith the performance
of routingand MAC protocols. The degreedistributions shav variationacrossthe mobility models.
The grid mobility modelandthe randomwaypointmodelstartedfrom a grid topology This created
threemajor peaksin the distribution. However, suchpeaksquickly disappearediuring the run of
a simulation. Nodesfor ECRM wereinitially positionedrandomly We canseethatin caseof the
randomwaypointmodelthe maximumnodedegreecontinuallyincreases.This obserationis in ac-
cordancewith the recentresultsreportedin [Be0l1]. For the two other modelsthe maximumnode
dggreeincrease®nly very slowly.

Figures9 to 11 shawv the performanceof protocolsin termsof threeresponsevariables: Fairness,
lateng, andratio of pacletsreceved, respectiely. Theresultsmalke aninterestingpoint: in contrast
to recenteffortsto improve thefairnesof MAC protocolgLNB98], theresultsshav thatroutinglayer
canmale aconsiderablémpacton thefairnesscharacteristicef theseprotocols.

Figuresl2 and13 shav thedistributionsof MAC androutinglayer control pacletsfor threedifferent
combinationsDueto thediscussiorabove, the MAC layerprotocolconsidereds always802.11.The
routinglayer protocolsusedareAODV, DSRandLAR1 respectiely. We canseethatthe ECR model
producedthe leastnumberof MAC layer control paclets. This is consistentvith our assertiorthat
ECRmodelputsthe leastpressureon the protocolsstack.

Performancdor otherinjectionratesandspeeddook similar to thoseshavn. The differencein per
formances proportionalto increasear decreasethjectionrate,or speed.

In highly mobile ervironments the hiddenandexposedierminalissuesbhecomemoreinteresting.At
high speedsew hiddenterminalsare simply created(or possiblydestrgyed) by movementof nodes
duringtransmissiorof othernodes.Sincethesenodeswvereoutsideof the RTS-CTSor carriersensing
mechanisnfor a given datatransmissionthey arenot awareof theradio environmentaround. After
establishinghemselesin anareathey oftenmove from thatlocationalmostimmediately Thisfeature
appearso bemoreprnouncedn therandomwaypointmodelthanthegrid mobility model. For ECRM
nodesarealwaysestablishedavithin theirrespectre groups.Thissuggestenemeasuref performance
for mobile systems:the numberof hiddenterminalsthat are effectively presentat eachunit of time.
Clearly this depend®n which nodeshave pacletsthatthey wish to retransmit.Thisin turn depends
ontheroutingprotocolused.

An importantdifferencebetweenAODV andDSRis thefactthat DSR encodesompleteroutesinto
route request,route reply, and datapaclets. Any corruptionof a route request/replypaclet leads
to a repeatedoute acquisitionprocedure. This also contribtutesto slightly higher consumptionof
bandwidthcomparedo AODV. The differencein performancebetweenDSRandAODV is alsodue
to differencedn handlingbrokenlinks. We notethatthe versionof DSRimplementedn GloMoSim
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usessahaging.In DSRIf thereis abrokenlink theforwardingnodetriesto sahagepacletswaitingin

sendbuffer by trying to searchthe RouteCachefor analternatve route. If this procedurdails aroute
erroris sentto the sourceandthe sourcetriesto resendhe paclet. In AODV local repairis possible
aswell. If anodedetectdink failureit sendsa routerequesto the destinatioraffected. The version
of AODV in GloMoSimdoesnotimplementrouteerror paclets. However, anunsolicitedroutereply
pacletis sentupstreanto notify all active sources.

¢ We notethat speedof 40 m/sfor both sourceand destinationcaneasily meanthatthe destinationis
maoving at 80 m/s relative to the source. Speedof 40 m/s (144 km/h) canrepresent fast moving
caronaspeedwy. Thusatlateng for datapacletsexceedingl secondhetopologychangesanbe
relatvely big.

e Otherresearchersftenalleviatedthe problemthatoccursdueto high mobility by insertingpausesn
nodes’'movement. Thesesmall pauseselp nodesupdatetheir local statesafter they moved1® Our
obsenrations correspondoughly with conclusionsmadein [Ro014 whereauthorsshav that node
dggreesashigh as15-20arenecessaryor decentperformancen a mobile setting.Our resultsextend
their performanceesultsfor higherinjectionratesandspeeds.

o It is likely that the ability of MAC/routing layer protocolsto anticipatemovementcanimprove the
overall performance.Due to inherentrandomnesssuchimprovementsare unlikely for the random
waypointmodel. However, the good performancdor ECRM suggestshatwell establishegatterns
for certainmobile nodesmight be helpful. Intuitively, suchnodescould actaspseudo-base-statia
oncethe routesare establishedetweenthesenodesthey might persistfor fairly long periods. As
a resultrouting protocolsneedto find appropriateroutesonly to the "nearest’pseudo-base-station
Theparticularmechanismsisedin LAR schemél helpediittle in thisrespectsin our settingrequest
zonesin mary casesoincidedwith thetotal area.
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Figure8: Distribution of nodedegreesatthreedifferentsimulationtimesfor thethreemobility models.From
left: (a) Grid mobility model,(b) ECRM, (c) Randomwaypointmobility model.

18For slower speedsheimportanceof pausess lesser
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Figure9: Longtermfairnesdor thethreemobility models.Fromleft: (a) Grid mobility model,(b) ECRM,
(c) Randomwaypointmobility model.
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Figure 10: Lateng for the threemobility models. From left: (a) Grid mobility model, (b) ECRM, (c)
Randomwaypointmobility model.
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Figurell: Paclketsreceved for the threemobility models.Fromleft: (a) Grid mobility model,(b) ECRM,
(c) Randomwaypointmobility model.
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Figure 12: MAC layer control paclets distribution for the three mobility models. ¢ Fromleft: (a) Grid
mobility model,(b) ECRM, (c) Randomwaypointmobility model.
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Figure 13: Routing layer control paclets distribution for the threemobility models. From left: (a) Grid
mobility model,(b) ECRM, (c) Randomwaypointmobility model.

26



1. Network topology: Thetopologywasgiven by 49 mobile nodesinitially uniformly distributed over an area
of 600 x 600 meters(1000 x 1000 meters)andthe radio rangeof 250 meters. Later, the topology behaed
accordinglyto the Randomwaypointmodelwith pausesetto 0 second&ndthe speedf nodessetto 15m/s.

2. Number of connections: We use2, 4, or 8 connections.The sink and sourceconnectionpair was chosen
randomlyfor eachsimulationrun. Connectionsaredenotedy C;, 1 <i < 3.

Routing protocols: AODV, DSR.
MAC protocols IEEE 802.11DCF, CSMA.
Speedof nodes A singlespeed:15m/s.

o o~ W

Injection rates: We have kept the total numberof pacletsinjectedduring the 100-secondimulationtime
constantat 8,000paclets. Thatdeterminedhe relatedinjection ratesandthe numbersof pacletsinjectedin
caseof 2, 4, or 8 connections.For 2 connectionsve have injected4,000datapaclketsper connectiorandthe
injectionrate(interval) was0.025secondfor 4 connectionsve have injected2,000datapacketsperconnection
andtheinjectionratewas0.05secondandfinally, for 8 connectionsve have injected1,000datapacletsper
connectiorandtheinjectionratewas0.1 second.

7. Simulation runs: 30 simulationrunsfor eachcombinationof input parameters.

8. Otherparametersvereidenticalto thosein Figure6.

Figure14: Differencedn parametersisedin the experimenton the effect of increasinghumberof connec-
tionsandotherexperimentdrom Section4.2.

7 Number of Connectionsand AverageTranscever Density

Sofarwe only consideredhe effect of two connection®n the overall performancenf ad-hocnetworks. In
this sectionwe studythe sensitvity of our resultsto increasingthe numberof connectionsanddecreasing
the areaof simulation. This on an averageincreaseshe nodedensityduring the courseof our simulations.
Note that both thesevariableswerekept fixed in our setupdescribedn Section4. The differencesn the
experimentaketupswith respecto experimentsdescribedn Section4 aresummarizedn Figurel4.

In view of theresultsreportedn the precedingsectionwe did a smallfocusedexperiment.Specifically
we usedonly 802.11andCSMA asMAC layer protocols,and AODV andDSR asrouting layer protocols.
Theinjectionratewasdesignedo keepthe numberof datapaclet injectionsconstantt 8,000pacletsover
the simulationtime. Someof the previously reportedstudieskeptthe per connectionnjectionrateconstant
with the increasingnumberof connections.This approachdoesnot allow oneto distinguishthe possible
reason$ehindthedropin performance We have useda singlenodespeedof 15m/sanda singlemaobility
modelwhich wasthe Randomwaypointmodel.

Mixed Effects Model. Onereasonfor notincluding numberof connectionsn the earlier ANOVA based
analysiswasthat the designspacebecomesvery large, especiallywhen one considerghe levels that this
variablecantake in afull design. Indeed,in generalfor ann nodesystem,the total numberof possible
connectionsn a systemcanbe O(n?) (assumingno more thanone connectionper node). To handlethis
situation,we usea mixedeffect model. A combinationof fixedandrandomeffect modelis calledthemixed
effectsmodel. Mix edeffectsmodelconsistof atleastonerandomandonefixedeffectfactor In ouranalysis
we useMAC androuting protocolsasfixed factorsand numberof connectionsasthe randomfactor In a
fixed effect model, the levels of a factorconsideredarefixed (e.g. 802.11,CSMA asMAC protocols)and
the inferenceis madeonly for the levels consideredn the study The inferencederived for a fixed factor
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cannotbegeneralizedo otherlevelsof thefactorwhich areexcludedfrom thestudy In contrastjn arandom
effectmodel,thelevelsof thefactorareviewed asarandomsamplefrom aninfinite populationof normally
distributed levels which canvary acrosddifferentreplicationsof the sameexperiment. One might perform
the studyusingonesetof levelsbut theinferencecanbe generalizedo otherlevels of thatfactor

In orderto addresgheissueof interactionbetweenMAC androuting protocolswhendifferentnumber
of connectionsireused,we considerthe numberof connectionsasarandomfactor This allows usto usea
few connectiongo performthestudyandyetthe conclusionsvould hold for the entirepopulationof number
of connectionsWe setup a threefactorexperimentto testwhetherMAC androuting protocolsinteractfor
differentnumberof connections.MAC androuting protocolsare assumedo be the fixed factorsandthe
numberof connectiongs the randomfactor The two levels of the MAC protocol consideredare 802.11
and CSMA; andthe two levels of the routing protocol consideredare AODV and DSR. The numberof
connectionsisedare2, 4 and8. Therespons&ariablesusedto measureghe performancef differentfactors
arelateng, thenumberof pacletsrecevedandfairness.The experimentsverecarriedout for two different
areasasnotedin Figure14. Thefollowing conclusionswvereobtainedmoredetailson thetestsareomitted
herebut canberequestedrom theauthors.

e Theresultsshav thatfor a1000 x 1000 simulationareaall respons&ariabled.e. lateng, thenumber
of pacletsreceved andfairnessthereis significantinteractionbetweenMAC androuting protocols
at 95% confidencdevel. Giventhatthe numberof connectionss a randomfactor we canconclude
from theresultsthatfor any numberof connectionsiMA C androutingprotocolsshaw significantlevel
of interaction.

e Essentiallyidenticalresultshold evenwhenthe simulationareawaschangedo 600 x 600.

Thus,we canconcludethattheresultsin precedingsectionsarerobustto changesn numberof connec-
tionsandnodedensity

8 Concluding Remarks and Futur e Dir ections

We characterizedhe performanceandinteractionof well known routingandMAC protocolsin anad-hoc
network setting. Our resultsandthosein [Ba98 on the designof snoopprotocolssuggesthat optimizing
the performanceof the communicatiometwork by optimizing the performanceof individual layersis not
likely to work beyond a certainpoint. We needto treatthe entire stadk asa singlealgorithmic constructin
orderto improve the performanceln a companiorpaper[BDM+] we characterizéhe interactionbetween
theparameterstudiedherein astaticradionetwork. Thestudyis undertaknfor two reasons(i) it helpsus
understandhe effect of mobility on the performanceand(ii) in a staticnetwork we cancontrolthe degree
andconnectiity parametersnoreeffectively; our resultsshav thattheseparameterglay animportantrole
in protocolperformance.

We malke animportantobseration: our statisticalanalysiswasaimedat understandingherelative vari-
ationin the performancef the systemwith changesn the particularMA C/routingprotocolsused.As such
the statisticalresultsmalke a genericconclusion,namely MAC androuting layersinteract. They do not
yield additionalinformationaboutinteractionsbetweenparticularcombinationge.g. 802.11andAODV).
Section6 dealswith this aspectto someextent. A studyto understandhe crosslayerinteractionbetween
specificcombinationsof MAC androuting protocolscan easily be doneusingthe methodologypresented
hereandwill beundertalken subsequently
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The statisticalanalysisusedin this papersuggesta&nengineeringapproachio chooseheright protocol
combinationfor a givensituation. Specifically the analysiscombinedwith the conceptof recommendation
systemganbe usedasanautomatedanethodfor tuningandchoosinga protocolcombinationif the network
andtraffic characteristicareknown in advance.We arecurrentlyin the procesf building suchakernel.

It is worth notingthat ANOVA is a statisticaltool to qualitatvely measurg¢heinteractionbetweerdiffer-
entinputvariables.As suchit presumegorrectnessf thedatabeingproduceddy simulationsfor statistical
testing.Errorsin implementinga protocolmayresultin spuriousnteractionsandinvalid conclusionsNever
thelessthemethoddoesprovide away to compargwo simulatorsor comparingheresultsfrom simulations
with realfield tests.

Anotherimplicationof thework is to designnew dynamicallyadaptve protocolsthatcanadaptto chang-
ing network andtraffic characteristicén orderto efficiently deliver information. Moreover, evaluationof
suchprotocolsasdiscusse@bove needgo bedonein totality. For instancewhenwe sayoverheadt should
includeboth MAC androutingoverhead(in factshouldalsoincludetransportiayeroverheadout is beyond
thescopeof thecurrentpaper).Also, in orderto drav meaningfulandrobustconclusiongrom theresultsof
suchcomple experimentsijt is almostessentiato usestatisticaltools which areusedextensvely by other
researcherms similar situations.As a next step,we planto undertak a morecomprehense experimental
studyinvolving in additionto the MA C androuting protocols varioustransporfrotocols.
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