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Evaluationof Multihop Mobile Ad Hoc Networks (MANETs) is usuallyperformedthrough

simulation. In thesestudies,it hasbeencustomarilyassumedthatsimulationmodelswith no

obstaclesareacceptablesimpli�cations of thecomplex mobility andradiopropagationcondi-

tionsexpectedin actualMANET deployments.

Weevaluatetherobustnessof simpli�ed simulationmodelsfor indoorMANET evaluation.

A simpli�ed model is robust if the performanceresultsit yields differ uniformly from those

obtainedwith the unsimpli�ed model. Robust simpli�cations allow researchersto reliable

extrapolatesimulationresultsto real-lifesituations.

We show that simpli�ed simulationmodelsarenot robust for indoor environments. Ex-

perimentationrevealsthat simpli�cations affect two MANET routing protocolsin disparate

manners.Furthermore,even within a singleprotocolperformancetrendsvary erraticallyas

parameterschange.Theseresultscastdoubton the soundnessof MANET evaluationsusing

simpli�ed simulationmodels,andexposeanurgentneedfor moreresearchin thisarea.
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Chapter 1

Intr oduction

A multi-hopmobilead hocnetwork (MANET) consistsof a groupof mobilewirelessnodes

thatself-con�gureto operatewithout infrastructuresupport.MANET participantsdonotneed

accesspointsor basestations,andinsteadrely oneachotherto establisha temporarynetwork;

peerscommunicatebeyond their individual transmissionrangesby routing packets through

intermediatenodes[1, 2, 3]. Due to the mobility of the network hosts,the multi-hop routes

employed for packet delivery areconstantlychanging. The routing protocol is thereforein

chargeof maintainingup-to-dateroutestoeachnetworkdestination,bothfor packetsoriginated

locally andfor packetsgeneratedby othernodes.

Theadventof low-costandsmall-sizedwirelesscommunicationdeviceshasrenderedfea-

sibletheconceptof MANETs anddriventheintensiveresearchin this�eld. However, MANET

deploymentis still ataveryearlystage[4,5,6]; computersimulationremainsthemostpopular

way to evaluateMANET routingprotocols[7, 8, 9]. Simulationoffers four importantadvan-

tages:

Low cost: It enablesexperimentationwith larger networks than thoseavailable to most re-

searchgroups.

Practicality: it enablesexperimentationwith devicesandcon�gurationsthatmaynot befea-

siblewith existing technology;for example,mobilenodeswith hybrid cellularandWiFi

1



CHAPTER 1. INTRODUCTION 2

radiointerfaces[10].

Easeof development: It allows for rapid prototyping: by abstractingthe complexity of the

real system,simulatorsenablethe developmentanddebuggingof new protocolswith

reducedeffort. This is moreevidentwhendirectexecutionof theactualroutingprotocol

implementationis enabledinsidethesimulator[11].

Controlled analysis: It makesreproducibleexperimentsin acontrolledenvironmentpossible,

facilitatingtheisolationof interestingconditionsandtheanalysisof problems.

MANET protocolsimulationpresentschallengingresearchproblems.Besideshaving to

simulatethe networking stackanddatatraf�c, MANET simulatorsalsoneedto incorporate

modelsof nodemobility andradio propagation. The mobility model is usedto simulatethe

behavior of network nodes,thedestinationsandspeedthey choosefor theirmovement,andthe

physicalpathsthey take. Theradiopropagationmodelis usedto determinewhethercommu-

nicationbetweentwo given nodesis possible,andto simulatethe effectsof interferenceand

informationlossin thewirelesschannel.

By de�nition, MANETs are suitablefor hostile scenarioswhereno infrastructuralsup-

port is available.This de�nition includesmilitary operationsin outdoorenvironments,sensor

networks in environmentswherehumaninterventionis not desirableor possible,andpolice

anddisasterrelief operationsin urbanemergency situations.Recently, the applicationrange

of MANETs hasextendedto includeother“non-hostile”scenariossuchaspervasive comput-

ing settingsin conferenceroomsor classrooms,andmesh-basedwirelessnetworksproviding

broadbandcommunityaccess.However, the preeminentmodelsemployed in MANET sim-

ulation are rathersimplistic andmostly target outdoorscenarios.In the RandomWayPoint

(RWP) [7] mobility model,a nodepicks a randomdestinationinsidea �at rectangulararea,

proceedsto it following astraight-linetrajectoryatarandomspeed,andpausesfor a�x edtime

on arrival. Theprocessthenrepeatsitself until theendof thesimulation.TheFreeSpace(FS)

propagationmodelassumesanobstacle-freevacuumwheresignalstrengthdegradeswith the
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squareof thedistancebetweenthetransmitterandreceiver.

Both of the aforementionedmodelsassumescenariosdevoid of obstacles.Although this

might be a reasonableassumptionin certainoutdoorsituations,it is likely not applicablein

many environmentswherethe impactof a larger numberof obstacleson both nodemobility

andradiopropagationcannotbeunderestimated.Althoughseveralgroupshaveextendedthese

simpleobstacle-freemodelswith increasinglevelsof detail [11,12,13,14,15,16], themajor-

ity of theresearchon MANET simulationmodelshasstill focusedon outdoorenvironments.

Indoorenvironmentsarewell known to presentdifferentchallenges,dueto theconcentration

of a varietyof structuresandconstructionmaterialsin a muchreducedarea.Moreover, most

of the researchon MANET simulationmodelshasfocusedon quantifyingthe differencesin

routingprotocolperformanceintroducedby anarguablybettermodel,but hasnot attempteda

higherlevel characterizationof thepropertiesof simulationmodels.

This thesisevaluatesthe robustnessof simpli�ed mobility andradio propagation simula-

tion modelsfor MANET simulationsin indoorenvironments.A simpli�ed simulationmodelis

robustif theresultsobtainedwith themodelfor differentroutingprotocolsandsimulationcon-

ditionsareconsistent(within a predictableerror)with the resultsyieldedby theunsimpli�ed

model.A robustsimpli�cation allows researchersto extrapolatesimulationresultsoverdiffer-

ent scenarios,andreachreliableconclusionsaboutthe expectedperformanceof protocolsin

real life. Therefore,robustness(or its lack of) in a simpli�ed simulationmodelis a qualitative

indicatorof theapplicabilityof themodel,andtherelevanceof theresultsobtainedthroughits

use.

To determinetherobustnessof simpli�ed modelsfor indoorMANET simulation,we �rst

introducetwo detailedsimulationmodels– onefor mobility andonefor radiopropagation–

that take into account�ne-grained obstaclesand building materials. We then describese-

veral simpli�cations to thesedetailedmodelsthat graduallydecreasein sophistication.The

leastdetailedmodelsweconsidercorrespondto theobstacle-freeapproachesprovidedin most

MANET simulators(i.e.,RWPandFS).
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Experimentswith DSDV [2] andDSR[1], two representative MANET routingprotocols,

show that simpli�cations to the mobility and radio propagation modelsare not robust, and

have insteaddrasticallydifferenteffectson theperceivedperformanceof thetwo routingpro-

tocols. Whereasthe performanceof DSDV is virtually identical for all models,the perfor-

manceof DSRvarieswidely betweenmodels.Moreover, evenwithin DSRitself, therelative

performanceunderthedifferentmodelschangeserraticallyaswe vary experimentalparame-

ters.These�ndings raisetroublingdoubtsover thesoundnessof MANET protocolevaluations

basedonsimpli�ed models,andexposetheurgentneedfor moreresearchonrealisticMANET

simulationmodelsfor indoorenvironments.

This thesismakesthustwo contributions:�rst, it shows thatwidely usedsimpli�ed mobil-

ity andradiopropagationmodelsarenot robust. We provide experimentalevidenceshowing

thattheeffectsof simpli�cations of thesimulationmodelarenotuniformacrossprotocolsand

evaluationconditions,henceleadingto wrongconclusionsabouttheperformanceof MANET

protocols.Second,it providesthe �rst evaluationof MANET routingprotocolsin indooren-

vironmentsusingdetailedmobility andradiopropagationmodelsthataccountfor �ne-grained

obstaclesandbuilding materials.

Therestof thethesisis organizedasfollows. Chapter2 describestheusualtechniquesand

modelsin MANET simulation,and reviews wirelessMAC and MANET routing protocols,

with anemphasison 802.11DCF, DSRandDSDV, theprotocolsemployedin our simulation

study. Chapter3 describesthemaincharacteristicsof indoorenvironments,andthechallenges

suchcharacteristicspresentfor MANET simulation. Chapters4 and 5 presentour detailed

mobility and radio propagation modelsfor indoor environments,describesimpli�cations to

eachmodel,andreporthow themodelswereimplementedinsidethens2network simulator.

Chapter6 presentsour experimentalresults. Finally, chapter7 comparesthe thesisto previ-

ouswork on sophisticatedmobility andradiopropagationmodels,andchapter8 presentsour

conclusionsanddiscussesavenuesfor futureresearch.



Chapter 2

Background

During the mid 1990's, researchersin MANET routing protocolswould eachindependently

build their own wirelessnetworking simulator. The disadvantageof lacking a uniform and

commonlyagreed-uponevaluationtool, andthefactthatsimulatorvalidationfor eachdifferent

systemwasmostlymissing,constitutedcleardrawbacksin this approach.The �rst complete

simulationframework for performanceevaluationof MANET routingprotocolswaspresented

by theCMU monarchprojectin [7]. Thisseminalpaperhadthreemaincontributions:

� Severalpiecesof softwarewerebuilt for thens2network simulator[17] – usuallyem-

ployed in theanalysisof wired networks– to enablewirelessad-hocnetworking simu-

lation. Theseenhancementsareusuallyreferredto astheCMU Monarchns2Wireless

Extensions[18]. Amongotherthings,thesimulatorwasaugmentedwith animplemen-

tationof theIEEE 802.11DistributedCoordinationFunction(DCF) MAC protocol,im-

plementationsof severalroutingprotocols,toolsto generatenodemobility patterns,and

thecapabilityto simulateawirelesssharedchannelwith differentpropagationandmod-

ulationmodels.

� A methodologyfor the performancecomparisonof several routing protocolswaspre-

sented.Thebasemobility andradiopropagationmodelsemployed,aswell asthesim-

ulationparameterschosen,werelater reusedby a numberof researchersin all typesof

5
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MANET simulationstudies.

� Theresultsof theperformancestudyshowedthe�rst bitsof insightinto therequirements

andpitfallsof goodroutingprotocoldesign.

Building on thecontributionsof theMonarchwork, a spateof MANET simulationstudies

wereproduced[8, 9, 19, 20, 21, 22, 23, 24], backed up by the MANET researchcommunity's

relianceonthis framework. Moreover, otherMANET simulationtoolssuchasGlomoSim[25]

andOpNetModeler[26], havealsobeenadoptedalongsidens2.

In the rest of this chapterwe will provide a brief overview of the internalsof the ns2

network simulator. We will thendescribethemobility andpropagationmodelsimplantedby

the Monarchgroup for MANET simulation. Finally, we will review the MAC and routing

protocolsusuallyemployed in MANET research,aswell as in this thesis: the IEEE 802.11

DCF, DSR,andDSDV.

2.1 The ns2Network Simulator

Th ns2Network Simulator[17] is anopen-sourceobject-orienteddiscrete-eventsimulatorfor

network research.The simulator is written in C++, with an OTcl (Object Tool Command

Language)interpreterusedasthe commandinterface. The C++ part constitutesthe coreof

thesimulator, wheredetailedprotocolimplementationandthesimulationenginearelocated.

The OTcl part, on the otherhand,is usedfor simulationcon�guration. Therefore,the only

prerequisiteto usethesimulatoris a basicknowledgeof OTcl, neededto specifytheobjects

involvedin thesimulationscenarioandthevaluesof thevariousobjects'parameters.However,

to develop new modelsand protocols,the C++ core and its bindingsto the OTcl external

interfaceneedto be thoroughlyunderstood.The learningcurve for the intensive userof the

simulatoris thereforequitesteep.

Oneof themainadvantagesof thesplit-languageimplementationof ns2is its objectori-

enteddesign,which allows for easyreplacementof thesoftwaremodulesinvolved in a simu-
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lation — for examplea routingprotocol,a network application,or a propagationmodel. The

processof con�guring thesetof modulesrequiredto performa particularsimulation,starting

from the physical interfacemodelup to the applicationlayer, is known asplumbing, and is

usuallyperformedby anOTcl script. A developertestinga new protocol,or implementinga

simulationmodel,needsto write thecodewith thecorrectbindingsto theOTcl interface,and

afterwardsinstructtheplumbingscriptto employ thenewly createdmodulesduringsimulation

setup.

Figure2.1 illustratesthe plumbingfor the network stackobjectsof a MANET nodethat

usestheDSRroutingprotocol:anapplicationlayermodule,theroutingprotocol,theAddress

ResolutionProtocol(ARP)module,aLink Layerobject,aninterfacequeue,theMAC protocol,

andthephysicalinterfacewith thechannel's radiopropagationmodel.

2.2 The RandomWaypoint Mobility Model

Thepreeminentmobility modelusedfor MANET simulationis theRandomWayPoint(RWP)

model, introducedby the Monarchgroup[7]. RWP assumesthat nodemobility takesplace

in a �at rectangularareawith no obstacles.Nodemovementis characterizedby two parame-

ters: a speedinterval [Vmin;Vmax] anda pausetime P. Themovementpatternof mobilenodes

follows a cyclic behavior: a nodepausesfor P seconds,choosesa randomdestinationinside

the simulationrectangle,andrandomlyselectsa speedwithin the speedinterval. The node

thenmovestowardits new destinationat thechosenspeed,following a straight-linetrajectory

andunhinderedby any obstaclesor thepresenceof othernodes.Uponthenode's arrival to its

destination,theprocessresumes.

RWP representsa genericapproachto nodemobility, andconsequentlyit also is a very

simplisticmodel.Theshortcomingsof RWPcanbecategorizedundertwo differentaspects:

Behavioral modeling: nodesmove in a completelyrandommanner, without following any

purposeor trying to completeany task.Froma logical point of view, a nodecanchoose
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destinationsfrom anin�nite set.Moreover, pastbehavior of anodedoesnotaffect future

decisions.

PhysicalModeling: nodesmove in an idealized�at scenariowherethereareno obstacles;

thereis no needto opena door, avoid a pit or climb a hill. Furthermore,two nodescan

occupy thesamephysicallocationsimultaneously.

Givenits widespreadusewithin theMANET researchcommunity, theRWP modelandits

propertieshave beenthesubjectof extensive research[27,28]. We draw attentionhereto two

interestingcharacteristics:

Densitywaves: A densitywaveis theclusteringof nodesin onepartof thesimulationarea.

RWP tendsto periodicallyaccumulatenodesin the centerof the simulationrectangle.

This happensbecausewhenever a nodechoosesa locationnearthe boundariesof the

simulationarea,with highprobabilityits next destinationwill make it travel throughthe

centerof thesimulatedrectangle.

AverageSpeedDecayEffect: As simulationtime progresses,theaveragespeedof thenodes

in the simulationtendsto decreasesigni�cantly. This happensbecausean increasing

numberof nodesaremoving towarddistantlocationsatavery low speed[27]. Themost

straightforward way to solve this problemis to specifya non-zeroVmin value,suchas

0.5m/s.

Despitebeingwidely used,thede�cienciesof RWP arealsowell documented.It is there-

forenotsurprisingthatseveralresearchershaveproposedalternativemobility modelstargeting

the behavioral or physical modelingsimpli�cations of RWP. We will describesuchrelated

work in section7.1.
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2.3 The FreeSpaceRadio PropagationModel

Thepreeminentradiopropagationmodelin MANET simulationis theFreeSpace(FS)prop-

agationmodel. In thesamevein asRWP, FSassumesa �at spacedevoid of obstacles.Radio

wave power degradationis thusproportionalto thesquareof thedistancebetweentransmitter

andreceiver, exclusively. The FS model is describedby Equation2.1 (in Watts)andEqua-

tion 2.2(in dBm)

PFS(r) =
PtGtGr l 2

(4p)2r2L
(2.1)

PFS(r) = Po(r0) � 20log10

�
r
ro

�
; (2.2)

wherer is thedistancebetweentransmitterandreceiver, Pt is thetransmittedsignalpower,

Gt andGr aretheantennagainsof thetransmitterandreceiver, respectively, l is thewavelength

(speedof light over frequency), andL (L � 1) is thesystemlossdueto miscellaneoussources.

It is commonto selectisotropic(or unity gain) antennas,Gt = Gr = 1, andno systemloss,

L = 1. In Equation2.2 Po is thepower in dBm at a referencedistancer0, which is nominally

setto 1 meter;theconversionrulebetweendBmandWattsis PdBm= 10log10(PWatts� 103).

FSpropagationhasbeenwidely adoptedbecauseit is computationallyinexpensive: signal

strengthcanbecomputedonly with a few �oating pointoperations.Moreover, giventhatFSis

aone-to-onerelationbetweenpoweranddistance,it canbeeasilycharacterizedin termsof the

sensitivitythresholdemployed,i.e. thecutoff powervaluethatdeterminestheminimumsignal

strengthneededfor a node's wirelessinterfaceto understandanincomingtransmission.After

placingthesensitivity thresholdvalueon theleft handsideof Equation2.1or 2.2, solvingfor

ther distancevaluewill yield theradiusof thecoveragediscof anode,thecircularareainside

which connectivity to othernodescanbeestablished.We call this distancevaluetheeffective

communicationrange; it is aquantitywidely usedto characterizethedegreeof connectivity in

anetwork usingFSpropagation.

For largeenvironmentswith distancesgreaterthanahundredmeters,theTwo-RayGround
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propagation model is favored over FS. This model considersthe aggregate effects of radio

wavesconverging by two differentpathson the receiver: the direct line-of-sightpath,anda

secondpathre�ecting off theground.TheTwo-RayGroundmodelis givenin Wattsby

PTRG(r) =
PtGtGrh2

t h2
r

r4L
; (2.3)

whereht andhr arethe antennaheightsat the transmitterandreceiver, respectively, and

areusuallysetto ht = hr = 1:5 m; theremainingparametershold thesamemeaningsasin FS.

Two-RayGroundhasbeenshown to yield betteraccuracy thanFSfor longdistances[29].

A hybrid propagation model,combiningboth FS andTwo-RayGround,hasbeenimple-

mentedin ns2by theMonarchgroup:across-overdistanceis determinedby dc = (4phthr )=l ,

which representsthedistanceatwhichbothmodelsresultin thesamesignalstrength.For dis-

tancesr < dc, FSis employed; for distancesr > dc, Two-RayGroundis employed. For radio

wave frequenciesof 900MHz and2.4GHz, thethresholddistancedc is equalto 86.14m and

227.33m, respectively. Giventhat in this thesiswe analyzeradiowave propagationin indoor

environmentsat2.4GHz,wewill employ exclusively FreeSpacepropagation.

BecausetheFSandTRGmodelsneglectthepresenceof obstacles,they donotaccountfor

multipathfadingeffects: thedifferentwaysin which radiowavesinteractwith obstructionsin

their trajectories.Themultipatheffectsarecategorizedasfollows:

Re�ection occurswhena radio wave impingesuponan objectwhich hasvery large dimen-

sionscomparedto thewavelengthof thepropagatingwave.

Diffraction occurswhentheradiopathbetweenthetransmitterandreceiver is obstructedby

a surfacethathassharpirregularities(edges).Thesecondarywavesresultingfrom the

obstructingsurfacearepresentthroughoutthespaceandevenbehindtheobstacle,giving

riseto a bendingof wavesaroundtheobstacle,evenwhena line-of-sightpathdoesnot

exist betweentransmitterandreceiver.

Scattering occurswhenthemediumthroughwhich thewave travelsconsistsof objectswith
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dimensionsthataresmallcomparedto thewavelength.Severalradiowavesareradiated

from therelatively smallobstaclein differentdirections

Beyonddisregardingthevariousmultipathfadingeffects,theFSmodelhasotherdisadvan-

tages:

IdealizedTransceivers: FS assumesisotropic (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 show later. The assumptionof an

omni-directionalantennais, on the otherhand,quite unrealisticandtroublesome:RF

transceiversarenot necessarilyomni-directional,andeventhosethataresuffer changes

in their radiationpatternby the signi�cant obstructionthat representsthe body of the

carrier. This hasbeenshown quiteconclusively in [30], wherespecialprovisionshadto

betakento accountfor theorientationof theRF interface.

A Time-invariant Channel: whereasFSattemptsto modellargescalefading– thedegrada-

tion of signalstrengthin largeareasassumingastaticenvironment–, it doesnotconsider

theeffectscausedby smallscalefading,thoseattenuationson signalstrengthcausedby

smallchangesin theenvironment,assmallashalf wavelength[31]. Thesesmallchanges

alter thedelayin eachpathof a multipathsystemdifferently, thuscausingdramatically

largevariationsin signalphaseandsignalstrength,usuallyin theorderof 20 to 30 dB.

In mobileradiocommunicationsystems,theeffectsof smallscalefadingmanifestthem-

selvesasa time-variantchannel.For many propagationmodelsemployed in MANET,

including FS, the channelis assumedto be time-invariantor static,and the effectsof

small-scalefadingareignored.

Two-Dimensionalenvir onment: FS assumesa �at area; Two-Ray Groundprovides basic

considerationfor differentheightsin thetransmitterandreceiverantennas.

An importantnumberof researchpublicationspresentalternatives to the FS model for

MANET simulation.Wewill review theseproposalsin section7.2.
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Figure2.2: TheHiddenTerminalproblemin wirelessnetworks.

2.4 Wir elessMAC protocols

A crucialpartof awirelesscommunicationsystemis theMediumAccessControl(MAC) pro-

tocol. Broadlyspeaking,theMAC protocolarbitratesuseof thecommunicationschannel.A

signi�cant problemthatarisesin wirelessnetworksis thehiddenterminalproblem,illustrated

in �gure 2.2. ConsiderthescenariowherecomputerC attemptsto senda packet to computer

B, andsimultaneouslyA alsoattemptsto communicatewith B. A andC cannotdetecteach

other, given thedistanceseparatingthem;however, both transmissionscollide in thevicinity

of B, causinga jamin thechannel.A andC areactingashiddenterminalswith respectto each

other.

SeveralMAC protocolshave beenproposed,with increasingdegreesof overheadandbet-

ter handlingof the hiddenterminalproblem: CarrierSenseMultiple Access(CSMA) [32],

Multiple Accesswith Collision Avoidance(MACA) [33], Floor AcquisitionMultiple Access

(FAMA) [34], andtheIEEE802.11DistributedCoordinationFunction(DCF)[35]. The802.11

DCF MAC protocol is a CSMA/CA protocol (carriersensingwith multiple access/collision

avoidance);it is alsothe mostpopularchoicefor MANET systemsdeploymentandsimula-

tion. Furthermore,the IEEE 802.11technologycanbe identi�ed asoneof the main reasons

behindthe widespreadgrowth of wirelessnetworking: the industry alliancebackingup its

developmentis known asWiFi.

In 802.11DCF, competingnodesthatwish to transmita packet wait for a randomperiod
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of time beforeattemptingto acquirethe channel.Oncethe randomwait periodhasexpired,

a transmittinghostwill sensethe channel,expectingit is not currentlyin use;this operation

is called carrier sensing. Thereare two typesof carrier sensing:physical carrier-sensing,

an operationdependenton the underlyingphysical interface,andvirtual carriersensing,the

checkingof the Network Allocation Vector (NAV), a timer setby the currently transmitting

nodeindicatingwhenit expectsto be �nished. Usually, a node�rst checksits NAV, andif it

indicatesthatthechannelshouldnot bein use,thenit performsphysicalcarriersensing.Note

thatthehostwith smallestrandomwait periodwill sensethechannelbeforeits neighborsand

thusgainaccess.

If thecarriersenseoperationhasbeensuccessfulandthehostknows thechannelis not in

use,a Request-To-Send(RTS) controlpacket announcingtheincomingtransmissionis broad-

casted,with aNAV valueequivalentto theexpectedchanneloccupancy period.Uponreception

of theRTS,thedestinationnodereplieswith aClear-To-Send(CTS)controlpacket. Everyhost

receiving any of theRTS or CTSannouncementsknows thatsomebodyin thevicinity will be

usingthesharedchannelto receive a packet transmission,andit alsoknows for how long; the

hiddenterminalproblemis thusavoided.

If either the carrier sensefails, becausethe wirelesschannelis occupied,or there is a

timeoutwhile waiting for theCTSresponse,thenodewaitsfor a randombackoff period(after

theexpiry of thecurrentNAV) beforeattemptinga new carriersenseandCTS/RTS exchange.

The usual802.11implementationallows seven retriesof this operationbeforedroppingthe

packet; thebackoff periodwindow growsexponentiallyfor eachnew retry.

After the RTS originator receives the CTS answerfrom the destinationof the packet, it

proceedsto broadcasttheDATA packet. If thetransmissionof theDATA packet is successful,

the receiving nodewill senda positive acknowledge(ACK) packet, thus�nishing the trans-

missionprocess.Theusageof ACK packetsservestwo purposes.It enablestheretransmission

of packetsuponfailure,andit lessenstheimpactof thehiddenterminalproblemwith mobile

nodes.In a mobilenodescenario,a hostmight beableto interferewith a packet transmission
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by moving within theconnectivity region of thecommunicatingterminals,aftertheRTS-CTS

exchangehastakenplace.ACK packetsallow swift detectionof thisproblem.

TheRTS/CTSexchangeis not alwaysusedin 802.11DCF. A thresholdon packet sizeis

placedto determinewhich packetsneedthis operation;smallerpacketsaresentusingonly

carriersensing.Control packet exchangesarealsoavoidedfor the transmissionof broadcast

packets,aimedto everynodewithin connectivity reach.

While802.11isusuallyemployedastheMACprotocolin MANET research,therehasbeen

somework regardingtheinteractionsof differentroutingandMAClayerprotocols[36,37]. It is

worth pointingout thattheperformanceof MANET routingprotocolsis greatlyin�uencedby

thebehavior of theunderlyingMAC protocol: for example,extensive useof unicastmessages

in 802.11mightdegradetheperformanceof thenetwork, asthechannelis occupiedwith many

RTS/CTS/DATA/ACK controlexchanges[9,21].

2.5 MANET Routing Protocols

MANET routing protocolsfall into two broadcategories: reactive and proactive. Reactive

routingprotocols,alsoknown ason-demand,only createor updaterouteswhenpacketsneed

to betransmittedalongthem.A routediscoveryprocessis initiated,�ooding thenetwork with

aqueryto �nd thedesiredroute,whichis cooperatively constructedby therepliesof eachnode

in thenetwork. On theotherhand,proactive routingprotocolstry to keepup-to-daterouting

tablesat all times. Nodeskeeprouting tableswith entriesfor eachdestination,andreactto

changesin the network by propagating the modi�cations to their tablesin order to obtaina

consistentnetwork view. This is thetypical behavior of wired-network routingprotocolssuch

asOSPF, broadlyusedin theInternet.

Among the reactive proposals,DSR [1, 38] and AODV [3] are the most well known.

ExperimentalRFCs of both of theseprotocolshave beenproposedin the IETF MANET

workgroup[39], andimplementationsfor UNIX-basedoperatingsystemsarecurrentlyavail-
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able [18, 40]. Otheron-demandrouting protocolproposalsincludethe TemporallyOrdered

RoutingAlgorithm (TORA) [41] andAssociativity BasedRouting(ABR) [42].

Destination-SequencedDistanceVector (DSDV) [2] is the most salientproactive rout-

ing protocol,andarguablythe �rst ad hoc routing protocol. The WirelessRoutingProtocol

(WRP)[43] is anotherearlyad-hocroutingprotocol.TheClusterheadGateway SwitchRout-

ing (CGSR)[44] protocol is a hierarchicalprotocol that dividesthe network into clusters;a

particularnodecalledtheclusterheadcentralizescommunicationto destinationsoutsideeach

cluster. CGSRusesDSDV for bothintraandinterclusterrouting.Anotherhierarchicalproac-

tive routing proposalis the OptimizedLink StateRoutingProtocol(OLSR) [45], which has

gainedgreatacceptanceamongthemembersof theIETF MANET charter.

Therearealsoroutingprotocolswhichdono�t thebinarycategorizationwehaveused.For

example,theZoneRoutingProtocol(ZRP)[46] is ahierarchicalandhybrid proposal,wherea

proactivecomponentis usedinsidethelocal region,andareactivecomponentis usedfor inter-

region routing.Location-aidedroutingprotocolsthatuseGPSor othermeansor geographical

absolutelocalization,suchas Location-aidedRouting (LAR) [47], DistanceRoutingEffect

Algorithm for Mobility (DREAM) [48], andtheGeographicalRoutingAlgorithm (GRA) [49],

arealsoquitepopular.

We next describethetwo routingprotocolswe have usedin this thesis:DSR(on-demand)

andDSDV (proactive). For amorethoroughreview of MANET routingalternatives,theinter-

estedreadercanreferto [50]; a synthesisof the(relatively) currentstateof affairsin theIETF

MANET chartercanbefoundat [51].

2.5.1 DSR

DSR is a proactive routing protocol, in which routesare discoveredon-demand. The key

featureof DSR is the useof source routing: the sendercomputesthe routethroughwhich a

packetwill beforwardedto its destination.Eachpacket thuscarriesin its headerthefull route

to its destination,andthethetaskof intermediatenodesis to forwardthepacket to thenext hop
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in theattachedsourceroute.

EachDSRnodekeepsa routecache, �lled with routesthenodediscoverson demand,or

that it overhearsfrom packetsplacedin thechannel.DSRnodesoperatetheir radiointerfaces

in promiscuousmode,listening to every packet transmittedin the sharedchannel,and thus

cantake advantageof the sourceroutespresentin eachpacket's header. If the local nodeis

detectedin theoverheardsourceroute,thesegmentof therouteinvolving thelocalnode,up to

theintendeddestination,is storedin theroutecachefor potentialfutureuse.Naturally, a DSR

nodewill alsoplacein its cacheinterestingroutesegmentsthatit mightextractfrom packetsit

is forwarding.

Whena packet needsa route,DSR �rst tries to retrieve a suitableentry from its cache.

If successful,the route is appliedto the packet's headerandthe packet is dispatchedto the

�rst hop in the route. Otherwise,DSR switchesto routediscovery mode,andsendsa route

requestbroadcastmessagewith anemptysourceroute.Uponreceiptof a routerequest,anode

attemptsto answerit with a suitablecachedroute;it generatesa routereplymessagewith the

cachedrouteappendedto theroutefoundin therouterequestmessage– processedto remove

loops–, andunicaststhereply backto therequestoriginatorusingtheroutecurrentlypresent

in therequest,but reversed.To preventcollisionsin thechannelfrom neighboringanswering

nodes,theroutereply messagesarerandomlyjittered. Moreover, if a routereply is overheard

duringthejittering time,targetedto thesamerequesterandwith ashorteror equalroutelength,

theroutereply packet is silently dropped.If no suitablerouteis found in thecache,thenode

appendsitself to thesourcerouteof therouterequestmessageandrebroadcastsit.

To preventtheformationof loops,anodechecksthatits own addressis notalreadypresent

in thesourcerouteof therouterequestmessageit hasreceived;otherwiseit discardsit. More-

over, to preventduplicateanswering,routerequestmessagesaretaggedwith a monotonically

increasingsequencenumbergeneratedby the requester. A nodekeepstrack of the routere-

quests'sequencenumbersit hasrecentlyserved,andis thusableto identify routediscoveries

onwhich it hasalreadycollaborated.To furtherenhancetheroutediscoveryprocess,theorig-
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inating node�rst broadcastsa non-propagating route request(or zero-ringsearch),a route

requestthatcannotbeforwardedby othernodes.In this way, therequestercaninexpensively

checkif thetargetof therouterequestis within its currentsetof neighbors,andit canalsolearn

routeswithout propagating the requestto the wholenetwork. If the non-propagating request

fails, thenanunrestrictedrouterequestmessageis broadcasted.

As nodesrebroadcasta routerequest,themessagewill eventuallyreachthetargetdestina-

tion. Thetargetnodewill thenconstructaaunicastroutereply, by reversingtheroutefoundin

therouterequest.Sincetherouterequestwill propagatethroughmany differentpaths,theroute

discoveryprocesscanthereforegeneratemany differentroutereplieswith differentroutes.No-

tice that if aftera timeoutperiodtheoriginatorof a routerequestreceivesno answers,it will

exponentiallybackoff andtry again. Eventually, the requesterwill give up, ceaseaskingfor

routesanddropthepacket.

Apart from routediscovery, thestandardoperatingmodeof a DSRnodeis routemainte-

nance. During routemaintenance,DSR nodesforwardspackets,overhearsourceroutesand

cachethem,andparticipatein routediscovery process.DSR nodescanalsosendgratuitous

routereplies;if a nodeoverhearsa packet thatwill eventuallyreachit, but whosesourceroute

containsa segmentbetweenthecurrenttransmitterandtheoverhearingnodelongerthanone

hop,thenodewill thenalerttheoriginatorof thepacket– notnecessarilythecurrenttransmit-

ter – that theroutecanbeshortened,usinga routereply thatwill behopefullyoverheardand

thuscachedby many othernodes.

Wheneverapacket fails to besentto its next hopby theMAC layer, DSRassumesthelink

is broken. DSR thencleansesits cacheof every routeusingthe apparentlybroken link, and

sendsaunicastrouteerror messageto theoriginatorof thepacket. Everynodethatoverhearsa

routeerrormessage,includingthe�nal destinationof thepacket,will alsoremoveroutesusing

thelink from its routecache.Uponreceiving therouteerrorpacket, thesenderattemptsto �nd

anew routeto thedestinationnodein its routecache,andif noneis found,switchesto theroute

discoverymode.
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Non-propagatingrouterequest(RREQ)timeout 30ms

Timebetweennon-propagatingRREQs,for differentdestinations 5 sec

Timebetweenretransmittednon-propagatingRREQs 500ms(exponentiallybackedoff)

Maximumrouterequesttimeout 10sec

Maximumratefor sendingrepliesto a route 1/sec

Maximumnumberof unsolicitedrepliesbeingheldoff 10

Time to holdpacketsawaiting routes 30sec

Packet buffer size 64

Routeerrorholdoff time 1 sec

Sizeof sourcerouteheaderwith n addresses 4n+ 4 bytes

Maximumnumberof timesapacket canbesalvaged 15

Numberof ¯ow initiator packetsneeded 3

Flow tableentrytimeout 60sec

Table2.1: DSRprotocolconstants.

DSRis furtheroptimizedthroughtwo techniques,packetsalvaging[38] andimplicit source

routing[52]. Whenanintermediatenodefailsto forwardapacketthroughalink, thetraditional

behavior of DSRis to remove from thenode's cachetheroutesinvolving thefailing link, and

afterwardssendthe appropriateroute error message.With packet salvaging, the nodealso

attemptsto salvageevery packet currentlypresentin its queueof pendingtransmissionsthat

wereto be sentthroughthe failing link. DSR will usethe routecacheto replacethe source

routeof suchpacketswith cachedalternatives. Thepacketsarethenreinsertedat thebackof

thequeue.To prevent in�nite salvaging,thereis a thresholdplacedon themaximumnumber

of timesthisoptimizationcanbeappliedto apacket.

Implicit sourceroutingis anoptimizationtargetedto minimizethebyteoverheadof tagging

everypacketheaderwith asourceroute.Eachnodein thenetwork keepsa�ow table. Whenthe

originatorof a packet wishesto establishanimplicit route,it sendsa numberof �ow initiator

packets,traditionalpacketswith their sourceroute,the appropriate�ag anda �ow identi�er.

Eachhop in the route will createan entry in its �o w table for this �o w identi�er with the
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associatedroute. Every packet forwardedthroughthat route from now on doesnot needto

carry the full sourceroutein its header, but ratheronly the �o w identi�er. Flow tableentries

timeout if not usedrecently, andunicast�ow unknownerror messagesaresentback to the

transmittersof packets with unknown �o w identi�ers. Upon receptionof a �o w unknown

message,thenodewill contactthesourceof theimplicit routeandinstructit to reestablishthe

�o w.

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

within thens2simulatorversion2.26.

2.5.2 DSDV

DSDV is a table-drivenproactive routingprotocol,thatbuilds on theBellman-Ford distance-

vectorrouting algorithm[53]. In DSDV, every nodehasa routing table,with oneentry per

destinationnodein thenetwork. Besidesthedestination'saddress,eachroutingentryincludes

the next hop to the destination,a metric (usuallythe pathlength),andthe sequencenumber

of the �rst hop in the route,to indicatethe freshnessof the information. A DSDV nodethus

only knows the�rst hopin theroutethroughwhich it will forwarda packet to its destination.

Applicationlayerpacketsaretaggedwith thedestinationaddress,andevery intermediatehop

needsto checkits correspondingroutingentryto �nd outwhereto forwardthepacketnext.

DSDV is called a proactive protocol becausenodesactively exchangerouting informa-

tion, regardlessof the needfor it, andconstantlymaintainroutesfor every possiblesource-

destinationpair in the network. This �x ed overheadmight be unnecessaryin environments

with lower routingrequirements.

DSDV routing informationis only exchangedthroughbroadcastadvertisements.In each

advertisement,a nodepublishesa monotonicallyincreasingevensequencenumberfor itself,

andthecontentsof its routingtable. By exchangingthis information,nodescanreacha con-

sistentview of thenetwork. A nodeanalyzestheinformationcontainedin theadvertisements,

anddeterminesif arouteto agivendestinationthroughtheadvertisingnodewill haveasmaller
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metricthantherouteactuallyin use– or thesamemetricbut with afreshersequencenumber–,

andthusmodi�es its own routingtableaccordingly.

Therearetwo typesof advertisements:periodicandtriggered. Periodicupdatesarefull

updates,scheduledat regular times, in which the whole local routing table is advertisedto

the neighboringnodes. Triggeredupdatesare on the other handincrementalupdates;they

are causedby topology changesdetectedby a nodewhich needimmediatepropagation to

the restof the network. Therefore,only the routing informationthat changedsincethe last

advertisementneedsto be propagated. However, if the incrementalrouting information to

be transmittedsurpassesa certainthreshold,then the incrementalupdatewill be upgraded

to a full-scaleperiodicupdate. As a side-effect, the actualschedulingfor the next periodic

advertisementis alsomodi�ed.

DSDV decidesa link is brokenaftera numberof expectedperiodicupdateshave not been

received. In this case,the DSDV nodewill advertisean in�nite metric andan odd sequence

numberfor that node,equalto the last known sequencenumberplus one. This ensuresthat

whenever thenodeon theothersideof thesuspectbrokenlink becomesconnectedagain, the

sequencenumberit will advertisewill overwrite all the information aboutthe broken link.

Anotherinterestingeffect of theuseof monotonicallyincreasingsequencenumbersin DSDV

is thatloop-freedomis guaranteedin theformationof routes.

TheDSDV standardis unclearasto whethertriggeredupdatesshouldbesentwhena new

routemetric is found, or whena new sequencenumberis found. Sendingupdateson new

sequencenumberswill resultin a higherresponsivenessin thenetwork whenbrokenlinks are

detected,at thecostof exchangingsometimesunnecessaryinformationthatwill not enhance

the routing task. The propagation of triggeredupdatesis further subjectedto a setof timing

constraints:a weightedsettlingtime speci�es the time a nodewaits betweenreceptionof a

triggeredupdateandbroadcastingits own resultingtriggeredupdate;an aggregation time is

further speci�ed suchthat no two updatesby the samenodecanbe transmittedin lessthan

suchtime. Theobjective of theseconstraintsis to avoid “broadcaststorms”,i.e. thetriggering
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Periodicrouteupdateinterval 15sec

Periodicupdatesmissedbeforelink declaredbroken 3

Routeadvertisementaggregationtime 1 sec

Maximumnumberof packetsbufferedpernodeperdestination 5

Initial triggeredupdateweightedsettlingtime 6 sec

Weightedsettlingtimeweightingfactor 7/8

Updatestriggeredon receiptof anew sequencenumber No

Updatestriggeredon receiptof anew metric Yes

Thresholdfor upgradingtriggeredupdatesto full updates 1/3of tablesize

Table2.2: DSDV protocolconstants.

of broadcastsfor everynodeof thenetwork in achainreaction.

Table2.2 lists theDSDV protocolconstantsemployed in theDSDV implementationcon-

tainedwithin thens2simulator, version2.26.



Chapter 3

Indoor MANET Simulation

Theuseof MANETs in indoorenvironmentshasbeenenvisionedfor many interestingappli-

cations.We list a few of thesecases:

� Disasterrelief teams,suchas�remen.

� Policeoperations.

� Pervasivecomputingenvironments.

� Conferencesor classrooms.

MANET simulationin indoorenvironmentspresentsinterestingchallenges.Modernbuild-

ings usually have irregular shapesand large numbersof obstacles,which affect both node

mobility andradiopropagation. Moreover, indoorenvironmentstendto bemuchsmallerthan

the outdoorscenariostraditionally consideredin MANET research,amplifying the in�uence

of the obstacleson the network's behavior. Finally, buildings typically have multiple �oors,

whichaddsa three-dimensionalaspectto thesimulation.

For instance,considerFigure3.1, whichshows theblueprintof the�fth �oor of theBahen

Centrefor InformationTechnology, anacademicresearchbuilding locatedin theSt. George

Campusof the University of Toronto. The building standson a 113 by 88 meterslot, and

theareaof thedepicted�oor plan is thesameasthatof a squarewith 73.5metersides.This

23
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Figure3.1: Blueprintof the�fth �oor of theBahenCentrefor InformationTechnology.
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areais a hundredtimessmallerthanwhat is usuallyconsideredin MANET simulations:for

example,[7,9] performMANET simulationsin a rectangleof 300by 1500meters.The�gure

alsoportraystheirregularlayoutof thisbuilding, but barelyconveysasenseof its architectural

complexity: cementpillars,steelshafts,brick walls,andthepervasivepresenceof glassarejust

someof its relevantcharacteristics.Also, elevatorsandstairscanbeusedto movebetweenthe

multiple �oors of thebuilding. Finally, giventhat theenvironmentunderconsiderationis not

theground�oor , movementoutsidethe�oor planis – for all practicalpurposes– impossible.

In thefollowing chapters,wedescribedetailednodemobility andradiopropagationmodels

thataddressthechallengespresentedby indoorenvironmentssuchastheoneaforementioned.

In order to assessthe impactof modelingdifferent incrementalfeatures,for eachmodelwe

presentseveral simpli�cations; we graduallyremove levels of detail in the modelsuntil we

fall backinto theobstacle-freemodelsdescribedin chapter2. The interestedreaderwill �nd

a comprehensiblydocumentedand freely-available distribution of the ns2 implementations

of thesemodelsin www.cs.toronto.edu/� andreslc/papers/MANET_extensions.tgz. Noticethat

thesemodelsarecurrentlytargetedto simulationsof a single�oor; extendingthe modelsto

supportmultiple-�oor simulationis left asa futureresearchobjective. Finally, in chapter6 we

presentthemostimportantcontributionof this thesis,theevaluationof therobustnessof these

simpli�cations for indoorenvironments.

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


Chapter 4

ConstrainedMobility Model

We introduceConstrainedMobility (CM), a novel mobility modelfor simulationof complex

indoor environments.CM usesa mobility graph to constrainnodemobility accordingto the

obstaclespresentin theenvironment.For instance,a mobility graphhasbeendrawn over the

blueprintof the Bahen's �fth �oor , as illustratedin Figure 4.1. Verticesrepresentpossible

destinationsthat nodescanvisit, andedgescorrespondto physically-valid pathsover which

nodescanmove toward their intendeddestinations.Movementfrom onedestinationto an-

other is accomplishedby traversingthe edgesthat constitutethe shortestpath betweenthe

two correspondingvertices.Therefore,nodesmove throughdoorsandhallwaysto reachtheir

destinations,insteadof resortingto straight-linetrajectories.

At present,we draw the mobility graphon top of the �oor plan usinga simplegraphical

editorwe developed— a screencaptureof the editor is displayedin Figure4.2. CM graphs

aredrawn usingexisting AutoCAD drawings. This is not a laborioustask,andis furthermore

completelyamortizedby thelargenumberof timesthegraphfor a given�oor planis usedin

differentsimulations.For example,thegraphusedthroughoutthis thesiswas�rst drawn in 30

minutes,andlatersubjectedto minorre�nementsthatwerealsoappliedin amatterof minutes.

Nevertheless,we planto exploretechniquesto automatethegenerationof mobility graphs,by

usingthepublicly availableAutoCAD [54] formatto parsetheblueprintof interest.

26
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(a) Blueprint of the ®fth ¯oor of the Bahen

Centrefor InformationTechnology.
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(b) CM modelmobility graphsuperimposed

on theBahen's ®fth ¯oorblueprint.
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(c) Stand-aloneCM model mobility
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Figure4.1: FromtheAutoCAD blueprintto theCM modelmobility graph.
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Figure4.2: Graphicaleditorusedto generateCM mobility graphs.

TheCM modeladdressesnodebehavior in a simpleway: we limit thechoiceof destina-

tionsto thesetof red-coloredverticesin thegraph,situatedin “interesting” locationssuchas

of�ces, classroomsandconferencerooms. Eachnoderandomlychoosesa vertex in this set,

andmoves toward it at a randomlyselectedspeed. After reachingits destination,the node

pausesfor a �x edtime periodbeforeresumingmovement.We adoptedthis generic– andfa-

miliar – approachto behavioral mobility modelingbecausethemain focusof our researchis

themodelingof physicalobstaclesconstrainingnodemovement.

CM doesnot yet accountfor smallerobstacles,suchasfurnitureor thepresenceof other

people/mobilenodes.Wewill revisit theseissueswhendescribingour futureresearchplans.
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Figure4.3: Mobility patternof anodeunderShellMobility.

4.1 Simpli�cations to Mobility: Shell and RWP

TheCM modelwehavedescribedtakesbothinternalandexternalwallsinto account.TheShell

Mobility modelis an initial simpli�cation that discardsthe internalwalls of the building and

themobility graph;instead,nodesselectdestinationsrandomlywithin theareaoutlinedby the

externalwalls of thebuilding, andfollow straight-linetrajectoriesto their destinations.Shell

thusincreasesthenumberof possibledestinations,anddistributesthemuniformly. However,

choiceof destinationsis constrainedto locationsthatwill not forcenodesto stepoutsidethe

�oor planperimeter. Figure4.3illustratesthemobility patternof anodeusingtheShellmodel.

Discardingthe externalwalls from the Shell modelyields the RandomWaypoint(RWP)

model. We considertwo variantsof RWP. In theRWPS (small), nodesmove within a square

with 73.5metersides;theareaof thissquareis equivalentto theinhabitableareaof theBahen's

�fth �oor , andconsequentlytheareawherenodemovementtakesplacein theShellandCM
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Figure4.4: Nodemobility underbothvariantsof theRWPmodel.

models. In RWPL (large), nodesmove in a rectangleof 113 by 88 meters,the areaof the

lot over which theBahenbuilding stands.Figure4.4 illustratesthedifferencesbetweenboth

variantsof theRWPmobility model.

4.2 Mobility Model Implementation

RWP mobility patternscanbe generatedfor simulationsin ns2usingsetdest, a small inde-

pendentapplicationprovidedby theMonarchWirelessExtensions.setdestgeneratesanOTcl

scriptspecifyingnodemovement,which is fed to thesimulatorduringsetuptime. Theparam-

etersneededby setdestto generatea RWP mobility patternare: simulationtime, numberof

nodes,rectangulardimensionsof thesimulationarea,P andVmax (Vmin is �x edat0 m/s).

The mobility modelswe have describedwereimplementedby extendingthe setdestpro-

gram.TogenerateaCM mobility pattern,atext-basedintermediaterepresentationof amobility
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graphis exportedby our graphicaleditorandpassedto thesetdest-cmprogram.Thecontrol

�o w of setdestis altered:choiceof destinationsis limited to the distinguishedverticescon-

tainedin themobility graphspeci�cation,andashortestpathalgorithmis usedto �nd thepath

in themobility graphthatanodewill useto move towardits destination.

TogenerateShellmobility patterns,setdest-shellisgivenaspeci�cationof theouterperime-

ter of the�oor planunderconsideration.Whenever a nodedestinationis chosen,theresulting

trajectoryis checked; if thenodewill stepoutsidetheoutershell of thebuilding, thecurrent

choiceis replacedby a new destination.Finally, all versionsof setdestweremodi�ed to con-

sideraVmin of 0.5m/s,to avoid theaveragespeeddecayphenomenonreportedby [27].



Chapter 5

Attenuation Factor PropagationModel

AttenuationFactor(AF) [55,56,30] is anempiricalradiopropagationmodelfor indoorenvi-

ronmentsthat deterministicallyaccountsfor multiple obstacles.AF modelsa time-invariant

channelwheretheobstaclesblockingtheprimaryray– thestraight-linetrajectorybetweenthe

transmitterandreceiver –, areresponsiblefor the majority of the lossin signalstrengthper-

ceivedby thereceiver. Theremainderof thesignalstrengthattenuationin AF is a functionof

thedistancethat separatesthecommunicatingnodes.While AF neglectspropagationeffects

like re�ection, diffractionandscattering,andonly modelsobstaclesafter their materialtypes

but not their thicknessor othercharacteristics,it hasbeenshown to yield goodaccuracy and

high computationalef�ciency [55]. To thebestof our knowledge,this is the �rst application

of AF to MANET simulations.

TheAF modelis givenby Equation5.1

PAF(r;m1; :::;ms ) = Po(ro) � 10nlog10

�
r
ro

�
�

s

å
i= 1

mi � PFi; (5.1)

wherePo is thepoweratsomenearbyreferencedistancero, n is thepathlossexponentthat

determinestherateat which power decreaseswith distancer, mi is thenumberof obstaclesof

materialtypei alongtheprimaryray path,PFi is thepartitionfactorlossdueto materialtype

i, ands is thenumberof distinguishablematerialtypes(1 � i � s).

32
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To be able to usethe AF model,we needto specify the valuesof its parameters:Po, n,

s and the PFis. Theseparametersare site-speci�c empirical approximationsderived from

experimentalmeasurements.We next describetheequipmentusedandmethodologyfollowed

to derive thesequantities.

5.1 MeasurementEquipment

Our measurementequipmentconsistedof two laptopsrunningLinux RedHat 9, kernelver-

sion 2.4.24,with WirelessTools [57] enabled.Eachlaptopwasequippedwith an Enterasys

RoamaboutPCMCIA network interfacecard[58], basedon theOrinoco802.11bchipsetand

con�gured in ad hoc mode. The cardswhereattachedto a specialexternalomni-directional

antenna[59] that provided a gain of 9 dBi, anda horizontally-shallow radiationpatternthat

minimizedtheeffectsof re�ection on the�oor andceiling— only 11degreesof verticalaper-

ture.At 2 Mbps,theEnterasysnetwork interfacedatasheetindicatesanominaltransmitpower

of 15dBmandanominalsensitivity thresholdof -91dBm,guaranteeingaBit ErrorRateof less

than10� 5. With a cumulative gain of approximately17 dB (two 9 dBi antennasminuspigtail

losses),thesetupwascapableof recordingsignalstrengthvaluesof -108dBm for equivalent

isotropic(0 dBi or unity-gain)antennas.

5.2 Site-speci�c Parameterization

Werecorded250measurementsof signalstrengthoverthe�oor planillustratedin Figure5.3(a).

Eachtrial involved threesteps.First, the two laptopswererandomlypositionedon different

locationscorrespondingto verticesof the mobility graph. Second,an attemptwasmadeto

establishcommunicationbetweenthetwo laptops.If successful,bothlaptopswerecon�gured

to ping eachother; otherwise,a new pair of verticeswaschosen.Finally, whensuccessful,

bothlaptopssimultaneouslyrecordedsignalstrengthvaluesover a periodof oneminute.The
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granularityfor thesignalstrengthmeasurementprovidedby thecarddriver andtheWireless

Toolswas1 dBm. Thesignalstrengthvaluewasrefreshedevery time a new ping packet was

received;eachlaptoprecordedroughly30 measurementsfor a givenpair of locations.We set

thesignalstrengthto theaverageof themeasurementsfrom both laptops.In theappendixof

this thesiswe reportthevaluesrecordedby theseempiricalmeasurements.

Givenstationarymeasurementsandthesymmetryof our experimentalsetup,we expected

both laptopsto recordapproximatelythesamesignalstrengthvaluesper trial, becauseof the

electromagneticprincipleof reciprocity [60]. We did not anticipatethelargeeffect themove-

mentof otherpeoplewould have on the assumptionof a time-invariantchannel: to achieve

reciprocity, measurementshad to be taken late at night. This is a clearexampleof the im-

portanceof modelingsmall scalefadingchannels;in section7.2, we will illustratehow this

crucial featureis neglectedby many other radio propagation models. Adding a small scale

fadingcomponentto the AF modelis thusour main future researchgoal for this part of our

project— wewill commentmoreon this in chapter8.

To obtainthe site-speci�cvaluesfor Po, n andthe PFis we ran a regressiontestin MAT-

LAB. For eachmeasurementpointk, weprovidedMATLAB with themeasuredsignalstrength

ÅPk, thedistancerk from thetransmitter, andthenumberof walls of eachtypemik betweenthe

transmitterand the receiver. We then instructedMATLAB to iteratively minimize the error

betweentheempiricalmeasurementandthevaluepredictedby theAF function;we usedtwo

differentestimators(least-squaresandLorentzian),andconsidereddifferentnumbersof mate-

rials (s = f 1;3;4;7g).

Wecoulddistinguishsevenmaterialtypesin ourAutoCAD �oor plan:exteriorwalls, inte-

rior walls, exterior glass,interior glass,steel,concrete,andwood. However, thebest�t to the

empiricalmeasurementsinvolvedonly four materials(s=4). Theinteriorwallsandwoodwere

combinedinto onematerial(PF1=2.479dB), metalandsteelinto another(PF2=4.7727dB),

interior andexterior glassinto a third (PF3=3.11104dB); exterior walls wereour fourth ma-

terial (PF4=6.50076dB). The effect of furniture andsmallerobstacleswasaccountedfor by
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Figure5.1: SignalstrengthmeasurementsandAF �t. Eachmeasurement(dot) is pairedto its

AF approximation(bubble)in thesameverticalaxis.

n andPo, which were�t to 1.9665and-31.4627dBm, respectively. ro wasnominally setto

onemeter. The resultingAF parameterization(the circlesin Figure5.1) presentsan average

relative error of 8.9%with respectto the experimentaldata. In Figure5.2 we plot the cum-

mulative distribution functionof therelative errorsof theAF �t with respectto theempirical

measurements.

Figures5.3(b) and5.3(c) show an AF-generatedvisualizationof the signalstrengthof a

transmitterplacedin the centerof the �oor plan depictedin Figure 5.3(a), andillustratethe

dramaticeffect of wall attenuationson signalstrength.Thesensitivity thresholdemployed in

thisvisualizationis thedefaultEnterasysvalueof -91dBm.

In its presentstate,AF sharesmany of the simplifying assumptionsof otherpropagation

models,suchasa two-dimensionaltopology, omni-directionalantennasanda time-invariant

channel.Overcomingtheselimitationsis asubjectfor futurework.
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Figure5.2: CumulativeDistributionFunctionof therelativeerrorsof theAF �t with respectto

theempiricalmeasurements.Themedianof therelativeerrorfallsat0.1328.

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

Sight

A naturalsimpli�cation to theAF modelis to remove theexplicit considerationof obstacles.

TheFreeSpace(FS)modelusuallyemployed in MANET simulationsdoesthis by assuming

that signalspropagatethougha vacuum. This is an inappropriateassumptionfor our indoor

environment:for theoutputpowerandsensitivity thresholdsof typicalWiFi 802.11bhardware,

suchas the oneusedto parameterizethe AF model1, any singlenodewill obtain full radio

coverageof thenetwork.

To obtaina realisticbasisfor comparisonwith AF, we needto scaledown the effective

1An outputpowerof 15dBm,a frequency of 2.4GHzandasensitivity thresholdof -91dBmat2Mbps.



CHAPTER 5. ATTENUATION FACTOR PROPAGATION MODEL 37PSfragreplacements

¥

RWPS

RWPL

RWPL - FS'

RWPS - FS'

RWPL - FS'

RWPS - FS'

RWPL

RWPS

RWPL - FS'

RWPS - FS'

(a)Blueprintof the®fth ¯oorof theBahen

Centrefor InformationTechnology.

PSfragreplacements

¥

RWPS

RWPL

RWPL - FS'

RWPS - FS'

RWPL - FS'

RWPS - FS'

RWPL

RWPS

RWPL - FS'

RWPS - FS'

(b) Coverage pattern of a transmitter

placedin the centerof the Bahen's ®fth

¯oor, superimposedon theblueprint.PSfragreplacements

¥

RWPS

RWPL

RWPL - FS'

RWPS - FS'

RWPL - FS'

RWPS - FS'

RWPL

RWPS

RWPL - FS'

RWPS - FS'

(c) AF coveragefor atransmitterplacedin

thecenterof theBahen's ®fth ¯oor.

Figure5.3: FromtheAutoCAD blueprintto theAF implementation.
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communicationrangeof FS.Theproblemresidesin �nding a suitableapproximationfor the

communicationrangein AF propagation: rememberthat this valueis a functionof thesensi-

tivity thresholdin propagationmodelsthatestablisha one-to-onerelationshipbetweenpower

anddistance— not thecaseof AF. To solve this problem,we employ theLog-DistancePath

Loss(PL) function given by Equation5.3 (in dBm). This function is a generalizationof FS

(revisitedin Equation5.2), whereweassumeanarbitraryhomogeneousmediumcharacterized

by a path lossexponentn. As in the AF model,Po is the referencepower at somenearby

distancero. NotethatAF canbeseenasageneralizationof PL, aswell: in thePL equationall

theattenuationfactor(thePFi 's) aresetto zero.

PFS(r) = Po(ro) � 20log10

�
r
ro

�
(5.2)

PPL(r) = Po(ro) � 10nlog10

�
r
ro

�
(5.3)

We usedMATLAB to �t thePL equationto our empiricalmeasurements,usingthesame

processwe employedto parameterizetheAF model.Thebest�t for thePL function,yielding

a 14.85%relative error, correspondsto n = 4:0602andPo = � 19:2464dBm, for a nominal

referencedistancero of 1 m. This �t is plottedin Figure5.4asadashedline. Notethatthepath

lossexponent(n) obtainedroughlycorrespondsvaluesreportedin thebibliography [55,17].

The PL �t we obtainedoffers a reasonablesetof communicationrangesfor comparison

against AF. This is shown in Table 5.1: for a set of sensitivity thresholdsemployed in AF

propagation(thethresholdsstartfromthedefaultEnterasysvalueof -91dBm,andthenincrease

by 10 dB at a time),we canseethecorrespondingPL effective communicationranges.These

communicationrangesarethenappliedto theFSpropagationfunction,andthecorresponding

sensitivity thresholdneededto yield thoserangesare shown in the last row; note how the

thresholdsneedto be downscaledto obtaina fair comparisonwith AF. We employed in our

simulationanalysistheresultingsite-speci�cdownscaledFSmodel,which we will referto as

FS0.
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AF Threshold(dBm) -51 -61 -71 -81 -91

PL Range(m) 6.05 10.67 18.82 33.19 58.51

FS0Threshold(dBm) -10.68 -15.6 -20.53 -25.46 -30.39

Table5.1: PL effective communicationrangesfor differentAF sensitivity thresholds,andcor-

respondingFS0sensitivity thresholds.

Thesecondsimpli�ed propagationmodelweconsideris Line-Of-Sight(LOS)propagation.

This modelhasbeenpreviously usedin MANET simulation[8,14]. It is a basicextensionto

Two-RayGroundwheretwopropagationconditionsaredifferentiated:if any obstacleobstructs

theprimaryraybetweentransmitterandreceiver, connectivity betweenthenodesis preempted;

otherwise,thereis a clear line of sight propagation pathandconventionalTwo-RayGround

propagationis assumed.

Figures5.5 presentsvisualizationsfor FS and LOS propagation, which serve as useful

illustrationsof thedifferencesbetweenthemodels— compareto theAF visualizationin Fig-

ure 5.3(c). In the absenceof re�ection, diffraction and the scatteringeffects of multi-path

propagation,we canview the threepropagationmodelsconsideredascoexisting in thesame

axis(Figure5.6). While FSassumestheattenuationsto signalstrengthdueto obstaclesin the

primaryray to bealwayszero,LOS is theexactopposite,asit modelsin�nite attenuationby

any obstacle.AF propagation staysin between,andaddsanotherlevel of sophisticationby

consideringdifferentattenuationfactorsfor differentmaterials.

5.4 PropagationModel Implementation

An implementationof the FS model is bundledwith the ns2network simulator, alongwith

implementationsfor otherpropagation models,suchasTwo-RayGround. We have created

two additionalradiopropagationclassesfor theAF andLOSmodels.

Our implementationof the AF model is capableof determiningthe perceived power at
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the receiver for any pair of nodesarbitrarily positionedinside the modeled�oor plan. The

distancer betweenthe nodesis computed,andthe numberof walls of eachtypeobstructing

theprimaryray(mi , 1 � i � s) is determinedusingtheenvironment'sAutoCAD�oor plan.The

signalstrengthperceivedby thereceiver is obtainedby usingEquation5.1with theempirically

derivedparameters,andthecomputedinputvalues.

Our implementationof the LOS model is inherentlymuchsimpler. The samealgorithm

employed in AF to determinethe numberof walls obstructingthe primary ray is usedto de-

termineline-of-sightconnectivity betweentransmitterandreceiver. If thereis no line of sight,

connectivity is disallowed; otherwise,thedistancer betweenthenodesis computed,andthe

Two-RayGroundpropagationmethodis onvokedto determinesignalstrength— notethatfor

thetypical indoorenvironmentTwo-RayGroundreducesto FreeSpace.



Chapter 6

Experimental Evaluation

In this chapterwe presentthe resultsof our analysison the robustnessof simpli�ed simula-

tion modelsfor MANET evaluation.To conductthisstudy, weemployedseveralcombinations

of the mobility andradio propagation modelspresentedin chapters4 and5. We compared

theeffectsinducedby thesuccessive simpli�cations in theperceivedperformanceof different

routingprotocols;our mainobjective wasto establishif any simpli�cation is suitableasa re-

liable trendillustrator, i.e. if any of thesimpli�cations canbedeemedrobust. Thechapteris

organizedasfollows: section6.1 describesthesimulationenvironmentandparameters.Sec-

tion 6.2describesthesimulationmethodologyandmetricsconsidered.Section6.3presentsthe

mainresultsobtained,andsection6.4explainsthereasonsfor thoseresults.Finally, additional

closingremarksarepresentedin section6.5.

6.1 Simulation Envir onment

Weranourexperimentsusingthens2[17] network simulatorversion2.26,augmentedwith the

MonarchWirelessExtensions[18]. Weemployedtheimplementationsof theDSRandDSDV

routingprotocolsprovidedby theMonarchextensions,with theconstantslisted in tables2.1

and2.2, respectively. We alsousedthe WirelessExtensions'implementationof the 802.11

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

43
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mentedtheCM andShellmobility models,andtheAF andLOSpropagationmodels.Wealso

instrumentedthesimulatorto obtainthemetricsdescribedin section6.2.

We report resultsfor networks of 20, 30, 40, 50 and60 nodes. All experimentsran for

1200 secondsof simulatedtime. We simulatedwirelesscommunicationat a frequency 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

regardasthe rangeof humanwalking speedsin an indoorenvironment. To provide a highly

dynamicscenarioandstresstheroutingprotocols,wesetthepausetime to zerosecondsonall

simulations.

We modelednetwork traf�c usingConstantBit Rate(CBR) sources.A CBR traf�c source

providesa constantstreamof packetsthroughoutthewholesimulation,thusfurtherstressing

the routing task. In eachexperiment,half the nodesin the network are CBR sources,and

eachsourcetransmits64-bytepacketsat a rateof 4 persecond.We experimentedwith higher

sendingrates,packetsizesandnumberof sources.Weomit thoseresults,asthey show similar

trends,with thepredictablyhighereffectof network congestion.

We experimentedwith a varietyof sensitivity thresholdsfor theAF model,rangingfrom

thedefaultvalueof -91dBmdescribedin theEnterasysNIC speci�cation,upto -51dBm,with

a stepof 10 dBm. Varying thesensitivity thresholdis equivalentto varying the transmission

outputpower, anddeterminesthedegreeof connectivity of thenetwork. Basedonthemappings

from Table5.1, we experimentedwith FS0effective communicationrangesbetween5 and60

meters.By de�nition, theLOS modelre�ects a coarse-grainedbinarypropagationcondition,

hencewe only considera very high sensitivity thresholdthatwill allow connectivity in a line-

of-sightsituation,regardlessof thedistance.

All the resultspresentedareaveragesof � ve runsover differentrandomlygeneratedmo-

bility patterns.For all experiments,nosigni�cant variancewasobservedamongdifferentruns

for the samescenario;standarddeviation valueswereconsistentlysmallerthan10% of the

correspondingaverage.
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6.2 Simulation Methodology

In this thesiswe regard the ConstrainedMobility (CM) andAttenuationFactor(AF) models

asthebaselineagainstwhich we comparetherobustnessof simpli�ed simulationmodels.We

�rst compareCM-AF againsttheotherlessdetailedpropagationmodels,LOS andFS0. Once

wehave removedthedeterministicconsiderationof obstaclesfrom thepropagationmodel,we

alsoconsidermobility modelswhichgraduallyneglectobstacles:�rst theShellmodelandthen

thetwo variantsof RWP, RWPS andRWPL.

Note that in the following sections,the LOS propagation modelis brie�y analyzedsepa-

rately, asit quickly demonstratesto bea very inaccuratealternative for indoorMANET simu-

lation.

Therobustnessof thesimpli�ed modelsweconsideris characterizedby their impactonthe

routingprotocols'performance.Weemploy two protocols,DSRandDSDV, andevaluatethem

throughthefollowing metrics:

Packet Delivery Rate (PDR): theratioof applicationlayerpacketsthatweresuccessfullyfor-

wardedto their intendedrecipientsby theendof thesimulation.This is themainevalua-

tion metricin MANET routingprotocolresearch.NoticethatsinceweuseCBRsources

with �x edparameters,thePDRis equivalentto thenetwork throughput.

End-to-endLatency: for all deliveredpackets,theaveragetime elapsedbetweengeneration

at thesenderandreceptionat thedestination.This includesbuffering in queues,trans-

missiontimes,anddelayswaiting for successfulMAC control exchangesandrouting

activity.

Routing Packet Overhead: thetotal numberof routingpacketstransmittedduringthesimu-

lation. This re�ects thedegreeof routingactivity, which is alsosometimescharacterized

by thenormalizedroutingload,i.e. theratioof routingpacketstransmittedto application

layerpacketsreceived.
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The way we evaluatethe PDR deserves further explanation. It is possiblethat a packet

cannotbetransmittedby its senderto the�rst hopof theroutetowardits destination,because

thenumberof MAC layerCTS/RTSexchangeretrieswasexceeded,dueto congestionor other

conditions.A routingprotocolcanthendropthepacket de�nitely, or attempta numberof re-

transmissions.This representsa trade-off betweendeliveryandlatency: for someapplications,

suchasstreaming,it is preferableto losea certainnumberof packetsandhave thosethatar-

rive do so in a timely manner;for otherapplications,suchasftp transfers,it is imperative to

successfullydelivereverypacket,evenif somepacketstake longerandhaveto beretriedmany

times.In this thesiswehave– ratherarbitrarily– decidedto favor the�rst scenario:if apacket

is droppedby the MAC layer at the sender, it is not countedasa delivery failure. However,

if the routing protocoldoesnot drop the packet andattemptsa retransmission,the packet is

consideredstill deliverable,andif it successfullyreachesa differentnodeit will beaccounted

for in thePDRmetric.

We further analyzethe routing activity throughothermetrics,relatedto the internalsof

eachprotocol. For DSR, we quantify the numberof routing packetsof eachtype that were

transmitted– RouteRequest,RouteReply, RouteError andUnknown Flow Error – andthe

numberof packet salvagingsthat happenedduring the simulation. For DSDV, we determine

a lower boundon thenumberof routingpacketstransmitted,obtainedby applyingtheproto-

col constantsto the particularexperimentalconditionsof eachsimulationcon�guration. We

employ this lowerboundto betterquantifytheoverheadincurredin by theroutingtask.

We alsoconsiderfour topologymetricsthat areprotocolindependent.Thesemetricsare

evaluatedoff-line, not during simulationtime but during mobility patterngeneration. The

valuesof thesemetricsarethusbasedon nominalpropagationconditionsanddo not account

for collisions or interferenceduring packet transmission.The metricsre�ect the combined

effect of themobility andradiopropagationmodelson thenetwork topologythat therouting

protocolssee,andarethereforeemployed to explain the behavior of the protocols. Besides

absolutevalues,wealsoreportnormalizedvaluesfor two of thesetopologymetrics.
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Neighbor Density: theaverageof thenumberof peernodeswithin connectivity reachfor each

nodeatany giventime. Wenormalizetheneighbordensityby expressingit asa fraction

of themaximumnumberof neighbors,n� 1 for anetwork of n nodes.

Optimal Path Length: theaveragelengthin hopsof theoptimalpathfor thosepairsof nodes

for whichapathactuallyexists,atany giventime.

Link ChangesCount: theaverageof thenumberof connectivity changesbetweeneachpair

of nodes.We normalizethe link changescountby expressingit asthefractionper link

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

Link DisconnectionTime CDF: every timea link betweentwo nodesbreak,wemeasurethe

period of time the link remainsbroken. We then report the Cumulative Distribution

Functionof thelink disconnectiontimes.

The valuesreportedfor the normalizedtopology metricsare thosefor a network of 40

nodes. Becauseof normalization,the resultsfor networks of different sizesare practically

identical.

6.3 Robustnessof Simpli�ed Simulation Models

Figures6.1and6.2show thePDRfor theexperimentswe have conducted.Thegraphsdo not

includetheresultsfor LOSpropagation;we leave thatanalysisfor later. In Figures6.3and6.4

we show the latency resultsfor the sameexperiments.Note that the resultsfor the two met-

rics areintimately related:lower delivery ratesarecoupledwith almostexponentiallyhigher

latenciesin packet delivery – the latency graphshave a logarithmicscale–. Therelationship

betweenbothmetricswill beanalyzedin section6.4.

A comparisonof Figures6.1 and 6.2 provides us with the �rst indication that simpli�-

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

simpli�cations on performancearenot uniform acrossthetwo protocols.While theperceived
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performanceof DSDV doesnot seemto beaffectedin any way by successive simpli�cations

of thesimulationmodels,theperformanceof DSRvarieswidely acrossthedifferentmodels.

This resultshows that conclusionsreachedaboutthe relevanceof detail in the evaluationof

oneMANET protocolmaynotcarryoverbetweenprotocols,andthatassumingotherwisewill

likely producemisleadingresults.

For example,from theDSDV resultsit maybeinferredthatRWPL-FS0– thesimplestmodel

underconsideration,whereno obstaclesfor mobility or radiopropagationareaccountedfor –

is a robustapproximationof thesigni�cantly morecomplex CM-AF. Thesimilarperformance

trendspresentedby theprotocolunderbothmodels,andthefactthattheresultsobtainedwith

RWPL-FS0arewithin a boundedandconsistenterror from theresultsyieldedby thesophisti-

catedmodel,seemto bolsterthis assertion.Unfortunately, if we wereto evaluateDSRrelying

on RWPL-FS0asour model,we would reachtheerroneousconclusionthatDSRoutperforms

DSDV, or at leastmatchesits performance,in mostcases.Notethattheexactoppositeoccurs

if weconsiderthemoredetailedmodel.

Figure 6.2 provides further evidencethat simpli�ed modelsare not robust: the relative

performanceof DSRunderdifferentmodelschangesdramaticallyaswe increasethenumber

of nodes.For example,theprotocol's performanceunderCM-FSmatchestheresultsobtained

underRWPS-FS0 for 30 nodes(Figure6.2(b)); however, aswe increasethe network sizethe

apparentequivalencebetweenbothmodelsvanishes,andfor 50 nodesDSRunderCM-FS is

completelyoutperformedby thesameprotocolunderthesimplermodel(Figure6.2(d)).

Thuswe draw our secondconclusion:aswe modify the experimentalparameters,obser-

vationsaboutthe relevanceof detail do not necessarilycarryover evenwithin theevaluation

of the sameprotocol. For example,assumethat a researcheris evaluatingan energy-aware

enhancementto DSRthatattemptsto reducetheenergy consumptionof themobilenodesby

diminishingthetransmitteroutputpower. Theassumptionis thatnetwork throughputshouldbe

sustained,or even increased,sinceby decreasingnodeconnectivity moresimultaneouscom-

munication�o ws couldbepotentiallymaintainedin disjunctregionsof thenetwork [61,62].
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Figure6.1: DSDV packetdelivery rate.
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Figure6.2: DSRpacketdelivery rate.
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Figure6.3: DSDV packetdelivery latency.
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Figure6.4: DSRpacketdelivery latency.
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Figure6.5: Routingprotocolsperformanceundervariouspropagationmodels,includingLOS,

for differentnetwork sizes.CM mobility employed.

Evaluationof this optimizationunderRWPS-FS0would leadto thefalseconclusionthat for a

network of 50 nodessaneffective transmissionrangeof 35 meters(roughlya 10 dBm output

power reduction)achievesan optimal delivery rate,very closeto 100%. In contrast,experi-

mentswith CM-FS0show thatat this transmissionrange,theaveragedelivery rateis closerto

50%(Figure6.2(d)), andthe latency in packet delivery is anorderof magnitudehigher(Fig-

ure6.4(d)). Therefore,thepoweradaptationpolicy wouldnotbeeffective for thisnetwork.

Finally, Figure6.5 illustratesthe resultsobtainedfor LOS propagation. In the Figurewe

comparethedelivery rateobtainedwith theCM mobility modelunderFS0, LOSandAF prop-

agation; the transmissionrangefor FS0 is setto 60 m, while the sensitivity thresholdfor AF

is setto theroughlyequivalent-91 dBm, accordingto table5.1. Theresultsclearlyshow the

inadequacy of theLine-Of-Sightassumptionfor anindoorenvironment.Connectivity between

nodesis mostly preemptedby the considerablenumberof obstacles,andmultihop pathsfor

packet delivery areonly foundwhennodesareopportunisticallypositionedin hallway inter-

sections.Delivery ratesarethussteadilylower than45%for any network size,a completely

different result from the trendspresentedunderAF andFS0 propagation. We will therefore
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give theLOSpropagationmodelno furtherconsideration.

6.4 PerformanceBreakdown

Figures6.6 and6.7 show theroutingoverheadsfor DSDV andDSR,respectively, for theex-

perimentswe conductedin theprevioussection.Noticetheintimaterelationshipbetweenthe

routingoverheadandtheperformanceresultsfor eachexperiment,thePDRandlatency. The

routingoverheadof DSR grows exponentially, bothasthenumberof nodesincreasesandas

moresophisticatedsimulationmodelsareemployed,completelyoverloadingthenetwork and

preventingsuccessfulpacket delivery. Furthermore,packetsspendmostof their time wait-

ing in the priority queuesbehindthe routing packets, resultingin the dramaticlatencieswe

have reported. In contrast,for DSDV the overheadincreasesmodestlywith the numberof

nodes,andtherearealsolesseroverheadvariationsbetweenthemodels.Throughtheuseof

protocol-independenttopologymetricswewill explainthereasonsbehindtheobservedrouting

behavior.

We startour analysisby looking into theneighbordensitymetric. Figure6.8(a)plots the

normalizedneighbordensitiesfor the modelswe have experimentedwith. We can seean

interestingdiscrepancy betweentheneighbordensitycurvesof CM-AF andCM-FS0. With a

lower transmissionpower, theneighbordensityvaluesof CM-FS0areinitially lower thanthose

reportedfor CM-AF; whennoobstaclesblocktheprimaryraybetweentransmitterandreceiver,

AF propagationcanactuallyreachfartherin zoneslike hallwaysandlargeconferencerooms.

However, for rangesgreaterthan25 meters,thesituationreversesastheattenuationeffectsof

multiplewallsbecomethelimiting factorin AF propagation.Noticehow thiswasillustratedin

Figures5.3(c)and5.5(a): in FS0propagation,theradiocoverageof anodeis effectively adisk,

while for AF propagation,theattenuationsinducedby multipleobstaclesrenderanon-circular

coveragezone.Thus,for theupperbandof sensitivity thresholds,individualnodesin FS0reach

analmostcompletenetwork coverage(90%),but coverageof thenetwork with AF propagation
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Figure6.6: DSDV routingpacketsoverhead.
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Figure6.7: DSRroutingpacketsoverhead.
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ity andFS0propagation.

Figure6.8: NeighborDensity.

is restrictedto 62%.Figure6.8(b)complementsthisanalysisby showing theabsoluteneighbor

densitiesunderRWPS-FS0, for networksof differentsizes:noticetheextremelyhigh number

of neighborsfor theupperbandof sensitivity thresholds.

A furtheranalysisof Figure6.8(a)shows thatCM-FS0, Shell-FS0andRWPS-FS0havesim-

ilar neighbordensities.This resultsuggeststhat underFS0 propagation, neighbordensityis

mostlydependenton theeffective movementarea– which is equivalentfor thesethreemobil-

ity models–, asopposedto thespeci�c pathstakenby nodes.RWPL-FS0modelsa largerspace

andhasaconsequentlylowerneighbordensity.

Theneighbordensityvalueshaveastrongrelationshipwith theresultsof thesecondtopol-

ogymetricweconsider, theaverageoptimalpathlength.Figure6.9(a)showsthatasthesignal

strength– andthereforeneighbordensity– increases,pathlengthdecreases;for example,as

normalizedneighbordensityapproachesthe100%mark,everynodeis within communication

rangeof eachother, andthenetworkceasestobemultihop,yieldinganaveragepathlengthvery

closeto one. Notice that for very low transmissionpowers,around-51 dBm, or the roughly

equivalent� ve metersFS0 transmissionrange,thepoorconnectivity conditionsresultin actu-
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(a) Averageoptimalpathlengthsfor a network

of 40nodes.
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(b) Averageoptimal pathlengthsfor networks

of differentsizesunderAF propagation.

Figure6.9: AverageOptimalPathLength.

ally low averagepathlengths.Network partitioningisolatesmany nodes,andthereforefewer

pathscanbeestablished,only betweenpairsof nodespositionedverycloseto eachother. How-

ever, Figure6.9(b)shows thataswe increasethenumberof nodesthedegreeof nodeisolation

diminishes,and thus the averagepath lengthsfully correspondthe neighbordensityvalues.

Finally, noticethattheobservedrelationshipbetweenAF andFS0propagationfor theneighbor

densitymetricis alsopresentin thepathlengthresults.

At this point we canobserve a very strongrelationshipbetweenpath lengthandrouting

overhead.For both protocols,longerpathsimply morerouting activity. In DSR, establish-

ing longerpathstranslatesto moreretransmissionsof routediscovery messages,anda higher

volumeof routereplies. In DSDV, the distancevectorsof the differentnodestake longerto

stabilizeinto a globally consistentstate,thus registeringmore intermediatestagesin which

changesin routemetricscausemoretriggeredupdates.

As thetransmissionpower increasesandthenetwork becomessinglehop,theroutingtask

becomestrivial androutingoverheadin DSR is negligible. For DSDV we seea similar sce-

nario;noticethatfor thisprotocolwehaveplottedalowerboundontheroutingactivity derived
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Figure6.10:Link ChangesCount.
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from the proactive component,the periodicupdates.The lower bounddeterminesthe mini-

mumnumberof packetsthatwill betransmittednomatterwhatcircumstances,andis givenby

Equation6.1

LowerBoundDSDV = n� (T=D); (6.1)

wheren is thenumberof nodes,T is thesimulationtime,andD is thefull updateperiod.

Thepreviousanalysis,however, fails to explain theoverheadof bothprotocolsunderAF

propagation. The routing overheadis consistentlylarger in all cases,disobeying the trend

indicatedby the path lengthvalues;moreover, for many scenariosit doesnot decreasewith

shorterpaths.To explain this behavior, we turn our attentionto Figure6.10(a), which shows

the mostsigni�cant differencebetweenAF andFS0 propagation: the dramaticdifferencein

thenumberof link changesbetweenbothmodels.In CM-AF, theradioconnectivity between

two nodessuffers abruptchangesas the nodesmove, sincethe correspondingprimary ray

is continuouslyobstructedby new obstacles.The suddenattenuationsinducedby the new

obstaclesresult in numerousshort disconnections.Figure 6.10(c)shows the overwhelming

numberof link breakagesexperiencedunderAF propagationin networksof differentsizes.

In contrast,with FS0propagationconnectivity degradesslowly andsmoothlyasnodesmove

away, thus resultingin a much smallernumberof link changes.Albeit smaller, thereis a

signi�cant differencein the numberof link changesbetweenCM-FS0 andthe othermobility

modelsusingFS0propagation,ascanbeseenin Figure6.10(b). In CM-FS0nodesmove away

from oneanothermuchmorequickly by traversinggraphedges– walking throughhallways

– in oppositedirections;this in turn causesa higherrateof link changes.Noticethatasradio

connectivity in FreeSpaceincreasesandeachnodeacquirescompletenetwork coverage,the

numberof link changessinkstowardzero.

Figure6.11shows usthat indeedmostof thedisconnectionsin AF propagationareshort-

lived.Wecanseethatmostof thelink breakages(asmuchas88%with asensitivity threshold

of -91 dBm) lastlessthanonesecond.As thesensitivity thresholdincreases,andconnectivity
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Figure6.11: Cumulative Distribution of link disconnectiontimes,for a network of 40 nodes

with CM mobility andAF propagation.A typicalFS0con�gurationis offeredfor comparison.

consequentlydecreases,it is lesslikely for nodesto establishweaker links with farawaypeers,

moresusceptibleto experiencetheseshortdisconnections.It is interestingto noticethat the

network size doesnot affect the distribution in the durationof link breakages;Figure 6.12

illustratesthis.

Thesmoothandcontinuouscharacteristicof FreeSpacepropagationresultsin a different

behavior. Eventhoughthedurationof thelink breakagesunderFS0propagationis still affected

by the transmissionrange,we can seein Figure 6.13 that the variation is signi�cantly less

pronouncedthanin AF propagation. Most importantly, the durationof the link breakagesis

longerthanin AF propagation,ascanbe seenin Figures6.11, 6.12and6.13. However, the

massive differencein the total numberof link breakagesrepresentsa signi�cant factorin the

protocolsbehavior.

For DSDV, morelink breakagesmeansmoretriggeredupdates.TheCM-AF routingover-

headcurvesin Figure6.6 illustratethis. However, DSDV is not a reactive protocol,andhence
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(a) AF propagation with a -91 dBm

sensitivity threshold.
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(b) FS0propagationwith a 30 m trans-

missionrange.

Figure6.12:Link disconnectiontimeCDFs,for CM mobility andnetworksof differentsizes.
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FS0propagation.
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thedegreeof triggeredupdategenerationis controlledenough– review thetiming constraints

welistedin Table2.2– to preventtheprotocolfrom collapsing.In general,DSDV is considered

a sub-optimalprotocolbecauseit fails to convergein scenarioswith rapidmovement;in [7] it

is reportedto reacha roughly70%PDR for nodesmoving with a Vmax of 20 m/s. However,

while this lowerperformanceis dueto theintrinsic lackof quickadaptabilityof theprotocol–

a resultof thesametiming constraintsthatbene�cially moderateits behavior in thescenarios

we have considered– it is unlikely that nodemovementin indoor scenarioswill reachsuch

highspeeds.

DSRis seriouslyaffectedby themuchhigherrateof link changesin CM-AF andCM-FS0.

Theprotocolautomaticallyreactsto any link breakage,short-livedor not. Routeerrorpackets

aregenerated,andthecacheis aggressively exploitedto �nd alternative routes;with salvaging

enabled,cacheutilizationwill besubstantiallylarger. However, theroutespresentin thecache

offer no freshnessguarantees:they may very well be staleroutes,given the high numberof

link breakagesoccurring.Traf�c is thusreinjectedinto thenetwork usingroutesthatmayfail

to deliver thepacket; besidesfurtheroccupying thescarcelyavailablechannel,the triggering

of apotentiallyneededroutediscoverycycle is postponed.Whentheroutediscovery is �nally

started,the network is further clogged,leadingto a congestionbreakdown. As the number

of nodesin thenetwork increases,thehighernumberof link changesandneighboringnodes

exacerbatethecongestiveeffect.

In Table6.1, we furtherexplorethebehavior of DSRby looking into threeparticularsce-

narios,with equivalentnumberof nodesandtransmissionpower, but decreasingperformance.

We canidentify a relationshipbetweenthe increasingnumberof packet salvagesandDSR's

breakdown. We can also seethat regardlessof the situation,90% or more of DSR's traf-

�c is composedof unicastpackets,muchmorecostly thannon-propagating broadcasts– the

only type of routing packet in DSDV –, due to the RTS/CTS/DATA/ACK exchangesof the

802.11DCFMAC protocol.Unicastpacketsthatneedto beforwardedalongamultihoproute

aremoresusceptibleto suffer multiple retransmissionsin the hostileconditionswe have de-
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Experiment RWPS - FS0 CM - FS0 CM - AF

35m range 35m range -81dBmthreshold

PDR 99.96 42.61 11.24

Latency (ms) 43.33 11178 18608.39

NormalizedRoutingLoad 17.81 484.62 5272.21

RoutingPackets 27968.3 324167.8 929543.7

RouteRequest 1506.4(5.39%) 29373.1(9.09%) 87211.1(9.38%)

RouteReply 23890.1(85.41%) 251513.5(77.58%) 689231.1(74.15%)

RouteError 2571.3(9.19%) 41316.2(12.73%) 151025.2(16.25%)

Unknown Flow Error 0.4(0.01%) 1965(0.6%) 2076.3(0.22%)

Numberof PacketSalvages 3509.2 114003.9 255055.4

Ratioof SalvagingperPacket 0.0224 0.7267 1.6258

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

application-layerpacketsaregeneratedthroughoutthesimulation.

scribed.Notethatin scenarioswith abadperformance,thenumberof routerepliesis extremely

large;eachretransmissionis countedasonesingletransmission,sinceit occupiesthewireless

channelandpreventsa ratherlargenumberof neighboringnodesfrom progressingin theirac-

tivity. However, the802.11controlexchangesfor unicastpacketsarenot completelyeffective

in preventingcollisionsin scenarioswith nodemobility. Unfortunately, DSRassumesthatany

failurefrom theMAC layerto transmita packet is dueto a link breakage– evenif thefailure

wascausedby congestion,in theform of collisionsor interference–, thustriggeringthecycle

of activity wehavedescribed,andfurthercongestingthechannel.This is a �ne exampleof the

carethatmustbetakenfor cross-layerinteractionswhile designinganetwork protocol.
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6.5 Discussion

While theCM-AF modelis signi�cantly moredetailedthanthesimplemodelsusedin main-

streamsimulators(i.e. RWPL-FS0), themodelmakesseveralsimplifying assumptions,suchas

notmodelingmultiple �oors or assumingatime-invariantchannel,andthereforeits robustness

asasimpli�cation of real-lifeconditionsis notguaranteed.

Moreover, we conductedour experimentsin a singleindoor �oorplan. Despitethe com-

plexity of suchenvironment,bothin termsof thelayoutandcompositionof its obstacles,it is

not guaranteedthatsimplifying thesimulationmodelsin otherindoorenvironmentswill have

the samedetrimentaleffects— or negligible effects for somecases,suchas the 20 and30

nodesexperiments.

In this light, oneshouldbecarefulnot to view theresultswe presentfor DSDV andDSR

asabsolutelyrealisticpredictorsof theexpectedprotocolperformancein real-life indoorenvi-

ronments.Instead,in this thesiswe considertheCM-AF resultsonly asa benchmarkagainst

which to comparethesimpli�ed models.Giventhatthesimpli�ed modelsarenot robustsim-

pli�cations of CM-AF in ourenvironment,wehypothesizethatit is veryunlikely thatthey are

robustsimpli�cations of real-world environments.

Following this hypothesis,we canalsoextractotherinterestingobservationsfrom theex-

perimentalresultswehavepresentedsofar:

1. Thereis a drasticdifferencein theperformanceof DSRbetweenCM-AF andCM-FS0,

a strongindicationthat thesophisticationof theradiopropagationmodelcanaffect the

resultsof theevaluation.Theresultsobtainedfor LOS propagationfurthersupportthis

claim.

2. Thereare importantdifferencesin the delivery rateof DSR underCM-FS0 andShell-

FS0, which indicatesthatasophisticatedmobility modelthatcontemplatesinternalwalls

– evenwithout consideringtheeffectstheseobstaclesmayhave on radiopropagation–

canaffect signi�cantly theresultsof theevaluation.
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3. It appearsthatShell-FS0 andRWPS-FS0 areequivalentmodels,sincethey yield practi-

cally thesameperformancein eachexperiment,andalsopresentvery similar valuesfor

eachtopologymetric. We canconcludethatoncewe have removed internalobstacles,

bothfrom themobility andpropagationmodels,externalwalls do not have a signi�cant

effectonthesimulationresults;it seemsthattheeffectiveareaof movementfor thenodes

becomestheonly differentiatingparameter.

Finally, weneedto highlight thefactthatwhile theeffectsthatdifferentsimulationmodels

have on the network topology– measuredby the metricswe have presentedin this thesis–

areregular, intuitive andforeseeable,thesesoundcharacteristicsdo not necessarilytranslate

into theperformancetrendsof theroutingprotocols.Disregardingthe two extremecases– a

lightly loadednetwork of 20 or 30 nodesanda completelyoverloadednetwork of 60 nodesin

theDSRcase–, we have veri�ed thatuniform topologicaltrendstranslateinto widely varying

performanceresults,dependingon theprotocolused.

We have foundthat the internalsof eachprotocol,andtheir interactionswith otherlayers

of thenetwork stack,suchastheMAC layerandpresumablythetransportlayer, arecomplex

andoftensurprising.In quantifyingsomehow theseprotocoldynamics,anddevisingamethod

to predict the effectsof suchdynamicson scenarioswith uniform topologicaltrends,lies a

challengethatmight rendernon-robustsimpli�ed simulationmodelsusableasreliabletrends

illustrators.



Chapter 7

RelatedWork

In thisChapterwe review relatedwork in threeareas:

� Improvedmobility modeling.

� Realisticradiopropagationmodels.

� Critical analysesof simulationmodelsfor MANET evaluation.

7.1 Mobility Modeling

Among the extensive literatureon the RWP model,we highlight thoseefforts targeting the

behavioral aspectof nodemobility. Betstetter[28] and Campet al. [12] reviewed several

variationsof RWP. In general,statisticaldistributionsareemployedto correlatethechoiceof

new movementdestinationsor directionsto pastdecisions.For instance,the Gauss-Markov

Mobility Model [63] dividesthesimulationtime into a �x ednumberof slices,andthespeed

anddirectionof a nodein thenth sliceis highly dependenton thevalueschosenfor thenth � 1

slice.Anothertypeof statisticalbehavioral modelingis presentedin [64], in whichexponential

distributionsareemployedto in�uence thechoiceof nodedestinations.

A secondfamily of nodemobility modelsarethosethat modelgroupbehavior [65], also

reviewed in [12,66]. In a typical groupmobility model,nodesareclusteredinto groups,and

67
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eachgrouphasa particularreferencepoint. A nodemobility modelis usedfor eachreference

point, anda secondmobility modelgovernsthe behavior of the associatednodes.Examples

rangefrom nodesorbitingrandomlyaroundthereferencepoint,to nodesmoving in anordered

line, or “chasing”thereferencepoint.

A framework for systematicallyde�ning the behavior of a setof mobile nodeshasbeen

presentedwith theGEMM tool [13], which attemptsto enablethemodelingof nodebehavior

afterhumanactivities. Thetool thereforeprovidesa setof constructsfor designingbehavioral

models,includingattractionpoints, activitiesandroles. It is worthpointingout thatthis work

is ataveryearlystage,andit is not yet clearwhichof theseconstructsis useful,or usable.

Giventhattheemphasisof theCM modelis placedon themodelingof physicalobstacles,

researchon the behavioral aspectsof nodemobility is complementaryto the work we have

presentedin this thesis.However, thereis alsoasigni�cant numberof researchpapersdevoted

to themodelingof physicalobstaclesfor mobility. Similar to CM, anenhancedmobility model

usessomesort of graphto specify the physical constraintsimposedon nodemovement. In

general,thesemodelstargetoutdoorenvironmentsexclusively.

TheCity SectionMobility Model [67] usesa bi-dimensionalgrid to modelvehiclemove-

mentoncity streetsin acoarse-grainedmanner. Nodemovementtakesplacebetweenregularly

spacedpointsin thegrid, with theadditionalconstraintthat the translationfrom onegrid in-

tersectionto anothermust involve at leastonechangeof directionin eachaxis (dimension).

Tian et al. [15] presenta more�e xible model in which an arbitraryuser-de�ned graph,cor-

respondingto the layoutof thestreetsin a city, is usedto restrictthemovementof nodes.A

third approachis presentedby Jetcheva et al. [23], in which actualtracesof city buseswere

usedasthemobility patternof nodes.Barringthenaturaltransientoffsetsbetweentheplanned

andactualschedulesof a bus for a particularday, the novelty of this approachresidesin its

usageof a real-life mobility pattern,insteadof presentinga modelgovernedby a setof rules

andrandomdecisions.

TheObstacleMobility Model (OM) [14] alsoprovidesmodelingof physicalobstacles,but
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at the smallerscaleof building-to-building movementin a campus.OM usesautomatically

generatedVoronoigraphs,basedon theplacementof rectangularboxesrepresentingbuildings

– obstacles– in themodeledtopography.

While many researchgroupshave focusedonoutdoorenvironments,thereis little work on

indoor MANET simulation. Johanssonet al. [8] consideredconference,event coverage,and

disasterareascenarios,with a few simpleobstacles.Most of thenodesin thesimulationare

staticor have little mobility, andonly a few distinguishednodesmove backandforth around

prede�nedpaths.Of thescenariosmodeled,theconferenceroomis theonly indoorsone.

Finally, the CAD-HOC [68] tool is presentedasa “cousin” tool to the ns2simulatorfor

designingmobility patterns.Similar to the ObstacleMobility model,CAD-HOC allows the

arbitraryplacementof obstaclesin a topography; however, theseobstaclescanbesuf�ciently

small to representthe layoutof an indoorenvironment.Nodemobility is only allowed in the

areaswith no obstacles,andtheusercanchooseamonga varietyof randomwalk modelsfor

thenodesto movewithin theseemptyareas.

In general,therearetwo areasof physicalmobility modelingin which little or nowork has

beencarriedout: themodelingof indoorenvironments,andtheuseof theoriginalspeci�cation

of anenvironmentto modelnodemobility. Both of this issuesarecoveredby our CM model,

whichmodelsindoorenvironmentsbasedon theirAutoCAD blueprints.Theuseof AutoCAD

�oor plansenablesfaithful modelingof �ne-grainedobstaclesandsigni�cantly morecomplex

indoorenvironments.

7.2 Radio PropagationModeling

The literatureon radio propagation modelsfor wirelesscommunicationis abundant,dating

back to the 1940's and 1950's, several yearsbeforethe conceptof MANETs. In general,

radio propagation modelsareclassi�ed asindoor or outdoormodels,andasdeterministicor

probabilisticmodels.Additionally, they areclassi�ed asmodelstargetingtheeffectsof large
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scalefadingor thosemodelingsmallscalefading.

The AF modelwe employ in this thesisis derived from the original AttenuationFactor

modelproposedby RappaportandSeidel[55, 56]; we have removed the Floor Attenuation

Factorcomponent,which allows considerationfor multiple �oors. A simplervariantof AF,

calledtheWall AttenuationFactor, wasusedin RADAR for locationtracking[30]. In RADAR,

theWAF modelassumesa uniqueattenuationfactorfor all walls, andplacesanupperbound

on the numberof walls obstructingthe primary ray that aretaken into consideration.To the

bestof our knowledge,the AF model(or any variantof it) hasnever beenusedin MANET

simulationprior to ourwork.

The AF model is an indoor deterministicmodel that in principle neglectsthe effectsof

multi-pathpropagation;it couldbearguedthatsincethemodelis derivedfrom empiricalmea-

sures,it integratesmultipatheffectsinto its parametersto a certainextent.A muchmorecom-

putationallyexpensivedeterministicmodelthatexplicitly accountsfor multipathfadingeffects

is ray-tracing.Ray-tracingis basedon the typical lighting algorithmsemployed in computer

graphics,wherea setof raysarecastfrom a light/radiosource,andthemultipathinteractions

of eachray with the environment– re�ection, diffraction andscattering– are traced. Even

thoughit is certainlymoreaccuratethanAF, theray-tracingalgorithmfor averysimpleindoor

environmentcanbeextremelytime-consuming,evenfor alow numberof rayscastandinterac-

tionsconsidered.This complexity is thereasonwhy ray-tracingimplementationsfor MANET

simulators[16] remainvery limited in their scope.

In contrastto deterministicmodels,probabilisticpropagationmodelssimulatea homoge-

neousaggregatemedium;stochasticmethodsareusedto reproducethe variationsin signal

strengthinducedby obstacles.A very simple probabilisticaugmentationto a deterministic

modelis Shadowing,whichis providedby thens2[17] simulator, alongwith Two-RayGround

andFS.TheShadowing modelaugmentsPL deterministicpropagationwith azero-meanGaus-

sianrandomvariable;theeffectof thisprobabilisticcomponentis anirregularity in thefringes

of thecoveragediscof anode.
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Simulationof IndoorRadioChannelImpulse-ResponseModels(SIRCIM) [55, 69] is the

most well-known exampleof probabilistic radio propagation modeling for indoor environ-

ments,simulatingboth large andsmall scalefadingat the MAC andphysical layers. Prob-

abilistic distributions,suchasRiceanandRayleigh[70], areespeciallyusefulwhenmodeling

theeffectsof smallscalefading;Riceanfadingisemployedfor Line-Of-Sightconditions,while

Rayleighfadingis employedin harshernonLine-Of-Sightsituations.A goodexampleon the

useof RiceanandRayleighdistributionsin thescopeof MANET simulationsis thework by

Takai et al. [71, 72]. Differentresearcherswho have attemptedexperimentalimplementation

of MANETs have shown that neglectingthe effectsof small scalefadingis oneof the most

prejudicialsimpli�cations of simulation[6,5].

7.3 MANET Simulation Accuracy

Studieson simpli�ed simulationmodelshave focusedon thelimitationsof eitherthemobility

or thepropagationmodelconsideredindividually. Moreover, thepotentialeffect thata simu-

lation modelenhancementmayhave in theevaluationof MANET routingprotocolshasbeen

analyzedin apurelyquantitativemanner. In general,thepaperscitedin theprevioussectionsof

this chapteronly reportthenumericaldifferencesin performancebetweencommonsimpli�ed

modelsandtheirnew proposals.

Wehavebeensurprisedby thescarcityof papersaddressingtheeffectsof simpli�ed simu-

lationmodelsontheevaluationof MANETs in aqualitativemanner. Therelatively few studies

of this kind usuallyfocuson theeffectsof onemodelconsideredindividually, andnot on the

combinationof bothmobility andradiopropagation. A usuallycitedreferenceis thework by

Heidemannetal. [73] onthecharacterizationof thelevel of detailneededfor differentwireless

simulationscenarios.This is a�rst indicationof thelackof robustnessof simpli�ed simulation

models:a simplepropagationmodelis shown to bereliableenoughfor a certainscenario,but

utterly inaccuratefor aseconddistinctsituation.
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Lui etal. [11] gathereddatafrom anexperimentalMANET deployment,andthencompared

thenetwork performanceto simulationswith differentradiopropagationmodels,rangingfrom

simpleFSto Shadowing with RiceanandRayleighsmallscalefading.Their resultsshow that

“ the inaccuracy... introducedby thepropagationmodelis not-uniformandcanunderminea

performancecomparisonof differentprotocols”. However, this trackis not exploredin depth,

astheauthorsaremoreconcernedin showing thegoodpropertiesof their simulationmethod-

ology; furthermore,only theneedfor validationof radiopropagationmodelsis addressed.We

complementthis resultby showing thata well validatedsimpli�ed simulationmodelis unre-

liable for any scenariodifferentfrom thatwherethemodelwasvalidated,eventhosewith the

minimaldifferences.

A resultsimilarto thatof Liu etal. waspresentedin [74], alsofor thecaseof radiopropaga-

tion. However, thiswork wasnotsomuchacomparisonof simulationmodelsbut of simulators

themselves,in this casens2versusGloMoSim. Discrepanciesbetweensimulatorshave also

beenreportedin [75], addingOpNetModelerto thesetof simulationtoolsunderscrutiny. In

general,the conclusionsof the authorspoint to incompleteor inaccurateimplementationsof

the802.11MAC andPHY layersasthemainreasonbehindtheobservedinconsistencies.

Theseresultscomplementoursin a troublingmanner:they indicatethat theMANET re-

searchcommunitynot only hasto rethink theway their simulationmodelswork, but alsothe

way their simulationtoolswork. Froma moregeneralpoint of view, Pawlikowski et al. [76]

alsoaddressthecredibility problemsof wirelesssimulationmethodology. They review thein-

creasingnumberof telecommunicationnetworkssimulation-basedresearchpapers,andassess

theneedfor morerigoroussimulationinputgenerationandoutputdataanalysis.

To thebestof our knowledge,we arethe �rst groupto considerdetailedpropagationand

mobility modelsin conjunction,to focuson indoorenvironments,to identify robustnessasa

desirablepropertyof simulationmodels,andto evaluatethisqualitativepropertyfor commonly

usedsimpli�ed simulationmodels.



Chapter 8

Conclusionsand futur ework

In this thesiswe have addressedthe robustnessof simpli�cations of the mobility and radio

propagation modelsfor indoor simulationof MANET routing protocols. A simpli�cation of

a mobility or radiopropagationmodelis robust if the resultsobtainedwith thesimpli�cation

for differentprotocolsandsimulationconditionsarewithin a consistenterrorof theexpected

resultyieldedby theunsimpli�ed model.Robustsimpli�cations allow researchersto extrapo-

latesimulationresultsandreachreliableconclusionson theexpectedperformanceof real-life

deployments.

We have developedtwo new detailedsimulationmodelsfor indoorscenarios:Constrained

Mobility andAttenuationFactor. Both modelsdeterministicallyaccountfor the presenceof

obstaclesof differentmaterialsin theenvironmentunderconsideration.Experimentalresults

show that simpli�cations of thesesimulationmodelarenot robust for (at least)indoor envi-

ronments.Thesimpli�cations we consideredhaddrasticallydifferenteffectson theperceived

performanceof the two protocolswe evaluated. Even for the sameprotocol, the effectson

perceivedperformancevariederraticallyfor differentsimulationcon�gurations.

Theseresultscastseriousdoubton the validity of simulation-basedMANET evaluations

usingsimpli�ed models.Even if a simpli�ed modelappearsto be a goodapproximationfor

evaluatinga speci�c MANET scenario,thereareno assurancesthat the modelwill be valid
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for otherroutingprotocols,or eventhesameprotocolunderdifferentexperimentalconditions.

This troublingconclusionis a compellingindicationof the importanceof further researchon

thedevelopmentandvalidationof realisticmodelsfor indoorMANET simulation.

Addressingthis soreneedhasbecomeour preeminentfuture researchgoal. Even though

detailedmodelssuchasthosepresentedin this thesis,CM andAF, aremoreaccuratealterna-

tivesfor MANET simulationandwill likely yield morereliableresults,it is alsotruethatthese

modelsrequirea signi�cantly larger implementationeffort andimposelongersimulationrun

times. In orderto minimizeusereffort andmaximizetime ef�ciency, we needto investigate

underwhich conditionscansimpli�ed modelsbe usedandstill yield acceptableresults. For

example,theredoesnotseemto beany signi�cant differencebetweentheresultsobtainedwith

RWPL-FS0andCM-AF for theDSDV routingprotocol;however, translatingsuchassumption

to the useof DSR would be a grossmistake. It thereforebecomesinstrumentalto devise a

methodthatidenti�es theminimumlevel of simulationdetailrequiredto obtainreliableresults

for agivenexperimentalscenario.

Our plansfor futurework spanthreeotherdirections.We will concentrateour efforts on

further validatingthe resultswe have obtained,by applyingthe samemethodologyto other

indoorscenarios.We will carefullychooseindoor�oor plansthatoffer a varietyof challenges

departingfrom thosepresentedby theBahenCentre.We plan to work with evenmorecom-

plex scenarios,with modernandintricatearchitecturaldesigns,but also to considersimpler

scenarioswith amoreregularlayout.

Our third goal for futureresearchis to enhancethesimulationmodelswe have presented.

Both modelscurrently do not take into accountsmallerobstaclessuchas furniture, or the

presenceof otherpeople.Also, for ConstrainedMobility, we plan to complementthemodel

with oneof thebehavioral modelingproposalswehavefoundin theliterature.For Attenuation

Factor, we want to adda small scalefadingcomponent– most likely by addingRiceanand

Rayleighfadingdistributions,which arealreadyavailable for the ns2simulator–, as it has

beenthoroughlyshown thatassuminga time-invariantchannelleadsto incompleteresultsand
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erroneousdesigndecisionsin routingprotocoldevelopment.

Finally, our fourth futurework goalentailstheextensionof thesimulationmodelsto con-

siderthree-dimensional�oor plans. This goalcanbeattainedthroughadditionof a third co-

ordinateto theCM mobility graph's vertices,andby reinsertingtheFloor AttenuationFactor

componentto the AF model. Validationof a three-dimensionalpropagation modelwill be,

however, amuchmorecomplex andcertainlyrewardingtask.



Appendix

Empirical SignalStrengthMeasurements

We presentthe empiricaldatagatheredfrom our signalstrengthmeasurements.Figure A.1

depictsthe Bahen's �fth �oor , with the subsetof the mobility graphemployed to obtainthe

randomlocationsfor measurements.The partsof the mobility graphthat werecroppedout

representof�ces to which we couldnot obtainaccess.Notice thateachvertex in thegraphis

numberedto facilitatetheusageof TableA.1, wherethemeasurementsperformedarelisted.

For eachmeasurementwe provide the pair of locationsinvolved, the distancebetweenthose

two locations,theaveragesignalstrengthrecorded,andthenumberof primary-rayobstructing

walls for eachof thefour combinationsof materialsweconsidered.
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PSfragreplacements

¥

RWPS

RWPL

RWPL - FS'

RWPS - FS'
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RWPL

RWPS

RWPL - FS'

RWPS - FS'

FigureA.1: Subsetof theCM mobility graphemployedto obtainthemeasurementlocations,

superimposedon theBahen's �fth �oor blueprint.
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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: EmpiricalSignalStrengthMeasurements.
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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: EmpiricalSignalStrengthMeasurements(cont.).
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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: EmpiricalSignalStrengthMeasurements(cont.).
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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: EmpiricalSignalStrengthMeasurements(cont.).
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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: EmpiricalSignalStrengthMeasurements(cont.).
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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: EmpiricalSignalStrengthMeasurements(�nal).
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