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Abstract
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2005

Evaluationof Multihop Mobile Ad Hoc Networks (MANETS) is usually performedthrough
simulation. In thesestudies,t hasbeencustomarilyassumedhat simulationmodelswith no
obstaclesreacceptablesimpli cations of the complex mobility andradio propagtioncondi-
tionsexpectedn actualMANET deployments.

We evaluatetherobustnes®f simpli ed simulationmodelsfor indoorMANET evaluation.
A simpli ed modelis robustif the performanceaesultsit yields differ uniformly from those
obtainedwith the unsimpli ed model. Rolust simpli cations allow researcherso reliable
extrapolatesimulationresultsto real-life situations.

We show that simpli ed simulationmodelsare not robust for indoor ervironments. Ex-
perimentatiorrevealsthat simpli cations affect two MANET routing protocolsin disparate
manners. Furthermore gven within a single protocol performancerendsvary erratically as
parameterghange.Theseresultscastdoubton the soundnessef MANET evaluationsusing

simpli ed simulationmodels,andexposeanurgentneedfor moreresearchn this area.
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Chapter 1

Intr oduction

A multi-hop mobile ad hoc network (MANET) consistsof a group of mobile wirelessnodes
thatself-con gureto operatewithoutinfrastructuresupport. MANET participantsdo notneed
accesgointsor basestationsandinsteadrely on eachotherto establishatemporarynetwork;
peerscommunicatebeyond their individual transmissiorrangesby routing paclets through
intermediatenodes|, 2, 3]. Due to the mobility of the network hosts,the multi-hop routes
emplogyed for paclet delivery are constantlychanging. The routing protocolis thereforein
chageof maintainingup-to-dateoutesto eachnetwork destinationpbothfor pacletsoriginated
locally andfor pacletsgeneratedby othernodes.

The adwentof low-costandsmall-sizedvirelesscommunicatiordeviceshasrenderedea-

sibletheconcepbf MANETs anddriventheintensveresearctn this eld. However, MANET

deploymentis still atavery earlystagg 4,5, 6]; computersimulationremainghe mostpopular
way to evaluateMANET routing protocols| 7, 8, 9]. Simulationoffers four importantadwan-
tages:

Low cost: It enablesexperimentationwith larger networks thanthoseavailableto mostre-

searchgroups.

Practicality: it enablesxperimentatiorwith devicesandcon gurationsthatmay not befea-

siblewith existingtechnologyfor example mobile nodeswith hybrid cellularandWiFi
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radiointerfaceq 10].

Easeof development: It allows for rapid prototyping: by abstractinghe compleity of the
real system,simulatorsenablethe developmentand delugging of new protocolswith
reduceceffort. Thisis moreevidentwhendirectexecutionof theactualroutingprotocol

implementationis enablednsidethe simulator[ 11].

Controlled analysis: It makesreproducibleexperimentsn acontrolledervironmentpossible,

facilitatingtheisolationof interestingconditionsandthe analysisof problems.

MANET protocolsimulationpresentschallengingresearchproblems. Besideshaving to
simulatethe networking stackand datatrafc, MANET simulatorsalso needto incorporate
modelsof nodemobility andradio propagtion. The mobility modelis usedto simulatethe
behaior of network nodesthedestinationandspeedhey choosdor theirmovementandthe
physical pathsthey take. The radio propagtion modelis usedto determinewhethercommu-
nicationbetweentwo given nodesis possible,andto simulatethe effectsof interferenceand
informationlossin thewirelesschannel.

By de nition, MANETSs are suitablefor hostile scenariosvhereno infrastructuralsup-
portis available. This de nition includesmilitary operationsn outdoorervironments,sensor
networks in ernvironmentswherehumaninterventionis not desirableor possible,andpolice
anddisastemelief operationsn urbanemegeng situations. Recently the applicationrange
of MANETSs hasextendedto includeother“non-hostile” scenariosuchaspenasive comput-
ing settingsin conferenceoomsor classroomsandmesh-basewirelessnetworks providing
broadbandccommunityaccess.However, the preeminenimodelsemploed in MANET sim-
ulation are rathersimplistic and mostly target outdoorscenarios.In the RandomWayPoint
(RWP) [7] mobility model,a nodepicks a randomdestinationinsidea at rectangulamarea,
proceedso it following astraight-linetrajectoryatarandomspeedandpausedor a x edtime
onarrival. The processhenrepeatstself until the endof the simulation. The FreeSpacgFS)

propagtion modelassumesn obstacle-freezacuumwheresignalstrengthdegradeswith the
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squareof the distancebetweernthetransmitterandrecever.

Both of the aforementioneanodelsassumescenarioslevoid of obstacles.Although this
might be a reasonablessumptiorin certainoutdoorsituations,it is likely not applicablein
mary ernvironmentswherethe impactof a larger numberof obstacleson both nodemobility
andradiopropagtioncannotbeunderestimatedAlthoughseveralgroupshave extendedhese
simpleobstacle-freanodelswith increasindgevelsof detail[11, 12,13, 14,15, 16], the major
ity of theresearclon MANET simulationmodelshasstill focusedon outdoorenvironments.
Indoor environmentsarewell known to presentdifferentchallengesdueto the concentration
of avariety of structuresandconstructiormaterialsin a muchreducedarea. Moreover, most
of the researcton MANET simulationmodelshasfocusedon quantifyingthe differencedn
routing protocolperformancentroducedby anarguablybettermodel,but hasnot attemptech

higherlevel characterizationf the propertiesof simulationmodels.

This thesisevaluatesthe robustnessf simpli ed mobility andradio propagtion simula-
tion modelsfor MANET simulationsn indoorenvironments A simpli ed simulationmodelis
robustif theresultsobtainedwith themodelfor differentroutingprotocolsandsimulationcon-
ditions are consisten{within a predictableerror) with the resultsyieldedby the unsimpli ed
model.A robustsimpli cation allows researcher® extrapolatesimulationresultsover differ-
entscenariosandreachreliable conclusionsaboutthe expectedperformanceof protocolsin
reallife. Therefore yobustnesgor its lack of) in asimpli ed simulationmodelis a qualitatve
indicatorof theapplicabilityof themodel,andtherelevanceof theresultsobtainecdthroughits

use.

To determinethe robustnesof simpli ed modelsfor indoor MANET simulation,we rst
introducetwo detailedsimulationmodels— onefor mobility andonefor radio propagtion—
that take into account ne-grained obstaclesand building materials. We then describese-
veral simpli cations to thesedetailedmodelsthat graduallydecreasen sophistication.The
leastdetailedmodelswe considercorrespondo the obstacle-fre@pproacheprovidedin most

MANET simulatorg(i.e., RWP andFS).
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Experimentsvith DSDV [2] andDSR[1], two representatie MANET routing protocols,
shawv that simpli cations to the mobility and radio propa@tion modelsare not robust and
have insteaddrasticallydifferenteffectson the perceved performanceof the two routing pro-
tocols. Whereaghe performanceof DSDV is virtually identicalfor all models,the perfor
manceof DSR varieswidely betweermrmodels.Moreover, evenwithin DSRitself, the relative
performanceaunderthe differentmodelschangesrraticallyaswe vary experimentalparame-
ters. Thesendings raisetroublingdoubtsoverthesoundnesef MANET protocolevaluations
basedn simpli ed models,andexposetheurgentneedfor moreresearcton realisicMANET
simulationmodelsfor indoorervironments.

Thisthesismakesthustwo contributions: rst, it shavs thatwidely usedsimpli ed mobil-
ity andradio propagtion modelsarenot robust. We provide experimentalevidenceshaving
thatthe effectsof simpli cations of the simulationmodelarenot uniform acrossrotocolsand
evaluationconditions hencdeadingto wrong conclusionsaboutthe performancef MANET
protocols.Secondjt providesthe rst evaluationof MANET routing protocolsin indooren-
vironmentsusingdetailedmobility andradiopropagtionmodelsthataccounfor ne-grained
obstaclesandbuilding materials.

Therestof thethesisis organizedasfollows. Chapter2 describeshe usualtechniquesand
modelsin MANET simulation,and reviews wirelessMAC and MANET routing protocols,
with anemphasi©n 802.11DCF, DSRandDSDV, the protocolsemployedin our simulation
study Chapter3 describeshe maincharacteristicef indoorervironmentsandthechallenges
suchcharacteristicpresenttor MANET simulation. Chapters4 and 5 presentour detailed
mobility and radio propagtion modelsfor indoor ernvironments,describesimpli cations to
eachmodel,andreporthow the modelswereimplementednsidethe ns2 network simulator
Chapter6 presentour experimentalresults. Finally, chapter7 compareshe thesisto previ-
ouswork on sophisticatedanobility andradio propagtion models,andchapter8 presentour

conclusionsanddiscussesvenuedor futureresearch.



Chapter 2

Background

During the mid 19905, researchersn MANET routing protocolswould eachindependently
build their own wirelessnetworking simulator The disadwantageof lacking a uniform and
commonlyagreed-upomevaluationtool, andthefactthatsimulatorvalidationfor eachdifferent
systemwasmostly missing,constitutedcleardravbacksin this approach.The rst complete
simulationframework for performancevaluationof MANET routingprotocolswaspresented

by the CMU monarchprojectin [ 7]. This seminalpaperhadthreemaincontritutions:

Several piecesof softwarewere built for the ns2network simulator[17] — usuallyem-
ployedin the analysisof wired networks— to enablewirelessad-hocnetworking simu-
lation. Theseenhancementareusuallyreferredto asthe CMU Monarchns2Wireless
Extensiongd 18]. Amongotherthings,the simulatorwasaugmentedvith animplemen-
tationof the [EEE 802.11DistributedCoordinationFunction(DCF) MAC protocol,im-

plementation®f severalrouting protocolstoolsto generatenodemobility patternsand
the capabilityto simulatea wirelesssharecchannelwith differentpropagtionandmod-

ulationmodels.

A methodologyfor the performancecomparisorof several routing protocolswas pre-
sented.The basemobility andradio propagtion modelsemployed, aswell asthe sim-

ulation parameterghosenwerelater reusedoy a numberof researchers all typesof
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MANET simulationstudies.

Theresultsof the performancetudyshavedthe rst bits of insightinto therequirements

andpitfalls of goodrouting protocoldesign.

Building on the contributionsof the Monarchwork, a spateof MANET simulationstudies
wereproduced 8, 9, 19, 20,21, 22, 23, 24], backed up by the MANET researclcommunitys
relianceonthis framework. Moreover, otherMANET simulationtoolssuchasGlomoSim[25]
andOpNetModeler[2€], have alsobeenadoptedalongsidens?2.

In the rest of this chapterwe will provide a brief overview of the internalsof the ns2
network simulator We will thendescribethe mobility and propagtion modelsimplantedby
the Monarchgroup for MANET simulation. Finally, we will review the MAC androuting
protocolsusuallyemployedin MANET researchaswell asin this thesis: the IEEE 802.11
DCF, DSR,andDSDV.

2.1 The ns2Network Simulator

Th ns2Network Simulator[17] is anopen-sourcebject-orientedliscrete-gent simulatorfor
network research. The simulatoris written in C++, with an OTcl (Object Tool Command
Language)nterpreterusedasthe commandinterface. The C++ part constituteshe core of
the simulator wheredetailedprotocolimplementatiorandthe simulationengineare located.
The OTcl part, on the otherhand,is usedfor simulationcon guration. Therefore,the only
prerequisiteo usethe simulatoris a basicknowledgeof OTcl, neededo specifythe objects
involvedin thesimulationscenaricandthevaluesof thevariousobjects'parameterstHowever,
to develop nev modelsand protocols,the C++ core and its bindingsto the OTcl external
interfaceneedto be thoroughlyunderstood.The learningcurve for the intensve userof the
simulatoris thereforequite steep.

Oneof the main advantagef the split-languagemplementatiorof ns2is its objectori-

enteddesign,which allows for easyreplacemenof the softwaremodulesinvolvedin a simu-
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lation — for examplea routing protocol,a network application,or a propagtion model. The
processof con guring the setof modulesrequiredto performa particularsimulation,starting
from the physical interfacemodel up to the applicationlayer, is known asplumbing andis
usuallyperformedby an OTcl script. A developertestinga new protocol,or implementinga
simulationmodel,needgo write the codewith the correctbindingsto the OTcl interface,and
afterwardsinstructthe plumbingscriptto emplgy thenewly createdmodulesduringsimulation
setup.

Figure 2.1 illustratesthe plumbingfor the network stackobjectsof a MANET nodethat
usesthe DSRrouting protocol: anapplicationlayermodule the routing protocol,the Address
ResolutiorProtocol(ARP)module,aLink Layerobject,aninterfacequeuetheMAC protocol,

andthephysicalinterfacewith the channels radio propagtion model.

2.2 The RandomWaypoint Mobility Model

The preeminentnobility modelusedfor MANET simulationis the RandomwayPoint(RWP)
model,introducedby the Monarchgroup[7]. RWP assumeshat nodemobility takes place
in a at rectangulaareawith no obstaclesNode movementis characterizedby two parame-
ters: aspeedntenal [Vinin; Vmay anda pausetime P. The movementpatternof mobile nodes
follows a cyclic behaior: a nodepausedor P secondschooses randomdestinationnside
the simulationrectangle,and randomlyselectsa speedwithin the speedinterval. The node
thenmovestowardits new destinatiorat the choserspeedfollowing a straight-linetrajectory
andunhinderedy ary obstacle®r the presencef othernodes.Uponthenodes arrival to its
destinationthe processesumes.

RWP represents genericapproachto nodemobility, and consequentlyt alsois a very

simplisticmodel. The shortcoming®f RWP canbe categorizedundertwo differentaspects:

Behavioral modeling: nodesmove in a completelyrandommanney without following arny

purposeor trying to completeary task. Fromalogical point of view, a nodecanchoose
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destinationgrom anin nite set.Moreover, pastbehaior of anodedoesnotaffectfuture

decisions.

Physical Modeling: nodesmove in anidealized at scenariowherethereare no obstacles;
thereis no needto opena door, avoid a pit or climb ahill. Furthermorefwo nodescan

occupy thesamephysicallocationsimultaneously

Givenits widespreadisewithin the MANET researcttommunity the RWP modelandits
propertieshave beenthe subjectof extensve researchj27, 28]. We draw attentionhereto two

interestingcharacteristics:

Density waves: A densitywaveis the clusteringof nodesin onepartof the simulationarea.
RWP tendsto periodicallyaccumulatenodesin the centerof the simulationrectangle.
This happensecausevheneer a nodechoosesa location nearthe boundariesof the
simulationareawith high probabilityits next destinatiorwill make it travel throughthe

centerof thesimulatedrectangle.

AverageSpeedDecayEffect: As simulationtime progresseshe averagespeedf the nodes
in the simulationtendsto decreasesigni cantly. This happensecausean increasing
numberof nodesaremaoving towarddistantlocationsataverylow speed 27]. Themost
straightforvard way to solve this problemis to specifya non-zeroVpin value,suchas

0.5m/s.

Despitebeingwidely used,thede cienciesof RWP arealsowell documentedlt is there-
fore notsurprisingthatseveralresearchersave proposedlternatve mobility modelstargeting
the behaioral or physical modeling simpli cations of RWP. We will describesuchrelated

work in section7.1
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2.3 The FreeSpaceRadio Propagation Model

The preeminentadio propagtion modelin MANET simulationis the FreeSpace(FS) prop-
agationmodel. In the samevein asRWP, FSassumes at spacedevoid of obstaclesRadio
wave power degradationis thusproportionatlto the squareof the distancebetweertransmitter
andrecever, exclusively. The FS modelis describedby Equation2.1 (in Watts) and Equa-

tion 2.2 (in dBm)

RG:G| 2
Pes(r) W (2.1)
Prs(r) = Palr) 20l0gy (2.2)

wherer is thedistancebetweertransmitterandrecever, P, is thetransmittedsignalpower,
Gt andG; aretheantennajainsof thetransmitterandrecever, respectiely, | isthewavelength
(speedof light overfrequeng), andL (L 1) is thesystemlossdueto miscellaneousources.
It is commonto selectisotropic (or unity gain) antennasG; = G, = 1, andno systemloss,
L = 1. In Equation2.2 P, is the power in dBm at a referencealistancero, which is nominally
setto 1 meter;the corversionrule betweerdBm andWattsis Pygm= 10109, (Paatts 109).

FSpropagtionhasbeenwidely adoptedbecausét is computationallyinexpensve: signal
strengthcanbecomputednly with afew oating pointoperationsMoreover, giventhatFSis
aone-to-ongelationbetweemower anddistanceijt canbeeasilycharacterizeth termsof the
sensitivitythresholdemployed, i.e. the cutoff power valuethatdetermineshe minimumsignal
strengthneededor a nodes wirelessinterfaceto understanénincomingtransmissionAfter
placingthe sensitvity thresholdvalueon the left handsideof Equation2.1 or 2.2, solvingfor
ther distancevaluewill yield theradiusof the coveragediscof anode,thecircularareainside
which connectwity to othernodescanbe establishedWe call this distancevaluethe effective
communicatiomangg; it is aquantitywidely usedto characterizéhe degreeof connectity in
anetwork usingFS propagtion.

For largeenvironmentswith distancegreaterthana hundredmetersthe Two-RayGround
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propagtion modelis favored over FS. This model considersthe aggrejate effects of radio
waves corverging by two differentpathson the recever: the directline-of-sightpath,anda

secondpathre ecting off theground.The Two-RayGroundmodelis givenin Wattsby

RGiGheh? |

Prra(r) = g (2.3)

whereh; andh, arethe antennaheightsat the transmitterandrecever, respectrely, and
areusuallysetto hy = h, = 1.5 m; theremainingparameterfiold the samemeaningsasin FS.
Two-RayGroundhasbeenshavn to yield betteraccurag thanFSfor long distance$29).

A hybrid propa@tion model, combiningboth FS and Two-Ray Ground,hasbeenimple-
mentedn ns2by the Monarchgroup: a cross-eer distancds determinedy d. = (4phih)=l
which representghe distanceat which bothmodelsresultin the samesignalstrength.For dis-
tances < dc, FSis emplogyed; for distances > d., Two-RayGroundis employed. For radio
wave frequencieof 900 MHz and2.4 GHz, thethresholddistanced. is equalto 86.14m and
227.33m, respectiely. Giventhatin this thesiswe analyzeradiowave propagtionin indoor
ernvironmentsat2.4 GHz, we will employ exclusively FreeSpacepropagtion.

Becausehe FSandTRG modelsngglectthe presencef obstaclesthey do notaccountor
multipathfadingeffects: the differentwaysin which radiowavesinteractwith obstructionsn

theirtrajectories The multipatheffectsarecateyorizedasfollows:

Re ection occurswhena radio wave impingesuponan objectwhich hasvery large dimen-

sionscomparedo the wavelengthof the propa@tingwave.

Diffraction occurswhentheradio pathbetweerthe transmitterandrecever is obstructedoy
a surfacethat hassharpirregularities(edges).The secondaryvavesresultingfrom the
obstructingsurfacearepresenthroughouthe spaceandevenbehindtheobstaclegiving
riseto a bendingof wavesaroundthe obstacle gvenwhena line-of-sightpathdoesnot

exist betweertransmitterandrecever.

Scattering occurswhenthe mediumthroughwhich the wave travels consistsof objectswith
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dimensionghataresmallcomparedo thewavelength.Severalradiowavesareradiated

from therelatively smallobstaclan differentdirections

Beyonddisregardingthevariousmultipathfadingeffects,the FSmodelhasotherdisadwan-

tages:

Idealized Transcevers: FS assumessotropic (unity gain, or 0 dBi) and omni-directional
antennas.The former is not problematic,sincethe effects of antennagains different
thanunity canbe factoredin the model,aswe will shawv later The assumptiorof an
omni-directionalantennas, on the otherhand,quite unrealisticand troublesome:RF
transcerersarenot necessarilyomni-directionalandeventhosethataresuffer changes
in their radiationpatternby the signi cant obstructionthat representshe body of the
carrier This hasbeenshowvn quite conclusvely in [30], wherespecialprovisionshadto

betakento accounffor the orientationof the RF interface.

A Time-invariant Channel: wheread=S attemptso modellarge scalefading— the degrada-
tion of signalstrengthin largeareasassuminga staticervironment—, it doesnotconsider
the effectscausedy smallscalefading,thoseattenuation®n signalstrengthcausedy
smallchangesn theervironment,assmallashalf wavelength[31]. Thesesmallchanges
alterthe delayin eachpathof a multipathsystemdifferently thuscausingdramatically
large variationsin signalphaseandsignalstrengthusuallyin the orderof 20to 30 dB.
In mobileradiocommunicatiorsystemsthe effectsof smallscalefadingmanifesthem-
selesasa time-variantchannel. For mary propagtion modelsemplo/edin MANET,
including FS, the channelis assumedo be time-invariantor static, and the effects of

small-scaldadingareignored.

Two-Dimensionalenvironment: FS assumes at area; Two-Ray Ground provides basic

consideratiorfor differentheightsin thetransmitterandrecever antennas.

An importantnumberof researchpublicationspresentalternatves to the FS model for

MANET simulation.We will review theseproposalsn section7.2
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Figure2.2: TheHiddenTerminalproblemin wirelessnetworks.

2.4 WirelessMAC protocols

A crucialpartof awirelesscommunicatiorsystems the Medium AccessControl (MAC) pro-
tocol. Broadly speakingthe MAC protocolarbitratesuseof the communicationg€hannel. A
signi cant problemthatarisesin wirelessnetworksis the hiddenterminal problem,illustrated
in gure 2.2 Considerthe scenariovherecomputerC attemptgo senda paclet to computer
B, andsimultaneoushA alsoattemptsto communicatenith B. A and C cannotdetecteach
other giventhe distanceseparatinghem; however, both transmissiongollide in the vicinity
of B, causingajamin thechannel A andC areactingashiddenterminalswith respecto each

other

Several MAC protocolshave beenproposedwith increasingdegreesof overheadandbet-
ter handlingof the hiddenterminal problem: Carrier SenseMultiple Access(CSMA) [37],
Multiple Accesswith Collision Avoidance(MACA) [33], Floor Acquisition Multiple Access
(FAMA) [34], andthelEEE802.11DistributedCoordinatiorFunction(DCF)[35]. The802.11
DCF MAC protocolis a CSMA/CA protocol (carrier sensingwith multiple access/collision
avoidance);it is alsothe mostpopularchoicefor MANET systemsdeploymentand simula-
tion. Furthermorethe IEEE 802.11technologycanbe identi ed asoneof the mainreasons
behindthe widespreadyrowth of wirelessnetworking: the industry alliance backingup its

developments knowvn asWiFi.

In 802.11DCF, competingnodesthatwish to transmita paclet wait for a randomperiod
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of time beforeattemptingto acquirethe channel. Oncethe randomwait period hasexpired,
a transmittinghostwill sensehe channel,expectingit is not currentlyin use;this operation
is called carrier sensing Thereare two typesof carrier sensing: physical carriersensing,
an operationdependenbn the underlyingphysical interface,and virtual carriersensingthe
checkingof the Network Allocation Vector (NAV), a timer setby the currently transmitting
nodeindicatingwhenit expectsto be nished. Usually a node rst checksits NAV, andif it

indicatesthatthe channekhouldnot bein use,thenit performsphysical carriersensing.Note
thatthe hostwith smallestandomwait periodwill sensehe channebeforeits neighborsand

thusgain access.

If the carriersenseoperationhasbeensuccessfuandthe hostknows the channelis notin
use,aRequest-0-Send(RTS) control packet announcingheincomingtransmissions broad-
castedith aNAV valueequialentto theexpectedchannebccupang period.Uponreception
of theRTS, thedestinatiomodereplieswith aClearTo-Send CTS)controlpaclket. Every host
receving ary of the RTS or CTS announcementsnows thatsomebodyn thevicinity will be
usingthe sharedchannelo receve a paclet transmissionandit alsoknows for how long; the

hiddenterminalproblemis thusavoided.

If eitherthe carrier sensefails, becausethe wirelesschannelis occupied,or thereis a
timeoutwhile waiting for the CTSresponsethe nodewaitsfor arandombacloff period(after
the expiry of the currentNAV) beforeattemptinga new carriersenseandCTS/RTS exchange.
The usual802.11implementationallows seven retriesof this operationbeforedroppingthe

paclet; the bacloff periodwindow grows exponentiallyfor eachnew retry.

After the RTS originatorrecevesthe CTS answerfrom the destinationof the paclet, it
proceedgo broadcasthe DATA paclet. If thetransmissiorof the DATA pacletis successful,
the receving nodewill senda positive acknavledge (ACK) paclet, thus nishing the trans-
missionprocessTheusageof ACK pacletssenestwo purposeslt enablegheretransmission
of pacletsuponfailure,andit lessenghe impactof the hiddenterminalproblemwith mobile

nodes.In amobile nodescenarioa hostmight be ableto interferewith a paclettransmission
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by moving within the connectvity region of the communicatingerminals afterthe RTS-CTS
exchangehastakenplace.ACK pacletsallow swift detectionof this problem.

The RTS/CTSexchanges not alwaysusedin 802.11DCF A thresholdon paclet sizeis
placedto determinewhich paclets needthis operation;smallerpaclets are sentusing only
carriersensing.Control paclet exchangesare alsoavoidedfor the transmissiorof broadcast
paclets,aimedto every nodewithin connectity reach.

While 802.11is usuallyemployedastheMAC protocolin MANET researchtherehasbeen
somework regardingtheinteractionf differentroutingandMA C layerprotocolq 36,37]. It is
worth pointing out thatthe performancef MANET routing protocolsis greatlyin uenced by
thebehaior of theunderlyingMAC protocol: for example,extensve useof unicastmessages
in 802.11mightdegradethe performancef thenetwork, asthe channels occupiedwith mary

RTS/CTS/DATA/ACK controlexchangeg$9, 21].

2.5 MANET Routing Protocols

MANET routing protocolsfall into two broadcateyories: reactve and proactve. Reactve
routing protocols,alsoknown ason-demandpnly createor updaterouteswhenpacletsneed
to betransmittecalongthem. A routediscovery processs initiated, ooding the network with
aqueryto nd thedesiredoute,whichis cooperatrely constructedby therepliesof eachnode
in the network. On the otherhand,proactve routing protocolstry to keepup-to-daterouting
tablesat all times. Nodeskeeprouting tableswith entriesfor eachdestination,andreactto
changesn the network by propagting the modi cations to their tablesin orderto obtaina
consistennetwork view. Thisis thetypical behaior of wired-network routing protocolssuch
asOSPFE broadlyusedin thelnternet.

Among the reactve proposals,DSR [1, 38] and AODV [3] are the most well known.
ExperimentalRFCs of both of theseprotocolshave beenproposedin the IETF MANET

workgroup[39], andimplementationgor UNIX-basedoperatingsystemsare currentlyavail-
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able[18,4(]. Otheron-demandouting protocol proposalsnclude the TemporallyOrdered
RoutingAlgorithm (TORA) [41] andAssociatvity BasedRouting(ABR) [47].

Destination-SequencedistanceVector (DSDV) [7] is the most salient proactie rout-
ing protocol,andarguablythe rst ad hoc routing protocol. The WirelessRouting Protocol
(WRP)[47] is anotherearly ad-hocrouting protocol. The Clusterhead>atevay Switch Rout-
ing (CGSR)[44] protocolis a hierarchicalprotocolthat dividesthe network into clusters;a
particularnodecalledthe clusterheaaentralizescommunicatiorto destination®utsideeach
cluster CGSRusesDSDV for bothintraandinter clusterrouting. Anotherhierarchicaproac-
tive routing proposalis the OptimizedLink StateRoutingProtocol(OLSR)[45], which has
gainedgreatacceptancamongthe memberof the IETF MANET charter

Therearealsoroutingprotocolswhichdono t thebinarycateyorizationwe have used.For
example,the ZoneRoutingProtocol(ZRP)[46] is ahierarchicalandhybrid proposalwherea
proactve components usedinsidethelocal region,andareactve components usedfor inter
region routing. Location-aidedouting protocolsthatuseGPSor othermeansor geographical
absolutelocalization, suchas Location-aidedRouting (LAR) [47], DistanceRouting Effect
Algorithm for Mobility (DREAM) [4€], andthe GeographicaRoutingAlgorithm (GRA) [49],
arealsoquite popular

We next describethe two routing protocolswe have usedin this thesis:DSR (on-demand)
andDSDV (proactve). For amorethoroughreview of MANET routingalternatves,theinter
estedreadercanreferto [50]; asynthesiof the (relatively) currentstateof affairsin the IETF

MANET chartercanbefoundat[51].

2.5.1 DSR

DSR is a proactve routing protocol, in which routesare discovered on-demand. The key
featureof DSR s the useof source routing the sendercomputeshe routethroughwhich a
pacletwill beforwardedto its destination Eachpacletthuscarriesin its headethefull route

to its destinationandthethetaskof intermediatanodesds to forwardthe pacletto thenext hop
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in theattachedourceroute.

EachDSR nodekeepsa routecade, lled with routesthe nodediscorerson demandor
thatit overheardrom pacletsplacedin the channel. DSR nodesoperatetheir radiointerfaces
in promiscuougnode, listeningto every paclet transmittedin the sharedchannel,and thus
cantake advantageof the sourceroutespresentn eachpaclet's header If the local nodeis
detectedn theoverheardsourceroute,the segmentof therouteinvolving thelocalnode,upto
theintendeddestinationjs storedin theroutecachefor potentialfutureuse.Naturally aDSR
nodewill alsoplacein its cachenterestingrouteseggmentgshatit might extractfrom pacletsit

is forwarding.

When a paclet needsa route, DSR rst tries to retrieve a suitableentry from its cache.
If successfulthe routeis appliedto the paclet's headerandthe paclet is dispatchedo the
rst hopin theroute. Otherwise,DSR switchesto route discorery mode,and sendsa route
requesbroadcasimessage&vith anemptysourceroute.Uponreceiptof arouterequestanode
attemptgo answerit with a suitablecachedroute;it generates routereply messagevith the
cachedouteappendedo theroutefoundin therouterequesimessage- processedo remove
loops—, andunicastghereply backto the requesbriginatorusingtheroutecurrentlypresent
in therequestput reversed.To preventcollisionsin the channelfrom neighboringanswering
nodestheroutereply messagearerandomlyjittered. Moreover, if aroutereply is overheard
duringthejittering time, targetedto thesamerequesteandwith ashorteror equalroutelength,
theroutereply pacletis silently dropped.If no suitablerouteis foundin the cache the node

appendstself to the sourcerouteof therouterequesimessagandrebroadcasts.

To preventtheformationof loops,a nodecheckshatits own addresss notalreadypresent
in thesourcerouteof therouterequesimessagé hasreceved;otherwiseit discardst. More-
over, to preventduplicateansweringyouterequesimessagearetaggedwith a monotonically
increasingsequenceaumbergeneratedy the requester A nodekeepstrack of the routere-
guests'sequenc@umberdgt hasrecentlysened, andis thusableto identify routediscoveries

onwhichit hasalreadycollaboratedTo furtherenhanceheroutediscorery processthe orig-



CHAPTER 2. BACKGROUND 18

inating node rst broadcast® non-piopagating route request(or zero-ringsearch),a route
requesthatcannotbe forwardedby othernodes.In this way, the requestecaninexpensvely

checkif thetargetof therouterequests within its currentsetof neighborsandit canalsolearn
routeswithout propagting the requesto the whole network. If the non-propagting request

fails, thenanunrestrictedouterequesmessagés broadcasted.

As nodesrebroadcasa routerequestthe messagevill eventuallyreachthetargetdestina-
tion. Thetargetnodewill thenconstructa aunicastroutereply, by reversingtheroutefoundin
therouterequestSincetherouterequestill propa@tethroughmary differentpathstheroute
discovery procescanthereforegeneratenary differentroutereplieswith differentroutes.No-
tice thatif afteratimeoutperiodthe originatorof a routerequestecevesno answersijt will
exponentiallybacloff andtry again. Eventually the requestewill give up, ceaseaskingfor

routesanddropthe paclet.

Apart from routediscovery, the standardoperatingmodeof a DSR nodeis route mainte-
nance During route maintenanceDSR nodesforwardspaclets, overhearsourceroutesand
cachethem,and participatein routediscovery process.DSR nodescanalso sendgratuitous
routereplies;if anodeoverhearsa pacletthatwill eventuallyreachit, but whosesourceroute
containsa sggmentbetweerthe currenttransmitterandthe overhearinghnodelongerthanone
hop,thenodewill thenalertthe originatorof the paclket— not necessarilghe currenttransmit-
ter — thatthe route canbe shortenedusinga routereply thatwill be hopefully overheardand

thuscachedoy mary othernodes.

Whenerer a pacletfailsto besentto its next hopby the MAC layer, DSRassumeshelink
is broken. DSR thencleansests cacheof every route usingthe apparentlybroken link, and
sendsaunicastrouteerror messag#o theoriginatorof thepaclet. Every nodethatoverheara
routeerrormessagencludingthe nal destinatiorof the paclet, will alsoremove routesusing
thelink from its routecache Uponreceving therouteerrorpaclet, thesendeattemptdo nd
anew routeto thedestinatiomodein its routecache andif noneis found,switchego theroute

discorery mode.
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Non-propagtingroutereques{RREQ)timeout 30ms
Time betweemon-propagting RREQs for differentdestinations 5sec
Time betweerretransmittedhon-propagting RREQs 500ms (exponentiallybacled off)
Maximumrouterequestimeout 10sec
Maximumratefor sendingrepliesto aroute 1/sec
Maximumnumberof unsolicitedrepliesbeingheld off 10
Timeto hold pacletsawaiting routes 30sec
Packet buffer size 64
Routeerrorholdof time 1sec
Sizeof sourcerouteheademith n addresses 4n+ 4 bytes
Maximumnumberof timesa paclet canbe sahaged 15
Numberof “ow initiator pacletsneeded 3
Flow tableentrytimeout 60sec

Table2.1: DSRprotocolconstants.

DSRis furtheroptimizedthroughtwo techniquespadetsalvaging[ 3] andimplicit source
routing[57]. Whenanintermediatenodefailsto forwardapaclketthroughalink, thetraditional
behaior of DSRis to remaove from the nodes cachethe routesinvolving the failing link, and
afterwards sendthe appropriateroute error message.With paclet sahaging, the nodealso
attemptsto sahageevery paclet currently presentin its queueof pendingtransmissionshat
wereto be sentthroughthe failing link. DSR will usethe route cacheto replacethe source
routeof suchpacletswith cachedalternatves. The pacletsarethenreinsertedat the backof
thequeue.To preventin nite sahaging,thereis a thresholdplacedon the maximumnumber

of timesthis optimizationcanbe appliedto a paclet.

Implicit sourceroutingis anoptimizationtargetedto minimizethebyteoverheadf tagging
everypaclketheademwith asourceoute.Eachnodein thenetwork keepsa ow table Whenthe
originatorof a paclet wishesto establishanimplicit route,it sendsa numberof ow initiator
paclets, traditional pacletswith their sourceroute,the appropriateag anda ow identi er.

Eachhopin the routewill createan entryin its o w tablefor this ow identi er with the



CHAPTER 2. BACKGROUND 20

associatedoute. Every paclet forwardedthroughthat route from now on doesnot needto
carrythefull sourceroutein its headerbut ratheronly the o w identi er. Flow tableentries
timeoutif not usedrecently and unicast ow unknownerror messagesare sentbackto the
transmittersof packets with unknovn o w identi ers. Upon receptionof a o w unknavn
messagethenodewill contactthe sourceof theimplicit routeandinstructit to reestablistihe
o W.

Table 2.1 lists the DSR constantsemployed in the protocol’s implementationcontained

within thens2simulatorversion2.26.

2.5.2 DSDV

DSDV is atable-driven proactve routing protocol,that builds on the Bellman-Ford distance-
vectorrouting algorithm[53]. In DSDV, every nodehasa routing table, with one entry per
destinatiomodein the network. Besideghedestinations addresseachroutingentryincludes
the next hop to the destinationa metric (usually the pathlength),andthe sequencenumber
of the rst hopin the route,to indicatethe freshnes®f the information. A DSDV nodethus
only knows the rst hopin theroutethroughwhich it will forwarda pacletto its destination.
Applicationlayer pacletsaretaggedwith the destinatioraddressandevery intermediatehop
needdo checkits correspondingoutingentryto nd outwhereto forwardthe paclet next.

DSDV is called a proactve protocol becausenodesactively exchangerouting informa-
tion, regardlessof the needfor it, and constantlymaintainroutesfor every possiblesource-
destinationpair in the network. This x ed overheadmight be unnecessarin ervironments
with lower routingrequirements.

DSDV routinginformationis only exchangedhroughbroadcasadwertisementsIn each
adwertisementa nodepublishesa monotonicallyincreasingeven sequenc&umberfor itself,
andthe contentsof its routing table. By exchangingthis information,nodescanreacha con-
sistentview of thenetwork. A nodeanalyzegheinformationcontainedn theadwertisements,

anddeterminesf arouteto agivendestinatiorthroughtheadwertisingnodewill have asmaller
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metricthantherouteactuallyin use— or thesamemetricbut with afreshersequencaumber—,

andthusmodi es its own routingtableaccordingly

Therearetwo typesof adwertisementsperiodicandtriggered. Periodicupdatesare full
updatesscheduledat regular times, in which the whole local routing table is adwertisedto
the neighboringnodes. Triggeredupdatesare on the other handincrementalupdates;they
are causedby topology changesdetectedby a nodewhich needimmediatepropagtion to
the restof the network. Therefore,only the routing informationthat changedsincethe last
adwertisementneedsto be propagted. However, if the incrementalrouting information to
be transmittedsurpasses certainthreshold,then the incrementalupdatewill be upgraded
to a full-scale periodicupdate. As a side-efect, the actualschedulingfor the next periodic

adwertisements alsomodi ed.

DSDV decidesalink is broken aftera numberof expectedperiodicupdateshave notbeen
receved. In this casethe DSDV nodewill adwertiseanin nite metricandan odd sequence
numberfor that node,equalto the last known sequencenumberplus one. This ensureghat
wheneer the nodeon the othersideof the suspecbrokenlink becomesonnectedgain, the
sequencenumberit will adwertisewill overwrite all the information aboutthe broken link.
Anotherinterestingeffect of the useof monotonicallyincreasingsequenc@umbersn DSDV

is thatloop-freedomis guaranteedh theformationof routes.

The DSDV standards unclearasto whethertriggeredupdateshouldbe sentwhena new
route metric is found, or whena new sequencewumberis found. Sendingupdateson new
sequenc@umberswill resultin a higherresponsienessn the network whenbrokenlinks are
detectedat the costof exchangingsometimesinnecessarinformationthatwill notenhance
therouting task. The propagtion of triggeredupdatess further subjectedo a setof timing
constraints:a weightedsettling time speci es the time a nodewaits betweenreceptionof a
triggeredupdateand broadcastingts own resultingtriggeredupdate;an aggrgation time is
further speci ed suchthat no two updateshy the samenodecan be transmittedin lessthan

suchtime. The objectve of theseconstraintss to avoid “broadcasstorms”,i.e. thetriggering
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Periodicrouteupdateintenal
Periodicupdatesnissedbeforelink declaredoroken
Routeadwertisemenaggreationtime
Maximumnumberof pacletsbufferedpernodeperdestination
Initial triggeredupdateweightedsettlingtime
Weightedsettlingtime weightingfactor
Updatedriggeredon receiptof a new sequenc@umber

Updatedriggeredon receiptof a nenv metric

Thresholdfor upgradingiriggeredupdatedo full updates

15sec

1sec

6 sec
7/8
No
Yes

1/3 of tablesize

Table2.2: DSDV protocolconstants.

of broadcast$or every nodeof the network in a chainreaction.
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Table2.2lists the DSDV protocolconstantemplo/edin the DSDV implementatiorcon-

tainedwithin thens2simulator version2.26.



Chapter 3

Indoor MANET Simulation

Theuseof MANETS in indoor environmentshasbeenervisionedfor mary interestingappli-

cations.We list afew of thesecases:

Disasterrelief teamssuchas remen.
Policeoperations.
Penasive computingervironments.

Conferencesr classrooms.

MANET simulationin indoorervironmentresentsnterestingchallengesModernbuild-
ings usually have irregular shapesand large numbersof obstacleswhich affect both node
mobility andradio propagtion. Moreover, indoorenvironmentstendto be muchsmallerthan
the outdoorscenariograditionally consideredn MANET researchamplifying thein uence
of the obstacleson the network's behaior. Finally, buildings typically have multiple oors,
which addsa three-dimensionaspecto the simulation.

For instanceconsiderFigure3.1, which shavs theblueprintof the fth oor of theBahen
Centrefor Information Technology an academiaesearchbuilding locatedin the St. Geoge
Campusof the University of Toronto. The building standson a 113 by 88 meterslot, and

the areaof the depicted oor planis the sameasthatof a squarewith 73.5metersides. This
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Figure3.1: Blueprintof the fth oor of the BahenCentrefor InformationTechnology
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areais a hundredtimessmallerthanwhatis usually consideredn MANET simulations:for
example,[7, 9] performMANET simulationsn arectangleof 300by 1500meters.The gure
alsoportraystheirregularlayoutof this building, but barelycorveys asenseof its architectural
complity: cemenpillars, steelshafts prick walls, andthepenasie presencef glassarejust
someof its relevantcharacteristicsAlso, elevatorsandstairscanbe usedto move betweerthe
multiple oors of the building. Finally, giventhatthe ervironmentunderconsiderations not
theground oor, movementoutsidethe oor planis —for all practicalpurposes-impossible.
In thefollowing chaptersye describaeletailednodemobility andradiopropagtionmodels
thataddresshe challengegpresentedy indoorernvironmentssuchasthe oneaforementioned.
In orderto assesshe impactof modelingdifferentincrementalfeatures for eachmodelwe
presentseveral simpli cations; we graduallyremove levels of detail in the modelsuntil we
fall backinto the obstacle-freenodelsdescribedn chapter2. Theinterestedeaderwill nd
a comprehensiblydocumentecand freely-available distribution of the ns2 implementations
of thesemodelsin www.cs.toronto.edu/andreslc/papers/MANET xeensions.tgzNoticethat
thesemodelsare currentlytargetedto simulationsof a single oor; extendingthe modelsto
supportmultiple- oor simulationis left asafutureresearctobjectve. Finally, in chapteré we
presenthe mostimportantcontribution of this thesis the evaluationof the robustnes®f these

simpli cations for indoorervironments.


www.cs.toronto.edu/~andreslc/papers/MANET_extensions.tgz

Chapter 4

Constrained Mobility Model

We introduceConstrainedMobility (CM), a novel mobility modelfor simulationof comple
indoor environments. CM usesa mobility graph to constrainnodemobility accordingto the
obstaclegpresenin the ervironment. For instance a mobility graphhasbeendravn over the
blueprintof the Bahens fth oor, asillustratedin Figure 4.1 Verticesrepresenpossible
destinationghat nodescanvisit, and edgescorrespondo physically-valid pathsover which
nodescan move toward their intendeddestinations.Movementfrom one destinationto an-
otheris accomplishedy traversingthe edgesthat constitutethe shortestpath betweenthe
two correspondingertices.Therefore nodesmove throughdoorsandhallwaysto reachtheir

destinationsinsteadof resortingto straight-linetrajectories.

At presentwe drav the mobility graphon top of the oor planusinga simplegraphical
editor we developed— a screencaptureof the editoris displayedin Figure4.2 CM graphs
aredravn usingexisting AutoCAD drawings. This is not a laborioustask,andis furthermore
completelyamortizedby the large numberof timesthe graphfor a given oor planis usedin
differentsimulations.For example,the graphusedthroughouthis thesiswas rst dravnin 30
minutes andlatersubjectedo minorre nementsthatwerealsoappliedin amatterof minutes.
Neverthelesswe planto exploretechniquedo automatehe generatiorof mobility graphs py

usingthe publicly available AutoCAD [54] formatto parsethe blueprintof interest.
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(a) Blueprint of the ®fth “oor of the Bahen (b) CM modelmobility graphsuperimposed

Centrefor InformationTechnology onthe Bahens ®fth “oor blueprint.

(c) Stand-aloneCM model mobility
graph.

Figure4.1: Fromthe AutoCAD blueprintto the CM modelmobility graph.

27



CHAPTER 4. CONSTRAINED MOBILITY MODEL 28

Figure4.2: Graphicaleditorusedto generateCM mobility graphs.

The CM modeladdresseaodebehaior in a simpleway: we limit the choiceof destina-
tionsto the setof red-coloredverticesin the graph,situatedin “interesting”locationssuchas
of ces, classroom&ndconferenceooms. Eachnoderandomlychoosesa vertex in this set,
andmovestoward it at a randomlyselectedspeed. After reachingits destinationthe node
pausedor a x edtime periodbeforeresumingmovement. We adoptedhis generic— andfa-
miliar — approacho behaioral mobility modelingbecausehe main focusof our researchs

themodelingof physicalobstaclexonstrainingrhodemovement.

CM doesnot yet accountfor smallerobstaclessuchasfurniture or the presencef other

people/mobilenodes.We will revisit theseissuesvhendescribingour futureresearcliplans.
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Figure4.3: Mobility patternof anodeunderShellMobility.

4.1 Simpli cations to Mobility: Shelland RWP

TheCM modelwe have describedakesbothinternalandexternalwallsinto account.The Shell
Mobility modelis aninitial simpli cation thatdiscardsthe internalwalls of the building and
themobility graph;instead hodesselectdestinationgandomlywithin the areaoutlinedby the
externalwalls of the building, andfollow straight-linetrajectorieso their destinations.Shell
thusincreaseshe numberof possibledestinationsanddistributesthemuniformly. However,
choiceof destinationgs constrainedo locationsthatwill not force nodesto stepoutsidethe
oor planperimeterFigure4.3illustratesthe mobility patternof anodeusingthe Shellmodel.
Discardingthe externalwalls from the Shell modelyields the RandomWaypoint (RWP)
model. We considertwo variantsof RWP. In the RWPs (small), nodesmove within a square
with 73.5metersidestheareaof this squaras equialentto theinhabitableareaof theBahens

fth oor, andconsequentlyhe areawherenodemovementtakesplacein the ShellandCM
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113 m|,

88 m
Figure4.4: Nodemobility underbothvariantsof the RwWP model.

models. In RWP_ (large), nodesmove in a rectangleof 113 by 88 meters,the areaof the
lot over which the Bahenbuilding stands.Figure 4.4 illustratesthe differencesbetweenboth

variantsof the RWP mobility model.

4.2 Mobility Model Implementation

RWP mobility patternscanbe generatedor simulationsin ns2 using setdesta small inde-
pendentpplicationprovided by the MonarchWirelessExtensions setdesgeneratesn OTcl
scriptspecifyingnodemovementwhichis fed to the simulatorduring setuptime. The param-
etersneededvy setdesto generatea RWP mobility patternare: simulationtime, numberof
nodesrectanguladimensionf the simulationarea,P andVmax (Vmin iIs X edat0 m/s).

The mobility modelswe have describedvereimplementedoy extendingthe setdesipro-

gram.To generat@a CM mobility pattern atext-basedntermediateepresentationf amobility
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graphis exportedby our graphicaleditor and passedo the setdest-cnprogram. The control

o w of setdests altered: choiceof destinationgs limited to the distinguishedverticescon-
tainedin themobility graphspeci cation,anda shortespathalgorithmis usedto nd thepath
in themobility graphthata nodewill useto move towardits destination.

To generat&hellmobility patternssetdest-sheis givenaspeci cationof theouterperime-
ter of the oor planunderconsiderationWheneer anodedestinations chosentheresulting
trajectoryis checled; if the nodewill stepoutsidethe outershell of the building, the current
choiceis replacedoy a new destination.Finally, all versionsof setdesiveremodi ed to con-

sideraVpin of 0.5m/s,to avoid the averagespeeddecayphenomenomeportedby [27].



Chapter 5

Attenuation Factor PropagationModel

AttenuationFactor (AF) [55, 56, 3(] is anempiricalradio propagtion modelfor indoor envi-
ronmentsthat deterministicallyaccountsor multiple obstacles.AF modelsa time-invariant
channeWwherethe obstacleblockingthe primaryray — the straight-linetrajectorybetweerthe
transmitterandrecever —, areresponsiblgor the majority of the lossin signalstrengthper
ceived by therecever. Theremainderof the signalstrengthattenuatiorin AF is a function of
the distancethat separatethe communicatinghodes. While AF neglectspropagtion effects
like re ection, diffractionandscatteringandonly modelsobstaclesfter their materialtypes
but not their thicknessor othercharacteristicsit hasbeenshavn to yield goodaccurag and
high computationakfciency [55]. To the bestof our knowledge,thisis the rst application
of AF to MANET simulations.

The AF modelis givenby Equation5.1

r 5
Par(r;my;iims) = Po(ro)  10nlogyg - am PF; (5.1)

0 i=1
whereP, is thepower at somenearbyreferencalistance , nis the pathlossexponentthat
determinegherateatwhich power decreasewith distancer, m; is the numberof obstacleof
materialtypei alongthe primaryray path,PF is the partitionfactorlossdueto materialtype

i, ands is thenumberof distinguishablenaterialtypes(1 i s).
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To be ableto usethe AF model, we needto specify the valuesof its parametersP,, n,
s andthe PFs. Theseparametersre site-speci c empirical approximationsderived from
experimentaimeasurementd\e next describehe equipmentusedandmethodologyfollowed

to derive thesequantities.

5.1 MeasurementEquipment

Our measuremengquipmentconsistedof two laptopsrunningLinux RedHat 9, kernelver-
sion 2.4.24,with WirelessTools [57] enabled.Eachlaptopwasequippedwith an Enterasys
RoamabouPCMCIA network interfacecard[58], basedon the Orinoco802.11bchipsetand
con gured in ad hoc mode. The cardswhereattachedo a specialexternalomni-directional
antenngd 59 that provided a gain of 9 dBi, anda horizontally-shallav radiationpatternthat
minimizedtheeffectsof re ection onthe oor andceiling— only 11 degreesof verticalaper
ture. At 2 Mbps,the Enterasysietwork interfacedatasheetndicatesanominaltransmitpowver
of 15dBmandanominalsensitvity thresholdf -91dBm, guaranteeingBit Error Rateof less
than10 °. With a cumulatie gain of approximatelyl7 dB (two 9 dBi antennasninuspigtail
losses)the setupwascapableof recordingsignalstrengthvaluesof -108 dBm for equivalent

isotropic(0 dBi or unity-gain) antennas.

5.2 Site-speci c Parameterization

Werecorded250measurements signalstrengthoverthe oor planillustratedin Figure5.3(a)
Eachtrial involved threesteps. First, the two laptopswere randomlypositionedon different
locationscorrespondingo verticesof the mobility graph. Second,an attemptwas madeto
establisrcommunicatiorbetweerthetwo laptops.If successfulpothlaptopswerecon gured
to ping eachother; otherwise,a new pair of verticeswas chosen. Finally, when successful,

bothlaptopssimultaneouslyecordedsignalstrengthvaluesover a periodof oneminute. The
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granularityfor the signalstrengthmeasurementrovided by the carddriver andthe Wireless
Toolswas1 dBm. Thesignalstrengthvaluewasrefreshedavery time a new ping paclet was
receved; eachlaptoprecordedoughly 30 measurement®r a given pair of locations.We set
the signalstrengthto the averageof the measurementisom both laptops. In the appendixof

this thesiswe reportthe valuesrecordedoy theseempiricalmeasurements.

Givenstationarymeasurement@ndthe symmetryof our experimentalsetup,we expected
both laptopsto recordapproximatelythe samesignalstrengthvaluespertrial, becausef the
electromagnetiprinciple of reciprocity [60]. We did not anticipatethe large effect the move-
mentof otherpeoplewould have on the assumptiorof a time-invariantchannel:to achieve
reciprocity measurementBadto be taken late at night. This is a clearexampleof the im-
portanceof modelingsmall scalefading channelsjn section7.2, we will illustrate how this
crucial featureis negglectedby mary otherradio propagtion models. Adding a small scale
fadingcomponento the AF modelis thusour main future researctgoal for this partof our

project— we will commentmoreonthisin chapter8.

To obtainthe site-speci cvaluesfor Py, n andthe PFs we rana regressiontestin MAT-
LAB. For eachmeasuremergointk, we providedMATLAB with themeasuredignalstrength
Iﬁ, the distancery from the transmitterandthe numberof walls of eachtype my betweerthe
transmitterand the recever. We theninstructedMATLAB to iteratively minimize the error
betweerthe empiricalmeasuremerdndthe value predictedby the AF function; we usedtwo
differentestimatorgleast-squareandLorentzian) andconsideredlifferentnumbersof mate-

rials(s = 11,;3;4;79).

We coulddistinguishseven materialtypesin our AutoCAD oor plan: exterior walls, inte-
rior walls, exterior glass,interior glass,steel,concreteandwood. However, thebest t to the
empiricalmeasuremenigvolvedonly four materialgs=4). Theinterior wallsandwoodwere
combinedinto one material(PF=2.479dB), metaland steelinto another(PF,=4.7727dB),
interior andexterior glassinto a third (PF3=3.11104dB); exterior walls were our fourth ma-

terial (PR=6.50076dB). The effect of furniture and smallerobstaclesvasaccountedor by
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Figure5.1: SignalstrengthmeasurementandAF t. Eachmeasuremendot) is pairedto its

AF approximation(bubble)in the samevertical axis.

n andP,, whichwere t to 1.9665and-31.4627dBm, respectrely. ro wasnominally setto
onemeter TheresultingAF parameterizatioifthe circlesin Figure5.1) presentsan average
relative error of 8.9% with respecto the experimentaldata. In Figure 5.2 we plot the cum-
mulative distribution function of the relative errorsof the AF t with respecto the empirical

measurements.

Figures5.3(b) and 5.3(c) shav an AF-generatedrisualizationof the signal strengthof a
transmitterplacedin the centerof the oor plandepictedin Figure 5.3(a) andillustratethe
dramaticeffect of wall attenuation®n signalstrength.The sensitvity thresholdemployedin

this visualizationis the default Enterasywvalueof -91 dBm.

In its presentstate, AF sharesmary of the simplifying assumption®f other propagtion
models,suchasa two-dimensionatopology omni-directionalantennasnda time-invariant

channel.Overcomingthesdimitationsis a subjectfor future work.
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Figure5.2: Cumulatve Distribution Functionof therelative errorsof the AF t with respecto

theempiricalmeasurementd hemedianof therelative errorfallsat 0.1328.

5.3 Simpli cations to Radio Propagation: FS and Line-Of-
Sight

A naturalsimpli cation to the AF modelis to remove the explicit consideratiorof obstacles.
The FreeSpace(FS) modelusuallyemployedin MANET simulationsdoesthis by assuming
that signalspropagte thougha vacuum. This is an inappropriateassumptiorfor our indoor
ernvironment:for theoutputpowerandsensitvity threshold®of typical WiFi 802.11bhardware,
suchasthe one usedto parameterizeéhe AF model, ary single nodewill obtainfull radio

coverageof the network.

To obtaina realistic basisfor comparisornwith AF, we needto scaledown the effective

LAn outputpower of 15dBm, afrequeng of 2.4 GHz anda sensitvity thresholdof -91 dBm at 2Mbps.
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() Blueprintof the®fth “oorof theBahen (b) Coverage pattern of a transmitter
Centrefor InformationTechnology placedin the centerof the Bahens ®fth

“oor, superimposedn the blueprint.

(c) AF coveragefor atransmitteplacedin

the centerof the Bahens ®fth "oor.

Figure5.3: Fromthe AutoCAD blueprintto the AF implementation.
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communicatiorrangeof FS. The problemresidesn nding a suitableapproximatiorfor the
communicatiorrangein AF propagtion: remembethatthis valueis a function of the sensi-
tivity thresholdin propa@tion modelsthat establisha one-to-oneelationshipbetweerpower
anddistance— not the caseof AF. To solwe this problem,we employ the Log-DistancePath
Loss(PL) function given by Equation5.3 (in dBm). This functionis a generalizatiorof FS
(revisitedin Equation5.2), wherewe assumenarbitraryhomogeneousediumcharacterized
by a pathloss exponentn. As in the AF model, P, is the referencepower at somenearby
distance,. NotethatAF canbe seenasageneralizatiorof PL, aswell: in the PL equatiorall

theattenuatiorfactor(the PR's) aresetto zero.

Peo(r) = Polto) 20l0gyy 5.2)

(0]

PL(r) = Polro) 10nlog;y - (5.3)

0]

We usedMATLAB to t the PL equationto our empiricalmeasurementsisingthe same
processve employedto parameterizéne AF model. Thebest t for the PL function,yielding
a 14.85%relative error, corresponds$o n= 4:.0602andP, = 19:2464dBm, for a nominal
referencelistance, of 1 m. This t is plottedin Figure5.4asadashedine. Notethatthepath
lossexponent(n) obtainedroughly correspondsaluesreportedn the bibliograply [55, 17].

The PL t we obtainedoffers a reasonablesetof communicatiorrangesfor comparison
against AF. This is shavn in Table 5.1 for a setof sensitvity thresholdsemployed in AF
propa@tion(thethresholdstartfrom thedefaultEnterasysalueof -91 dBm,andthenincrease
by 10 dB atatime), we canseethe corresponding’L effective communicatiorranges.These
communicatiorrangesarethenappliedto the FS propagtionfunction,andthe corresponding
sensitvity thresholdneededto yield thoserangesare shavn in the last row; note how the
thresholdsneedto be downscaledto obtaina fair comparisorwith AF. We employedin our

simulationanalysisthe resultingsite-speci cdonvnscaled=S model,which we will referto as

FS
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AF ThresholddBm) | -51 -61 -71 -81 -91

PL Range(m) 6.05 | 10.67| 18.82 | 33.19 | 58.51

FS°ThresholddBm) | -10.68 | -15.6 | -20.53| -25.46 | -30.39

Table5.1: PL effective communicatiomrangedor differentAF sensitvity thresholdsandcor-

respondingS’ sensitvity thresholds.

Thesecondsimpli ed propagtionmodelwe consideiis Line-Of-Sight(LOS) propagtion.
This modelhasbeenpreviously usedin MANET simulation[8, 14]. It is a basicextensionto
Two-RayGroundwheretwo propagtionconditionsaredifferentiatedif any obstacleobstructs
theprimaryray betweerransmitteandrecever, connectvity betweerthenodess preempted;
otherwise thereis a clearline of sight propagtion path and corventional Two-Ray Ground
propagtionis assumed.

Figures5.5 presentsvisualizationsfor FS and LOS propagtion, which sene as useful
illustrationsof the differencedetweerthe models— compareo the AF visualizationin Fig-
ure 5.3(c) In the absenceof re ection, diffraction and the scatteringeffects of multi-path
propagtion, we canview the threepropagtion modelsconsideredascoexisting in the same
axis (Figure5.6). While FSassumesheattenuationso signalstrengthdueto obstaclesn the
primaryray to be alwayszero,LOS is the exactopposite,asit modelsin nite attenuatiorby
ary obstacle. AF propagtion staysin between,and addsanotherlevel of sophisticatiorby

consideringdifferentattenuatiorfactorsfor differentmaterials.

5.4 PropagationModel Implementation

An implementationof the FS modelis bundledwith the ns2 network simulator along with
implementationgor other propagtion models,suchas Two-Ray Ground. We have created

two additionalradiopropagtionclassedor the AF andLOS models.

Our implementationof the AF modelis capableof determiningthe perceved power at
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(a) Free Space. Effective transmission (b) Line-Of-Sight. Notice that the trans-
rangeis 58.51meters. Transmitterin the mitter was moved to a different position
centerof the oor plan. in the oor plan.

Figure5.5: Visualizationsof simpli ed propagtionmodels.
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Figure5.6: Conceptuatomparisorof thethreepropa@tionmodelsunderconsideration.
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the recever for ary pair of nodesarbitrarily positionedinside the modeled oor plan. The
distancer betweenthe nodesis computed andthe numberof walls of eachtype obstructing
theprimaryray(mj,1 i s)isdeterminedisingtheervironments AutoCAD oor plan.The
signalstrengthpercevedby thereceveris obtainedoy usingEquation5.1 with theempirically
derived parametersandthe computednputvalues.

Our implementatiorof the LOS modelis inherentlymuch simpler The samealgorithm
emplg/edin AF to determinethe numberof walls obstructingthe primary ray is usedto de-
termineline-of-sightconnecwity betweertransmitterandrecever. If thereis noline of sight,
connectvity is disalloved; otherwise the distancer betweenthe nodesis computed andthe
Two-RayGroundpropa@tionmethodis onvokedto determinesignalstrength— notethatfor

thetypicalindoorernvironmentTwo-RayGroundreducego FreeSpace.



Chapter 6

Experimental Evaluation

In this chapterwe presentthe resultsof our analysison the robustnessof simpli ed simula-
tion modelsfor MANET evaluation.To conductthis study we employedseveralcombinations
of the mobility and radio propa@tion modelspresentedn chapters4 and5. We compared
the effectsinducedby the successie simpli cations in the perceved performanceof different
routing protocols;our main objectve wasto establishif any simpli cation is suitableasa re-
liable trendillustrator, i.e. if any of the simpli cations canbe deemedobust. The chapteris
organizedasfollows: section6.1 describeghe simulationervironmentand parametersSec-
tion 6.2 describeshesimulationmethodologyandmetricsconsideredSection6.3 presentshe
mainresultsobtained andsection6.4 explainsthereasongor thoseresults.Finally, additional

closingremarksarepresentedn section6.5.

6.1 Simulation Environment

We ranour experimentasingthens2[17] network simulatorversion2.26,augmentedvith the
MonarchWirelessExtensiong15]. We employedtheimplementation®f theDSRandDSDV

routing protocolsprovided by the Monarchextensionswith the constantdistedin tables2.1
and 2.2, respectrely. We also usedthe WirelessExtensions'implementationof the 802.11

DCF MAC protocol,aswell asthe FSandRWP models.As previously explained,we imple-

43
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mentedthe CM andShellmobility models,andthe AF andLOS propa@tionmodels.We also

instrumentedhe simulatorto obtainthe metricsdescribedn section6.2

We reportresultsfor networks of 20, 30, 40, 50 and 60 nodes. All experimentsran for
1200 secondsf simulatedtime. We simulatedwirelesscommunicationat a frequeng of
2.4 GHz, with a channelcapacityof 2 Mbps, compatiblewith the 802.11bstandard.In all
simulations,nodeschoosea speeduniformly distributed between0.5 and 3 m/s, which we
regard asthe rangeof humanwalking speedsn anindoor ervironment. To provide a highly
dynamicscenaricandstresgheroutingprotocols,we setthe pausdimeto zerosecond®nall

simulations.

We modelednetwork traf ¢ usingConstanBit Rate(CBR) sourcesA CBRtrafc source
providesa constanistreamof paclketsthroughoutthe whole simulation,thusfurther stressing
the routing task. In eachexperiment,half the nodesin the network are CBR sources,and
eachsourcetransmits64-bytepacletsat a rateof 4 persecond.We experimentedvith higher
sendingrates paclet sizesandnumberof sourcesWe omit thoseresults,asthey shav similar

trends,with the predictablyhighereffect of network congestion.

We experimentedwith a variety of sensitvity thresholddor the AF model,rangingfrom
thedefaultvalueof -91 dBmdescribedn the EnterasydNIC speci cation,upto -51 dBm, with
a stepof 10 dBm. Varyingthe sensitvity thresholdis equvalentto varying the transmission
outputpower, anddetermineshedegreeof connectity of thenetwork. Basedonthemappings
from Table5.1, we experimentedvith FS° effective communicatiorrangesbetweers and 60
meters.By de nition, the LOS modelre ects a coarse-graine@inary propagtion condition,
hencewe only considera very high sensitvity thresholdthatwill allow connectvity in aline-

of-sightsituationregardlessof the distance.

All theresultspresentedireaverageof ve runsover differentrandomlygenerateano-
bility patternsFor all experimentsno signi cant variancewasobsernedamongdifferentruns
for the samescenario;standarddeviation valueswere consistentlysmallerthan 10% of the

correspondingverage.
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6.2 Simulation Methodology

In this thesiswe regard the Constrainedviobility (CM) and AttenuationFactor (AF) models
asthebaselineagainstwhich we comparethe robustnes®f simpli ed simulationmodels.We
rst compareCM-AF againstthe otherlessdetailedpropagition models,LOS andFS® Once
we have removedthe deterministicconsideratiorof obstaclesrom the propagtionmodel,we
alsoconsidemobility modelswhich graduallyneglectobstacles:rst theShellmodelandthen
thetwo variantsof RWP, RWPs andRWP, .

Note thatin the following sectionsthe LOS propagtion modelis brie y analyzedsepa-
rately asit quickly demonstratet beaveryinaccuratelternatve for indoorMANET simu-
lation.

Therobustnes®f thesimpli ed modelswe considelis characterizethy theirimpactonthe
routingprotocols'performanceWe employ two protocols DSRandDSDV, andevaluatethem

throughthe following metrics:

Packet Delivery Rate (PDR): theratioof applicationayerpacletsthatweresuccessfullyor-
wardedto theirintendedrecipientsby theendof thesimulation.This is themainevalua-
tion metricin MANET routingprotocolresearchNoticethatsincewe useCBR sources

with x edparameterghe PDRis equivalentto the network throughput.

End-to-end Latency: for all deliveredpaclets,the averagetime elapsedetweengeneration
atthe senderandreceptionat the destination.This includesbuffering in queuestrans-
missiontimes, and delayswaiting for successfuMAC control exchangesand routing

actwity.

Routing Packet Overhead: thetotal numberof routing pacletstransmittedduringthe simu-
lation. Thisre ects thedegreeof routingactivity, whichis alsosometimegharacterized
by thenormalizedroutingload, i.e. theratio of routingpacletstransmittedo application

layerpacletsreceved.
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The way we evaluatethe PDR deseres further explanation. It is possiblethat a paclet
cannotbe transmittedoy its sendetto the rst hop of theroutetowardits destinationpecause
thenumberof MAC layer CTS/RTS exchangeaetrieswasexceededdueto congestioror other
conditions.A routing protocolcanthendropthe paclet de nitely, or attempta numberof re-
transmissionsThis representatrade-of betweerdelivery andlateng: for someapplications,
suchasstreamingjt is preferableto losea certainnumberof pacletsandhave thosethatar-
rive do soin atimely manner;for otherapplicationssuchasftp transfersjt is imperatve to
successfullydeliver every paclet, evenif somepacletstake longerandhave to beretriedmary
times.In thisthesiswe have —ratherarbitrarily— decidedo favor the rst scenarioif apaclet
is droppedby the MAC layer at the senderit is not countedasa delivery failure. However,
if the routing protocoldoesnot drop the paclet and attemptsa retransmissionthe paclet is
consideredbtill deliverable andif it successfullyeaches differentnodeit will beaccounted

for in thePDR metric.

We further analyzethe routing activity throughother metrics, relatedto the internalsof
eachprotocol. For DSR, we quantify the numberof routing paclets of eachtype that were
transmitted- RouteRequestRouteReply, RouteError and Unknavn Flow Error — andthe
numberof paclet sahagingsthathappenediuring the simulation. For DSDV, we determine
alower boundon the numberof routing pacletstransmitted pbtainedby applyingthe proto-
col constantdo the particularexperimentalconditionsof eachsimulationcon guration. We

emplogy thislower boundto betterquantifythe overheadncurredin by theroutingtask.

We alsoconsiderfour topology metricsthat are protocolindependent.Thesemetricsare
evaluatedoff-line, not during simulationtime but during mobility patterngeneration. The
valuesof thesemetricsarethusbasedon nominal propagtion conditionsanddo not account
for collisions or interferenceduring paclet transmission. The metricsre ect the combined
effect of the mobility andradio propagtion modelson the network topologythatthe routing
protocolssee,and are thereforeemployed to explain the behaior of the protocols. Besides

absolutevalues,we alsoreportnormalizedvaluesfor two of thesetopologymetrics.
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Neighbor Density: theaverageof thenumberof peemodeswithin connectvity reachfor each
nodeatary giventime. We normalizethe neighbordensityby expressingt asafraction

of the maximumnumberof neighborsn 1 for anetwork of n nodes.

Optimal Path Length: theaveragdengthin hopsof the optimalpathfor thosepairsof nodes

for which a pathactuallyexists,atarny giventime.

Link ChangesCount: the averageof the numberof connecwity changedetweeneachpair
of nodes.We normalizethe link changesountby expressingt asthe fraction per link

or nodepair,n (n 1)=2for anetwork of n nodes.

Link DisconnectionTime CDF: everytimealink betweertwo nodesbreak,we measurehe
period of time the link remainsbroken. We thenreportthe Cumulatve Distribution

Functionof thelink disconnectiortimes.

The valuesreportedfor the normalizedtopology metricsare thosefor a network of 40
nodes. Becauseof normalization,the resultsfor networks of differentsizesare practically

identical.

6.3 Robustnessof Simpli ed Simulation Models

Figures6.1and6.2 shav the PDRfor the experimentswve have conducted The graphsdo not
includetheresultsfor LOS propagition; we leave thatanalysidfor later In Figures6.3and6.4
we shaw the lateng resultsfor the sameexperiments.Note that the resultsfor the two met-
rics areintimately related:lower delivery ratesare coupledwith almostexponentiallyhigher
latenciesn paclet delivery — the lateny graphshave a logarithmic scale—. The relationship
betweerbothmetricswill beanalyzedn section6.4.
A comparisonof Figures6.1 and 6.2 provides us with the rst indicationthat simpli -

cationsof the mobility and radio propagtion modelsmay not be robust; the effects of the

simpli cations on performancerenot uniform acrosghetwo protocols.While the perceved
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performanceof DSDV doesnot seemto be affectedin any way by successie simpli cations
of the simulationmodels,the performanceof DSR varieswidely acrosshe differentmodels.
This resultshaws that conclusiongeachedaboutthe relevanceof detail in the evaluationof
oneMANET protocolmaynotcarryover betweerprotocolsandthatassumingtherwisewill

likely producemisleadingresults.

For example fromtheDSDV resultst maybeinferredthatRWP, -FS—thesimplesimodel
underconsiderationywhereno obstaclegor mobility or radio propa@tionareaccountedor —
is arobustapproximatiorof the signi cantly morecomplex CM-AF. Thesimilar performance
trendspresentedby the protocolunderbothmodels,andthefactthatthe resultsobtainedwith
RWP_-FS arewithin a boundedandconsistenerror from the resultsyieldedby the sophisti-
catedmodel,seemto bolsterthis assertionUnfortunatelyif we wereto evaluateDSRrelying
on RWP_-FS asour model,we would reachthe erroneousonclusionthat DSR outperforms
DSDV, or atleastmatchests performancein mostcasesNotethatthe exactoppositeoccurs

if we considerthe moredetailedmodel.

Figure 6.2 provides further evidencethat simpli ed modelsare not robust: the relative
performanceof DSR underdifferentmodelschangesiramaticallyaswe increasehe number
of nodes.For example,the protocol’s performancainderCM-FS matchegsheresultsobtained
underRWPs-FS for 30 nodes(Figure 6.2(b); however, aswe increasethe network sizethe
apparenequivalencebetweenboth modelsvanishesandfor 50 nodesDSR underCM-FSis

completelyoutperformedy the sameprotocolunderthe simplermodel(Figure6.2(d).

Thuswe draw our secondconclusion:aswe modify the experimentalparameterspbser
vationsaboutthe relevanceof detail do not necessarilycarry over evenwithin the evaluation
of the sameprotocol. For example,assumehat a researcheis evaluatingan enegy-avare
enhancemertb DSR thatattemptgo reducethe enegy consumptiorof the mobile nodesby
diminishingthetransmitteioutputpower. Theassumptioris thatnetwork throughpushouldbe
sustainedor evenincreasedsinceby decreasingiodeconnectvity more simultaneousom-

munication o ws could be potentiallymaintainedn disjunctregionsof the network [61, 62].
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Figure6.5: Routingprotocolsperformancaindervariouspropagtionmodels,includingLOS,

for differentnetwork sizes.CM mobility employed.

Evaluationof this optimizationunderRWPs-FS’would leadto the falseconclusionthatfor a
network of 50 nodessaneffective transmissionmangeof 35 meters(roughlya 10 dBm output
power reduction)achiezes an optimal delivery rate, very closeto 100%. In contrast,experi-
mentswith CM-FS’ show thatat this transmissiorrange the averagedelivery rateis closerto
50% (Figure6.2(d), andthe lateng in paclet delivery is an orderof magnitudehigher (Fig-

ure6.4(d). Thereforethe power adaptatiorpolicy would not be effective for this network.

Finally, Figure 6.5 illustratesthe resultsobtainedfor LOS propagtion. In the Figurewe
comparethe delivery rateobtainedwith the CM mobility modelunderFS® LOS andAF prop-
agption; the transmissiorrangefor FS”is setto 60 m, while the sensitvity thresholdfor AF
is setto the roughly equialent-91 dBm, accordingto table5.1 Theresultsclearly shav the
inadequayg of the Line-Of-Sightassumptiorior anindoorervironment.Connectity between
nodesis mostly preemptedy the considerablenumberof obstaclesand multihop pathsfor
paclet delivery are only found whennodesare opportunisticallypositionedin hallway inter-
sections.Delivery ratesarethussteadilylower than45% for any network size,a completely

differentresultfrom the trendspresentedinderAF and FS° propagtion. We will therefore
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give the LOS propa@tionmodelno furtherconsideration.

6.4 PerformanceBreakdownn

Figures6.6 and6.7 shav the routing overheadsor DSDV andDSR, respectiely, for the ex-
perimentswve conductedn the previous section.Notice the intimaterelationshipbetweerthe
routing overheadandthe performanceesultsfor eachexperiment,the PDR andlateng. The
routing overheadof DSR grows exponentially both asthe numberof nodesincreasesandas
moresophisticatedimulationmodelsareemployed, completelyoverloadingthe network and
preventing successfupaclet delivery. Furthermore paclets spendmost of their time wait-
ing in the priority queuesbehindthe routing paclets, resultingin the dramaticlatencieswe
have reported. In contrast,for DSDV the overheadincreasesnodestlywith the numberof
nodes,andtherearealsolesseroverheadvariationsbetweerthe models. Throughthe useof
protocol-independenbpologymetricswe will explainthereasondehindtheobseredrouting
behaior.

We startour analysisby looking into the neighbordensitymetric. Figure 6.8(a)plots the
normalizedneighbordensitiesfor the modelswe have experimentedwith. We can seean
interestingdiscrepang betweerthe neighbordensitycurvesof CM-AF andCM-FS® With a
lowertransmissiompower, theneighbordensityvaluesof CM-FSareinitially lowerthanthose
reportedor CM-AF; whennoobstacleblocktheprimaryraybetweertransmittelandrecever,
AF propagtion canactuallyreachfartherin zonedlik e hallwaysandlarge conferencaooms.
However, for rangeggreaterthan25 metersthe situationreversesasthe attenuatioreffectsof
multiple walls becomehelimiting factorin AF propagtion. Noticehow thiswasillustratedin
Figuress.3(c)and5.5(a) in FSpropagtion,theradiocoverageof anodeis effectively adisk,
while for AF propagtion,the attenuationgnducedby multiple obstaclesendera non-circular
coveragezone.Thus,for theupperbandof sensitvity thresholdsindividualnodesn FSreach

analmostcompletenetwork coveragg(90%),but coverageof the network with AF propagtion
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Figure6.8: NeighborDensity

is restrictedto 62%. Figure6.8(b)complementshis analysisy shaving theabsoluteneighbor
densitiesunderRWPs-FS’, for networks of differentsizes: noticethe extremelyhigh number

of neighbordor theupperbandof sensitvity thresholds.

A furtheranalysisof Figure6.8(a)shovs thatCM-FS’, Shell-F®andRWPs-FS’have sim-
ilar neighbordensities. This resultsuggestshat underFS° propagition, neighbordensityis
mostly dependenbn the effective movementarea— which is equivalentfor thesethreemobil-
ity models—, asopposedo thespeci ¢ pathstakenby nodes RWP_ -FS’modelsalargerspace
andhasa consequentlyower neighbordensity

Theneighbordensityvalueshave a strongrelationshipwith theresultsof the secondopol-
ogy metricwe consideytheaverageoptimal pathlength.Figure6.9(a)shavs thatasthesignal
strength— andthereforeneighbordensity— increasespathlengthdecreasedpr example,as
normalizedneighbordensityapproachethe 100%mark, every nodeis within communication
rangeof eachother andthenetwork ceaseso bemultihop,yieldinganaveragepathlengthvery
closeto one. Notice thatfor very low transmissiorpowers,around-51 dBm, or the roughly

equivalent ve metersFS’ transmissiorrange the poor connectity conditionsresultin actu-
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Figure6.9: AverageOptimal PathLength.

ally low averagepathlengths.Network partitioningisolatesmary nodesandthereforefewer
pathscanbeestablishedpnly betweemairsof nodegpositionedvery closeto eachother How-

ever, Figure6.9(b)shavsthataswe increasehe numberof nodeshe degreeof nodeisolation
diminishes,and thus the averagepath lengthsfully correspondhe neighbordensityvalues.
Finally, noticethatthe obsenedrelationshipbetweemAF andFS°propagtionfor theneighbor

densitymetricis alsopresenin the pathlengthresults.

At this point we canobsere a very strongrelationshipbetweenpathlengthandrouting
overhead. For both protocols,longer pathsimply morerouting actvity. In DSR, establish-
ing longerpathstranslatego moreretransmissionsf routediscorery messagesnda higher
volume of routereplies. In DSDV, the distancevectorsof the differentnodestake longerto
stabilizeinto a globally consistentstate,thus registeringmore intermediatestagesn which

changesn routemetricscausanoretriggeredupdates.
As thetransmissiorpower increasesndthe network becomesinglehop, theroutingtask
becomedrivial androuting overheadn DSRis negligible. For DSDV we seea similar sce-

nario; noticethatfor this protocolwe have plottedalowerboundontheroutingactvity derived
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from the proactve componentthe periodicupdates.The lower bounddetermineshe mini-
mumnumberof pacletsthatwill betransmittecho matterwhatcircumstancesndis givenby

Equation6.1

LowerBounghspy = n (T=D); (6.1)

wheren is the numberof nodesT is thesimulationtime,andD is thefull updateperiod.

The previous analysishowever, fails to explain the overheadof both protocolsunderAF
propagtion. The routing overheadis consistentlylarger in all casesdisobging the trend
indicatedby the pathlengthvalues;moreaver, for mary scenariost doesnot decreasevith
shorterpaths. To explain this behaior, we turn our attentionto Figure 6.10(a) which shaws
the mostsigni cant differencebetweenAF and FS° propagition: the dramaticdifferencein
the numberof link changedetweernbothmodels.In CM-AF, the radio connectity between
two nodessuffers abruptchangesas the nodesmove, sincethe correspondingorimary ray
is continuouslyobstructedby new obstacles. The suddenattenuationsnducedby the new
obstaclegesultin numerousshortdisconnections.Figure 6.10(c) shavs the overwhelming
numberof link breakagegxperiencedinderAF propagtionin networksof differentsizes.

In contrastwith FS’propagtionconnectiity degradesslowly andsmoothlyasnodesmove
away, thusresultingin a much smallernumberof link changes. Albeit smaller thereis a
signi cant differencein the numberof link changebetweenCM-FS® andthe othermobility
modelsusingFS’ propagition,ascanbe seenin Figure6.10(b) In CM-FS°nodesmove away
from one anothermuch more quickly by traversinggraphedges- walking throughhallways
— in oppositedirections;this in turn causes higherrateof link changesNotice thatasradio
connectity in FreeSpacencreasesandeachnodeacquirescompletenetwork coverage the
numberof link changesinkstowardzero.

Figure6.11shawvs usthatindeedmostof the disconnectiongn AF propagtionareshort-
lived. We canseethatmostof thelink breakagegasmuchas88%with a sensitvity threshold

of -91 dBm) lastlessthanonesecond As the sensitvity thresholdncreasesandconnectvity
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Figure6.11: Cumulatve Distribution of link disconnectiortimes,for a network of 40 nodes

with CM mobility andAF propagtion. A typical FS°con gurationis offeredfor comparison.

consequentlglecreasest is lesslikely for nodesto establishwealer links with faravay peers,
more susceptibleo experiencetheseshortdisconnectionslt is interestingto noticethatthe
network size doesnot affect the distribution in the durationof link breakagesFigure 6.12
illustratesthis.

The smoothandcontinuouscharacteristiof FreeSpacepropagtionresultsin a different
behaior. Eventhoughthedurationof thelink breakagesinderFS°propagtionis still affected
by the transmissiorrange,we canseein Figure 6.13 that the variationis signi cantly less
pronouncedhanin AF propagtion. Mostimportantly the durationof the link breakagess
longerthanin AF propagtion,ascanbe seenin Figures6.11, 6.12and6.13 However, the
massve differencein the total numberof link breakagesepresents signi cant factorin the
protocolsbehaior.

For DSDV, morelink breakagesneansmoretriggeredupdates.The CM-AF routingover-

headcurvesin Figure6.6illustratethis. However, DSDV is not areactve protocol,andhence
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the degreeof triggeredupdategenerations controlledenough- review thetiming constraints
welistedin Table2.2—to preventtheprotocolfrom collapsing.In generalDSDV is considered
a sub-optimalprotocolbecausét fails to corvergein scenariosvith rapid movement;in [7] it
is reportedto reacha roughly 70% PDR for nodesmoving with a Vinax of 20 m/s. However,
while this lower performances dueto theintrinsic lack of quick adaptabilityof the protocol—
aresultof the sametiming constraintghatbene cially moderatats behaior in the scenarios
we have considered- it is unlikely that nodemovementin indoor scenariowill reachsuch

high speeds.

DSRis seriouslyaffectedby themuchhigherrateof link changesn CM-AF andCM-FS°.
The protocolautomaticallyreactsto ary link breakageshort-lvedor not. Routeerror paclets
aregeneratedandthe caches aggressiely exploitedto nd alternatve routes;with sahaging
enabledcacheutilizationwill be substantialljarger. However, theroutespresenin thecache
offer no freshnesguaranteesthey may very well be staleroutes,given the high numberof
link breakagesccurring.Traf ¢ is thusreinjectedinto the network usingroutesthatmayfail
to deliver the paclet; besidedurther occupying the scarcelyavailable channel the triggering
of apotentiallyneededoutediscovery cycle is postponedWhentheroutediscoveryis nally
started,the network is further clogged,leadingto a congestionbreakdavn. As the number
of nodesin the network increasesthe highernumberof link changesandneighboringnodes

exacerbateahe congestre effect.

In Table6.1, we furtherexplore the behaior of DSR by looking into threeparticularsce-
narios,with equivalentnumberof nodesandtransmissiorpower, but decreasingerformance.
We canidentify a relationshipbetweenthe increasingnumberof paclet sahagesandDSR's
breakdevn. We can also seethat regardlessof the situation, 90% or more of DSR's traf-

c is composedf unicastpackets, muchmore costly thannon-propagting broadcasts- the
only type of routing paclet in DSDV —, dueto the RTS/CTS/DATA/ACK exchangef the
802.11DCF MAC protocol. Unicastpacletsthatneedto be forwardedalonga multihoproute

aremore susceptiblego suffer multiple retransmissions the hostile conditionswe have de-
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Unknown Flow Error

0.4(0.01%)

1965(0.6%)

Experiment RWPs - FS CM-FS CM - AF
35mrange 35mrange -81dBmthreshold
PDR 99.96 42.61 11.24
Lateny (ms) 43.33 11178 18608.39
NormalizedRoutingLoad 17.81 484.62 5272.21
RoutingPaclkets 27968.3 324167.8 929543.7
RouteRequest 1506.4(5.39%) | 29373.1(9.09%) | 87211.1(9.38%)
RouteReply 23890.1(85.41%) | 251513.577.58%)| 689231.1(74.15%)
RouteError 2571.3(9.19%) | 41316.2(12.73%) | 151025.216.25%)

2076.3(0.22%)

Numberof Packet Sahages

Ratioof SahagingperPacket

3509.2
0.0224

114003.9
0.7267

255055.4
1.6258

Table 6.1: Detail of DSR routing actvity for 50 nodes. For all experiments,156875

application-layepacletsaregeneratedhroughouthe simulation.

scribed.Notethatin scenariosvith abadperformancethenumberof routerepliesis extremely

large; eachretransmissioiis countedasonesingletransmissionsinceit occupieghewireless

channelndpreventsaratherlarge numberof neighboringnodesfrom progressingn their ac-

tivity. However, the 802.11controlexchangedor unicastpacletsarenot completelyeffective

in preventingcollisionsin scenariosvith nodemobility. Unfortunately DSRassumeshatary

failurefrom the MAC layerto transmita pacletis dueto alink breakage- evenif thefailure

wascausedy congestionin theform of collisionsor interference-, thustriggeringthe cycle

of actvity we have describedandfurthercongestinghechannel.Thisisa ne exampleof the

carethatmustbetakenfor cross-layeinteractionswvhile designinga network protocol.
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6.5 Discussion

While the CM-AF modelis signi cantly moredetailedthanthe simplemodelsusedin main-
streamsimulatorg(i.e. RWP_-FS), the modelmakesseveral simplifying assumptionssuchas
notmodelingmultiple oors or assumingtime-invariantchannelandthereforats robustness
asasimpli cation of real-life conditionsis notguaranteed.

Moreover, we conductedour experimentsin a singleindoor oorplan. Despitethe com-
plexity of suchervironment,bothin termsof the layoutandcompositionof its obstaclesit is
not guaranteedhat simplifying the simulationmodelsin otherindoorenvironmentswill have
the samedetrimentaleffects— or negligible effects for somecasessuchasthe 20 and 30
nodesexperiments.

In this light, oneshouldbe carefulnot to view theresultswe presenfor DSDV andDSR
asabsolutelyrealistic predictorsof the expectedprotocolperformancen real-life indoorervi-
ronments.Instead,in this thesiswe considerthe CM-AF resultsonly asa benchmarlagainst
which to comparehe simpli ed models.Giventhatthe simpli ed modelsarenot robustsim-
pli cations of CM-AF in our ervironment,we hypothesizehatit is very unlikely thatthey are
robustsimpli cations of real-world ernvironments.

Following this hypothesiswe canalsoextract otherinterestingobsenationsfrom the ex-

perimentaresultswe have presentedofar:

1. Thereis adrasticdifferencein the performancef DSR betweenCM-AF andCM-FS°,
a strongindicationthat the sophisticatiorof the radio propagtion modelcanaffect the
resultsof the evaluation. The resultsobtainedfor LOS propagtion further supportthis

claim.

2. Thereareimportantdifferencesn the delivery rate of DSR underCM-FS° and Shell-
FS’ whichindicatesthata sophisticateanobility modelthatcontemplatesternalwalls
— evenwithout consideringhe effectstheseobstaclesnay have on radio propagtion—

canaffectsigni cantly theresultsof the evaluation.
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3. It appearghat Shell-F® and RWPs-FS are equivalentmodels,sincethey yield practi-
cally the sameperformancen eachexperimentandalsopresentvery similar valuesfor
eachtopology metric. We canconcludethatoncewe have removed internalobstacles,
bothfrom the mobility andpropagtion models,externalwalls do not have a signi cant
effectonthesimulationresults;jt seemghattheeffective areaof movementor thenodes

becomeghe only differentiatingparameter

Finally, we needto highlightthefactthatwhile the effectsthatdifferentsimulationmodels
have on the network topology— measuredy the metricswe have presentedn this thesis—
areregular, intuitive andforeseeablethesesoundcharacteristicslo not necessarilyranslate
into the performancerendsof the routing protocols. Disregardingthe two extremecases- a
lightly loadednetwork of 20 or 30 nodesanda completelyoverloadechetwork of 60 nodesin
the DSRcase-, we have veri ed thatuniform topologicaltrendstranslatanto widely varying
performanceesults,dependingn the protocolused.

We have foundthatthe internalsof eachprotocol,andtheir interactionswith otherlayers
of the network stack,suchasthe MAC layerandpresumablythetransportiayer, are comple
andoftensurprising.In quantifyingsomehav theseprotocoldynamics anddevising a method
to predictthe effects of suchdynamicson scenarioswvith uniform topologicaltrends,lies a
challengethat might rendernon-rolust simpli ed simulationmodelsusableasreliabletrends

illustrators.



Chapter 7

RelatedWork

In this Chaptemve review relatedwork in threeareas:
Improved mobility modeling.
Realisticradio propagtionmodels.

Critical analyse®f simulationmodelsfor MANET evaluation.

7.1 Mobility Modeling

Among the extensve literature on the RWP model, we highlight thoseefforts targeting the
behaioral aspectof node mobility. Betstetter]28] and Campet al. [17] reviewed several
variationsof RWP. In general statisticaldistributionsareemployedto correlatethe choiceof
nenv movementdestinationsor directionsto pastdecisions. For instance the Gauss-Markv
Mobility Model [67] dividesthe simulationtime into a x ed numberof slices,andthe speed
anddirectionof anodein thent" sliceis highly dependentn thevalueschoserfor then" 1
slice. Anothertypeof statisticabehaioral modelingis presentedh [ 64], in which exponential
distributionsareemployedto in uence the choiceof nodedestinations.

A secondfamily of nodemobility modelsarethosethat modelgroupbehaior [65], also

reviewedin [12,66]. In atypical groupmobility model,nodesare clusterednto groups,and

67
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eachgrouphasa particularreferencepoint. A nodemobility modelis usedfor eachreference
point, anda secondmobility modelgovernsthe behaior of the associatedhodes. Examples
rangefrom nodesorbiting randomlyaroundthereferenceoint,to nodesmoving in anordered

line, or “chasing”thereferencepoint.

A framawork for systematicallyde ning the behaior of a setof mobile nodeshasbeen
presentedvith the GEMM tool [13], which attemptgo enablethe modelingof nodebehaior
afterhumanactvities. Thetool thereforeprovidesa setof constructdor designingoehaioral
models,includingattractionpoints activitiesandroles It is worth pointingout thatthis work

is atavery earlystage andit is notyet clearwhich of theseconstructss useful,or usable.

Giventhatthe emphasi®f the CM modelis placedon the modelingof physicalobstacles,
researclon the behaioral aspectof nodemobility is complementaryo the work we have
presentedh thisthesis.However, thereis alsoa signi cant numberof researclpapersevoted
to themodelingof physicalobstaclegor mobility. Similarto CM, anenhancednobility model
usessomesort of graphto specify the physical constraintamposedon nodemovement. In

generalthesemodelstargetoutdoorenvironmentsexclusively.

The City SectionMobility Model [67] usesa bi-dimensionalgrid to modelvehiclemove-
mentoncity streetsn acoarse-grainethanner Nodemovementakesplacebetweerregularly
spacedoointsin the grid, with the additionalconstraintthat the translationfrom onegrid in-
tersectionto anothermustinvolve at leastone changeof directionin eachaxis (dimension).
Tian et al. [15] presenta more e xible modelin which an arbitrary userde ned graph,cor-
respondingo the layoutof the streetsn a city, is usedto restrictthe movementof nodes.A
third approachs presentedy Jetchga et al. [23], in which actualtracesof city buseswere
usedasthemobility patternof nodes Barringthenaturaltransienoffsetsbetweertheplanned
andactualscheduleof a bus for a particularday, the novelty of this approachresidesin its
usageof areal-life mobility pattern,insteadof presentinga modelgovernedby a setof rules

andrandomdecisions.

TheObstacleMobility Model (OM) [14] alsoprovidesmodelingof physicalobstaclesbut
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at the smallerscaleof building-to-tuilding movementin a campus. OM usesautomatically
generated/oronoigraphspasedn the placemenbf rectangulaboxesrepresentingpuildings
— obstacles- in themodeledtopograpl.

While mary researclgroupshave focusedon outdoorernvironmentsthereis little work on
indoor MANET simulation. Johanssomt al. [S] consideredconferencegvent coverage,and
disasterareascenariosyvith a few simpleobstacles.Most of the nodesin the simulationare
staticor have little mobility, andonly a few distinguishechodesmove backandforth around
prede nedpaths.Of the scenariosnodeledthe conferenceoomis the only indoorsone.

Finally, the CAD-HOC [6€] tool is presentedasa “cousin” tool to the ns2 simulatorfor
designingmobility patterns. Similar to the ObstacleMobility model, CAD-HOC allows the
arbitraryplacemenbf obstaclesn atopograply; however, theseobstaclesanbe sufciently
smallto representhe layout of anindoor environment. Nodemobility is only allowedin the
areaswith no obstaclesandthe usercanchooseamonga variety of randomwalk modelsfor
thenodesto move within theseemptyareas.

In generaltherearetwo areasf physicalmobility modelingin which little or nowork has
beencarriedout: themodelingof indoorernvironmentsandtheuseof theoriginal speci cation
of anenvironmentto modelnodemobility. Both of this issuesarecoveredby our CM model,
which modelsindoorenvironmentsbasedn their AutoCAD blueprints.Theuseof AutoCAD

oor plansenabledaithful modelingof ne-grainedobstaclesandsigni cantly morecomple

indoorervironments.

7.2 Radio PropagationModeling

The literatureon radio propagtion modelsfor wirelesscommunications abundant,dating
backto the 1940's and 19505, several yearsbeforethe conceptof MANETSs. In general,
radio propagtion modelsare classi ed asindoor or outdoormodels,andas deterministicor

probabilisticmodels. Additionally, they areclassi ed asmodelstargetingthe effectsof large
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scalefadingor thosemodelingsmallscalefading.

The AF modelwe employ in this thesisis derived from the original AttenuationFactor
model proposedby Rappaportand Seidel[55, 56]; we have removed the Floor Attenuation
Factorcomponentwhich allows consideratiorfor multiple oors. A simplervariantof AF,
calledtheWall AttenuationFactor wasusedn RADAR for locationtracking[ 30]. In RADAR,
the WAF modelassumes uniqueattenuatiorfactorfor all walls, andplacesan upperbound
on the numberof walls obstructingthe primary ray that aretaken into consideration.To the
bestof our knowledge,the AF model(or ary variantof it) hasnever beenusedin MANET

simulationprior to our work.

The AF modelis an indoor deterministicmodelthat in principle neglectsthe effects of
multi-pathpropagtion;it couldbearguedthatsincethe modelis derivedfrom empiricalmea-
suresjt integratesmultipatheffectsinto its parameter$o a certainextent. A muchmorecom-
putationallyexpensve deterministianodelthatexplicitly accountdor multipathfadingeffects
is ray-tracing. Ray-tracingis basedon the typical lighting algorithmsemployedin computer
graphicswherea setof raysare castfrom a light/radio source andthe multipathinteractions
of eachray with the ervironment— re ection, diffraction and scattering— aretraced. Even
thoughit is certainlymoreaccurateghanAF, theray-tracingalgorithmfor avery simpleindoor
ervironmentcanbeextremelytime-consuminggvenfor alow numberof rayscastandinterac-
tionsconsideredThis compl«ity is thereasornwhy ray-tracingimplementationsor MANET

simulatorq 16] remainvery limited in their scope.

In contrastto deterministicmodels,probabilisticpropagtion modelssimulatea homoge-
neousaggreate medium; stochastiomethodsare usedto reproducethe variationsin signal
strengthinducedby obstacles.A very simple probabilisticaugmentatiorto a deterministic
modelis Shadaving, whichis providedby thens2[ 1 7] simulator alongwith Two-RayGround
andFS.TheShadaving modelaugment®L deterministiqpropagtionwith azero-mearGaus-
sianrandomvariable;the effect of this probabilisticcomponents anirregularity in thefringes

of thecoveragediscof anode.



CHAPTER 7. RELATED WORK 71

Simulationof Indoor Radio Channellmpulse-Responsklodels (SIRCIM) [55, 69 is the
most well-knowvn example of probabilisticradio propagtion modelingfor indoor erviron-
ments,simulatingboth large and small scalefading at the MAC and physical layers. Prob-
abilistic distributions,suchasRiceanandRayleigh[ 7], areespeciallyusefulwhenmodeling
theeffectsof smallscalefading;Riceanfadingis employedfor Line-Of-Sightconditionswhile
Rayleighfadingis employedin harshemon Line-Of-Sightsituations.A goodexampleon the
useof RiceanandRayleighdistributionsin the scopeof MANET simulationsis the work by
Takaietal. [71, 77]. Differentresearchers/ho have attemptedexperimentalimplementation
of MANETSs have shavn that neglectingthe effects of small scalefadingis one of the most

prejudicialsimpli cations of simulation[6, 5].

7.3 MANET Simulation Accuracy

Studieson simpli ed simulationmodelshave focusedon the limitations of eitherthe mobility
or the propagtion modelconsideredndividually. Moreover, the potentialeffect thata simu-
lation modelenhancemennay have in the evaluationof MANET routing protocolshasbeen
analyzedn apurelyquantitatve mannerIn generalthepaper<itedin theprevioussectionof
this chapteronly reportthe numericaldifferencesn performancéetweercommonsimpli ed
modelsandtheir new proposals.

We have beensurprisedoy the scarcityof papersaaddressinghe effectsof simpli ed simu-
lationmodelsontheevaluationof MANETS in aqualitatve manner Therelatively few studies
of this kind usuallyfocuson the effectsof onemodelconsideredndividually, andnot on the
combinationof both mobility andradio propagtion. A usuallycitedreferences thework by
Heidemanretal. [ 73] onthecharacterizationf thelevel of detailneededor differentwireless
simulationscenariosThisis a rst indicationof thelack of robustnes®f simpli ed simulation
models:a simplepropagtionmodelis shavn to bereliableenoughfor a certainscenarioput

utterly inaccuratdor a secondlistinctsituation.



CHAPTER 7. RELATED WORK 72

Lui etal.[11] gathereddatafrom anexperimentaMANET deployment,andthencompared
thenetwork performanceo simulationswith differentradiopropagtionmodels rangingfrom
simpleFSto Shadaving with RiceanandRayleighsmallscalefading. Their resultsshav that
“theinaccumacy ... introducedby the propagation modelis not-uniformand can underminea
performancecomparisorof differentprotocols. However, this trackis not exploredin depth,
astheauthorsaremoreconcernedn shaving the goodpropertiesof their simulationmethod-
ology; furthermore pnly the needfor validationof radio propagtionmodelsis addressed\Ve
complementhis resultby shaving thata well validatedsimpli ed simulationmodelis unre-
liable for ary scenariadifferentfrom thatwherethe modelwasvalidated,eventhosewith the
minimal differences.

A resultsimilarto thatof Liu etal. waspresentedh [ 74], alsofor thecaseof radiopropa@-
tion. However, thiswork wasnotsomuchacomparisorof simulationmodelsbut of simulators
themseles, in this casens2versusGloMoSim. Discrepanciebetweensimulatorshave also
beenreportedin [75], addingOpNetModelerto the setof simulationtoolsunderscrutiry. In
general the conclusionf the authorspoint to incompleteor inaccuratamplementation®of
the802.11MAC andPHY layersasthemainreasorbehindthe obseredinconsistencies.

Theseresultscomplemenbursin a troubling manner:they indicatethatthe MANET re-
searchcommunitynot only hasto rethinkthe way their simulationmodelswork, but alsothe
way their simulationtools work. Froma moregeneralpoint of view, Pawlikowski etal. [ 76]
alsoaddresgshe credibility problemsof wirelesssimulationmethodology They review thein-
creasinghumberof telecommunicatiometworks simulation-basedesearctpapersandassess
the needfor morerigoroussimulationinput generatiorandoutputdataanalysis.

To the bestof our knowvledge,we arethe rst groupto considerdetailedpropagtionand
mobility modelsin conjunction,to focuson indoor environments to identify robustnessasa
desirablgoropertyof simulationmodels andto evaluatethis qualitatve propertyfor commonly

usedsimpli ed simulationmodels.



Chapter 8

Conclusionsand futur e work

In this thesiswe have addressedhe robustnesf simpli cations of the mobility and radio
propa@tion modelsfor indoor simulationof MANET routing protocols. A simpli cation of
amobility or radio propagtion modelis robustif the resultsobtainedwith the simpli cation
for differentprotocolsandsimulationconditionsarewithin a consistenerror of the expected
resultyieldedby the unsimpli ed model. Robustsimpli cations allow researchert extrapo-
late simulationresultsandreachreliableconclusionson the expectedperformancef real-life

deployments.

We have developedtwo new detailedsimulationmodelsfor indoor scenariosConstrained
Mobility and AttenuationFactor Both modelsdeterministicallyaccountfor the presenceof
obstacleof differentmaterialsin the ervironmentunderconsideration Experimentaresults
shav that simpli cations of thesesimulationmodelare not robust for (at least)indoor ervi-
ronments.Thesimpli cations we considerechaddrasticallydifferenteffectson the perceved
performanceof the two protocolswe evaluated. Even for the sameprotocol, the effectson

percevedperformancevariederraticallyfor differentsimulationcon gurations.

Theseresultscastseriousdoubton the validity of simulation-basedMANET evaluations
usingsimpli ed models. Evenif a simpli ed modelappeargo be a goodapproximationfor

evaluatinga speci c MANET scenariothereare no assurancethatthe modelwill be valid
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for otherrouting protocols,or eventhe sameprotocolunderdifferentexperimentakconditions.
This troubling conclusionis a compellingindicationof theimportanceof furtherresearcton

thedevelopmentandvalidationof realisticmodelsfor indoorMANET simulation.

Addressinghis soreneedhasbecomeour preeminentuture researclgoal. Eventhough
detailedmodelssuchasthosepresentedn this thesis,CM andAF, aremoreaccuratealterna-
tivesfor MANET simulationandwill likely yield morereliableresultsit is alsotruethatthese
modelsrequirea signi cantly largerimplementatioreffort andimposelongersimulationrun
times. In orderto minimize usereffort andmaximizetime ef ciency, we needto investicate
underwhich conditionscansimpli ed modelsbe usedandstill yield acceptableesults. For
example theredoesnotseemnto beary signi cant differencebetweertheresultsobtainedwith
RWP_-FS°andCM-AF for the DSDV routing protocol; however, translatingsuchassumption
to the useof DSR would be a grossmistale. It thereforebecomesnstrumentalto devise a
methodthatidenti es theminimumlevel of simulationdetailrequiredto obtainreliableresults

for agivenexperimentakcenario.

Our plansfor future work spanthreeotherdirections. We will concentrateur efforts on
further validating the resultswe have obtained,by applying the samemethodologyto other
indoorscenariosWe will carefullychoosdandoor oor plansthatoffer avariety of challenges
departingfrom thosepresentedy the BahenCentre. We planto work with even morecom-
plex scenarioswith modernand intricate architecturaldesigns,but alsoto considersimpler

scenariowith amoreregularlayout.

Our third goalfor futureresearchs to enhancehe simulationmodelswe have presented.
Both modelscurrently do not take into accountsmallerobstaclessuchas furniture, or the
presencef otherpeople. Also, for Constrainedviobility, we planto complementhe model
with oneof thebehaioral modelingproposalsve have foundin theliterature.For Attenuation
Factor we wantto add a small scalefadingcomponent- mostlikely by addingRiceanand
Rayleighfading distributions, which are alreadyavailable for the ns2 simulator—, asit has

beenthoroughlyshavn thatassuming time-invariantchanneleadsto incompleteresultsand
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erroneouslesigndecisiondn routing protocoldevelopment.

Finally, our fourth future work goal entailsthe extensionof the simulationmodelsto con-
siderthree-dimensionabor plans. This goal canbe attainedthroughadditionof a third co-
ordinateto the CM mobility graphs vertices,andby reinsertingthe Floor AttenuationFactor
componento the AF model. Validation of a three-dimensiongbropagtion modelwill be,

however, amuchmorecomplex andcertainlyrewardingtask.



Appendix

Empirical Signal Strength Measurements

We presentthe empirical datagatheredfrom our signal strengthmeasurementsFigure A.1
depictsthe Bahens fth oor, with the subsetof the mobility graphemployed to obtainthe
randomlocationsfor measurementsThe partsof the mobility graphthat were croppedout
represendf ces to which we could not obtainaccess Notice thateachvertex in the graphis
numberedo facilitatethe usageof Table A.1, wherethe measurementgerformedarelisted.
For eachmeasuremenwe provide the pair of locationsinvolved, the distancebetweernthose
two locations theaveragesignalstrengttrecordedandthe numberof primary-rayobstructing

walls for eachof thefour combination®f materialsnve considered.
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FigureA.1: Subsebf the CM mobility graphemplo/edto obtainthe measuremenrbcations,

superimposedntheBahens fth oor blueprint.



APPENDIX. EMPIRICAL SIGNAL STRENGTH MEASUREMENTS

A B Distance(m) | SignalStrength(dBm) | steel/cement| drywall/wood | glass | brick
80 | 59 | 14.435892000 -100.050003000 1 2 0 0
80 | 16 | 49.085700000 -98.883331500 2 1 1 0
80 | 68 | 21.095390000 -78.283333000 1 2 0 0
80 | 40 | 37.750232000 -89.366669000 1 5 2 0
80 | 35 | 43.301244000 -93.650001500 1 7 2 0
80 | 47 | 34.344593000 -92.483330000 0 4 2 0
80 | 48 | 28.085076000 -83.783340000 2 2 3 0
80 | 90 | 60.608369000 -108.500000000 1 1 0 2
80 | 65 | 11.771343000 -62.250000000 0 2 0 0
80 | 55 | 21.732997000 -75.849998500 1 2 0 0
82 | 11 | 79.429411000 -112.000000000 4 19 2 0
82 | 91 | 37.431250000 -64.599998500 0 0 0 0
82 | 88 | 15.184375000 -55.816665500 0 0 0 0
82 | 67 | 35.407461000 -99.016662500 2 5 0 0
82 | 36 | 47.026959000 -113.000000000 3 5 3 2
82 | 69 | 28.433254000 -95.983337000 4 4 0 0
82 | 86 | 9.181250000 -47.733329500 0 0 0 0
82 | 83 | 5.770492000 -72.416664000 1 0 0 0
82 | 56 | 38.555188000 -101.750000000 3 8 0 0
84 | 60 | 69.640481000 -95.750000000 3 6 0 1
84 | 68 | 34.529498000 -87.766670000 3 6 0 0
84 | 82 | 3.531250000 -50.799995500 0 0 0 0
84 | 75 | 15.890625000 -62.216667500 0 0 0 0
84 | 47 | 46.713079000 -111.500000000 3 12 0 0
84 | 70 | 21.706311000 -82.433334000 3 7 0 0
84 | 87 | 9.534375000 -46.683334000 0 0 0 0
83 | 91 | 37.873435000 -99.466667000 1 2 2 0
90 | 84 | 33.968995000 -105.333335500 2 3 0 0
90 | 91 | 2.163934000 -76.766663000 1 0 0 0
90 | 89 | 13.592110000 -87.950004500 1 1 0 0
90 | 88 | 22.351869000 -96.649994000 1 2 0 0
90 | 87 | 24.461527000 -97.783333000 1 2 0 0
77 | 72 | 4.037978000 -53.099998500 0 1 0 0
77 | 67 | 26.478997000 -82.483330000 1 6 0 0
77 | 47 | 32.641294000 -109.966667000 1 9 0 0
77 | 63 | 44.810449000 -86.283333000 1 6 0 0
77 | 86 | 19.930650000 -88.566666000 3 6 0 0
77 | 85 | 17.955847000 -92.099998500 3 6 0 0
77 | 75 | 7.411938000 -64.849998500 2 2 0 0
88 | 76 | 26.567640000 -95.783332500 0 5 0 1
88 | 67 | 43.122991000 -99.183334000 2 4 1 2

TableA.1: Empirical SignalStrengthMeasurements.

78



APPENDIX. EMPIRICAL SIGNAL STRENGTH MEASUREMENTS

A B Distance(m) | SignalStrength(dBm) | steel/cement| drywall/wood | glass | brick
88 | 76 | 26.567640000 -95.783332500 0 5 0 1
88 | 91 | 22.246875000 -52.666664000 0 0 0 0
88 | 71 | 30.149992000 -83.099998500 0 7 0 1
88 | 84 | 11.653125000 -61.516662500 0 0 0 0
88 | 87 | 2.118750000 -37.550003000 0 0 0 0
48 | 39 | 12.849778000 -58.483337000 0 2 0 0
48 | 12 | 25.039559000 -76.033333000 0 6 2 0
48 | 75 | 48.500871000 -99.516670000 1 6 1 0
48 | 36 | 23.126463000 -84.049995500 1 7 0 0
48 | 38 | 7.930080000 -51.266670500 0 2 0 0
48 | 73 | 42.148585000 -97.883331500 0 7 1 0
48 | 28 | 24.744096000 -92.683334500 4 8 0 0
48 | 72 | 39.523963000 -96.000000000 0 6 1 0
85 | 71 | 22.968960000 -84.133331500 2 8 0 0
85 | 64 | 52.419287000 -90.449997000 2 7 2 0
85 | 67 | 38.446630000 -95.699997000 2 6 0 1
85 | 53 | 45.514636000 -108.450004500 1 8 0 1
85 | 82 | 7.062500000 -45.166671500 0 0 0 0
85 | 69 | 32.138840000 -94.266670500 1 4 0 1
85 | 91 | 30.368750000 -60.000000000 0 0 0 0
85 | 89 | 16.950000000 -55.483337500 0 0 0 0
85 | 84 | 3.531250000 -40.333336000 0 0 0 0
10 | 64 | 40.903800000 -101.683334500 3 6 3 0
10 | 16 | 14.426230000 -50.516662500 0 0 0 0
10 | 15 | 11.901639000 -47.516670000 0 0 0 0
10 | 44 | 31.122547000 -89.900001500 0 7 0 0
10 | 69 | 53.744943000 -107.616661000 1 11 4 0
10 | 18 | 20.918033000 -52.716667000 0 0 0 0
10 | 19 | 24.163934000 -57.116668500 0 0 0 0
10| 3 38.862251000 -95.483337000 0 10 0 0
10 | 65 | 42.659615000 -105.716667000 2 5 4 0
39 | 56 | 16.596875000 -53.266662500 0 0 0 0
39 | 32 | 10.832029000 -66.699997000 1 5 0 0
39 | 74 | 36.366782000 -97.866661500 2 6 0 2
39 | 10 | 33.406913000 -76.866668500 1 5 0 0
39 | 13 | 28.124197000 -82.966667000 0 6 0 0
39 | 45 | 1.059375000 -42.183334000 0 0 0 0
16 | 28 | 25.276218000 -97.133331500 3 4 0 0
16 | 74 | 57.955684000 -104.766670000 0 12 1 1
16 | 12 | 9.737705000 -46.399994000 0 0 0 0
16 | 33 | 18.484467000 -71.766662500 0 4 0 0

TableA.1: Empirical SignalStrengthMeasurementécont.).
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A B Distance(m) | SignalStrength(dBm) | steel/cement| drywall/wood | glass | brick
16 | 42 | 16.984214000 -62.866661000 0 3 0 0
16 | 70 | 51.267668000 -93.333335500 1 12 0 0
16 | 58 | 38.741789000 -105.916671500 1 6 3 0
16 | 54 | 31.092994000 -79.366661000 0 3 3 0
16 | 15 | 2.524590000 -35.316665500 0 0 0 0
16 | 60 | 42.499237000 -94.983330000 3 6 3 0
13 | 53 | 35.901068000 -82.083335500 0 8 1 0
13 | 55 | 28.141726000 -78.500000000 0 3 3 0
13 | 25 | 9.887564000 -60.466667000 1 3 0 0
13 | 23 | 23.509020000 -78.133331000 0 2 0 0
13 | 14 | 2.163934000 -37.816673000 0 0 0 0
13 | 69 | 49.616034000 -99.166664000 1 11 1 0
13 | 18 | 14.786885000 -47.949997000 0 0 0 0
13 | 63 | 38.571589000 -89.916671500 0 4 3 0
13 | 65 | 40.287007000 -101.783332500 3 3 2 0
54 | 19 | 36.640877000 -88.466667500 1 3 3 0
54 | 65 | 21.854093000 -76.433334500 3 3 0 0
54 | 63 | 15.933504000 -67.116668500 0 2 1 0
54 | 16 | 31.092994000 -79.366661000 0 3 3 0
54 | 55 | 11.901639000 -48.966667000 0 1 0 0
54 | 57 | 7.341986000 -51.599998500 0 0 1 0
54 | 72 | 54.771968000 -86.116668500 1 6 1 0
54 | 68 | 34.487076000 -80.300003000 1 4 0 0
54 | 30 | 23.910946000 -63.966660000 0 1 3 0
54 | 75 | 64.353362000 -92.950004500 0 8 2 0
53 | 52 | 4.943750000 -41.466667000 0 0 0 0
53 | 72 | 26.527906000 -87.599998500 0 4 0 0
53 | 38 | 20.003963000 -63.516662500 0 4 1 0
53 | 81 | 39.948187000 -86.233330000 2 2 1 0
53 | 18 | 28.535099000 -75.616669000 1 4 1 0
53 | 82 | 41.140035000 -109.599998500 3 10 0 0
53 | 59 | 13.242201000 -83.183334500 1 0 1 0
53 | 14 | 34.526985000 -75.533333000 1 6 1 0
53 | 57 | 25.599081000 -78.150001500 1 2 1 0
60 | 61 | 4.327869000 -44.683334500 0 0 0 0
60 | 62 | 9.016393000 -52.400001500 0 0 0 0
60 | 63 | 16.229508000 -47.333336000 0 0 0 0
60 | 65 | 23.442623000 -58.449997000 0 0 0 0
60 | 66 | 26.688525000 -55.433334500 0 0 0 0
60 | 67 | 34.622951000 -62.783333000 0 0 0 0
60 | 69 | 42.196721000 -62.550003000 0 0 0 0

TableA.1: Empirical SignalStrengthMeasurementécont.).
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A B Distance(m) | SignalStrength(dBm) | steel/cement| drywall/wood | glass | brick
60 | 70 | 53.016393000 -63.850006000 0 0 0 0
60 | 72 | 58.065574000 -61.983329500 0 0 0 0
60 | 75 | 67.803279000 -67.450004500 0 0 0 0
62 | 8 50.881191000 -106.099998500 2 13 3 0
62 | 31 | 29.525633000 -79.083335500 0 1 4 0
62 | 63 | 7.213115000 -47.716660000 0 0 0 0
62 | 45 | 32.913128000 -85.400001500 1 5 2 0
62 | 81 | 14.017788000 -64.616668500 1 2 0 0
62 | 15 | 38.813631000 -81.433334500 0 4 3 0
62 | 58 | 9.962518000 -78.800003000 1 4 0 0
62 | 41 | 23.639404000 -74.466667500 0 2 3 0
62 | 5 | 47.627689000 -90.033333000 1 9 0 0
62 | 69 | 33.180328000 -62.199997000 0 0 0 0
41 | 44 | 11.901639000 -50.966667000 0 0 0 0
41 | 59 | 19.293960000 -95.133339000 1 0 3 0
41 | 62 | 23.639404000 -74.466667500 0 2 3 0
41 | 17 | 17.064438000 -95.100006000 0 3 0 0
41 | 50 | 7.832973000 -50.450004500 0 1 0 0
41 | 38 | 2.471875000 -40.650001500 0 0 0 0
4 | 75 | 55.583807000 -105.633331000 3 7 1 2
4 33 | 14.416666000 -57.433334000 0 2 0 0
4 6 5.159118000 -60.650001500 0 1 0 0
4 38 | 21.496675000 -73.616661000 1 5 0 0
4 | 50 | 26.240696000 -76.883331500 1 5 1 0
4 | 25 | 29.818184000 -108.416664000 1 6 0 0
4 | 19 | 4.340885000 -45.133331500 0 2 0 0
4 3 | 11.948694000 -64.500000000 0 3 0 0
4 59 | 39.575231000 -109.233330000 2 6 3 0
4 | 10 | 26.921127000 -66.366661000 0 7 0 0
44 | 55 | 18.109395000 -68.616669000 0 3 2 0
44 | 31 | 28.395257000 -75.266663000 1 6 1 0
44 | 32 | 14.150717000 -73.199997000 1 3 0 0
44 | 78 | 32.378339000 -62.533333000 0 3 2 0
44 | 65 | 22.716240000 -74.416671500 2 1 3 0
44 | 76 | 36.674007000 -105.949997000 1 6 0 0
44 | 42 | 8.295082000 -56.216667000 0 0 0 0
44 | 38 | 12.155624000 -64.883331000 0 2 1 0
6 | 39 | 18.138914000 -68.616669000 2 4 0 0
6 | 63 | 45.195031000 -96.449997000 1 8 3 0
6 7 1.442623000 -39.883338500 0 0 0 0
6 48 | 27.342107000 -88.266663000 0 9 1 0

TableA.1: Empirical SignalStrengthMeasurementécont.).
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A B Distance(m) | SignalStrength(dBm) | steel/cement| drywall/wood | glass | brick
6 | 13 | 25.725589000 -70.933334500 0 5 0 0
6 28 | 12.029915000 -70.533333000 4 4 0 0
6 3 7.172538000 -68.616669000 0 2 0 0
6 74 | 48.397087000 -107.183327000 4 7 2 2
42 | 61 | 28.092346000 -72.399994000 0 2 1 0
42 | 18 | 16.845798000 -64.783332500 0 3 0 0
42 | 65 | 21.567781000 -79.966667500 2 1 3 0
42 | 43 | 3.967213000 -40.849998500 0 0 0 0
42 | 67 | 24.786335000 -77.366669000 1 3 3 0
42 | 71 | 39.559230000 -100.333328500 1 7 1 0
42 | 78 | 34.394504000 -76.516663000 0 4 3 0
1 5 7.062500000 -56.083328500 0 1 0 0
1 | 21 | 9.534375000 -54.799995500 0 1 0 0
1 | 23 | 11.300000000 -53.933334500 0 1 0 0
1 33 | 20.128125000 -61.500000000 0 1 0 0
1 | 39 | 25.071875000 -68.916664000 0 1 0 0
1 45 | 26.131250000 -63.566666000 0 1 0 0
1 | 46 | 28.956250000 -62.750000000 0 1 0 0
1 52 | 31.781250000 -60.083336000 0 1 0 0
1 | 53 | 36.725000000 -64.716667000 0 1 0 0
1 56 | 41.668750000 -70.266662500 0 1 0 0
1 | 56 | 41.668750000 -70.266662500 0 1 0 0
73 | 42 | 44.195014000 -99.466667000 1 8 1 0
73 | 89 | 37.011748000 -95.316665500 2 10 0 0
73 | 75 | 6.852459000 -45.516670500 0 0 0 0
73 | 68 | 23.803279000 -56.750000000 0 0 0 0
73 | 36 | 32.921719000 -109.766663000 0 2 3 2
73 | 53 | 29.180340000 -88.116668500 0 7 0 0
73 | 84 | 17.305148000 -70.250000000 2 3 0 0
73 | 62 | 51.934426000 -61.316666000 0 0 0 0
73 | 40 | 33.349895000 -102.583336000 1 7 1 2
73 | 69 | 18.754098000 -58.183334500 0 0 0 0
54 | 15 | 30.005119000 -81.033333000 0 4 3 0
54 | 26 | 21.297717000 -64.599998500 0 1 3 0
54 | 58 | 7.689757000 -74.150001500 1 1 0 0
54 | 18 | 34.586446000 -82.583336000 0 4 3 0
54 | 61 | 10.593750000 -46.949997000 0 1 0 0
54 | 59 | 20.633160000 -92.433334000 1 3 0 0
54 | 38 | 19.702257000 -68.866668500 1 0 3 0
56 | 65 | 12.059375000 -51.133331000 0 2 0 0
56 | 70 | 20.035252000 -71.833336000 0 4 0 0

TableA.1: Empirical SignalStrengthMeasurementécont.).
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A B Distance(m) | SignalStrength(dBm) | steel/cement| drywall/wood | glass | brick
56 | 57 | 24.907785000 -63.250000000 0 2 1 0
56 | 11 | 42.236444000 -80.900001500 1 6 3 0
56 | 74 | 29.117355000 -73.683334500 0 6 0 0
56 | 69 | 10.239428000 -64.416664500 0 3 0 0
56 | 75 | 34.429038000 -76.449997000 0 7 0 0
57 | 34 | 35.525471000 -89.500000000 0 7 3 0
57 | 55 | 9.162506000 -51.016662500 0 1 0 0
57 | 67 | 26.079426000 -70.566665500 2 4 0 0
57 | 59 | 14.580988000 -86.283332500 1 2 0 0
57 | 61 | 6.813437000 -56.699997000 0 1 0 0
57 | 41 | 19.242639000 -61.883331500 0 1 3 0
57 | 39 | 30.512598000 -77.883331000 0 4 2 0
57 | 23 | 40.087436000 -84.283333000 0 6 1 0
57 | 76 | 49.660604000 -108.016663000 3 8 0 0
79 | 46 | 34.527788000 -90.416664000 3 2 5 0
79 | 62 | 13.109657000 -52.316666000 0 2 0 0
79 | 67 | 21.404504000 -72.466667000 1 2 0 0
79 | 56 | 24.486868000 -80.416664500 2 4 0 0
79 | 59 | 15.546497000 -99.099998500 2 2 0 0
79 | 70 | 38.381102000 -87.866669000 1 6 0 0
79 | 32 | 47.712471000 -108.716667000 4 12 2 0
79 | 16 | 49.149257000 -84.733337000 2 2 2 0
24 | 46 | 17.964110000 -87.700004500 3 5 0 0
24 | 66 | 37.903476000 -104.183334500 3 8 2 0
24 | 52 | 20.456704000 -87.950004500 4 9 0 0
24 | 69 | 34.260719000 -102.383331500 0 3 1 1
24 | 20 | 12.519480000 -74.500000000 3 1 0 0
24 | 35 7.794517000 -61.050003000 2 1 0 0
24 | 22 | 2.471875000 -38.250000000 0 0 0 0
24 | 53 | 24.989531000 -87.766670500 3 9 0 0
34 | 24 | 9.335910000 -63.566665500 3 2 0 0
34 | 40 | 4.943750000 -64.083335500 0 2 0 0
34 | 65 | 30.450488000 -73.900001500 3 4 3 0
34 | 54 | 36.298860000 -75.333335500 1 3 3 0
34 | 35| 2.524590000 -53.766670000 0 0 0 0
34 | 55 | 26.366836000 -68.099998500 0 6 2 0
34 | 41 | 18.663915000 -71.949997000 0 3 0 0
34 | 71 | 33.526586000 -85.899994000 0 9 0 2

TableA.1: Empirical SignalStrengthMeasurementgnal).
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