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Abstract— We evaluate the robustnessof simplied mo-
bility and radio propagation models for indoor MANET
simulations. A robust simpli cation allows reseachers to
extrapolate simulation results and reach reliable conclu-
sions about the expectedperformance of protocolsin real
life. We show that common simplied mobility and radio
propagationmodelsare not robust. Experiments with DSR
and DSDV, two representatve MANET routing protocols,
show that the simpli cations affect the two protocolsin
very different manners. Even for a single protocol, the
effects on perceived performance can vary erratically
as parameters change. These results cast doubt on the
soundnessof evaluations of MANET routing protocols
basedon simpli ed mobility and radio propagationmodels,
and exposethe urgent needfor more reseach on realistic
MANET simulation.

. INTRODUCTION

A multi-hop mobile ad hoc network (MANET) con-
sists of a group of mobile wireless nodesthat self-
con gure to operatewithout infrastructuresupport.Net-
work peerscommunicatebeyond their individual trans-
missionrangesby routing pacletsthroughintermediate
nodes[1]-[3].

Computer simulation is the most popular way to
evaluateMANET routing protocols[4]-[6]. Simulation
offers four important advantages:First, it enablesex-
perimentationwith large networks. Second,it enables
experimentatiorwith con gurationsthatmaynot be pos-
sible with existing technology Third, it allows for rapid
prototyping: by signi cantly abstractingthe complexity
of the real system,simulatorsenablethe development
anddeluggingof new protocolswith reducedeffort. Fi-
nally, it makesreproducibleexperimentsin a controlled
ervironmentpossible.

MANET protocol simulationpresentchallengingre-
searchproblems.Besideshaving to simulate the net-
working stackand datatrafc, MANET simulatorsalso

needto incorporatemodelsof node mobility and radio
propagationThe mobility modeldetermineshow nodes
choosedestinationsfor their movement, the speedat
which they move, andthe physicalpathsthey take. The
radio propagationrmodel determinesvhethercommuni-
cation betweentwo given nodesis possible.

RandomWaypoint(RWP) [4] andFreeSpace(FS)are
the preeminentmobility and radio propagationmodels
for MANET simulation.In RWP, a hodepicks arandom
destinationinsidea at rectangulararea,proceeddo it
following a straight-line trajectory at a random speed,
and pausedor a x edtime on arrival. The procesghen
repeatsitself. FS models propagationin an obstacle-
free vacuum; signal strengthdegradeswith the square
of the distancebetweenthe transmitter and recever.
Several groupshave extendedthesesimple modelswith
increasinglevels of detail [7]-[12].

MANETSs have beenproposedfor scenariossuch as
disasterrelief, police, and military applications,which
take placein complex obstacle-ricindoor ervironments.
Therefore, it is important that MANET protocols be
carefully evaluatedin indoor conditions.Unfortunately
it is not clear that existing simulation models, which
have beendevelopedfor outdoorervironments,are ap-
propriate for evaluating MANET protocolsin indoor
conditions.

This paper evaluates the robustnessof simplied
mobility and radio propagationsimulation models for
MANET simulationsin indoor environments.A simpli-
ed simulation model is robust if the results obtained
with the model for different protocols and simulation
conditions are consistent(within a predictable error)
with the resultsfor the unsimplied model. A robust
simpli cation allows researcherso extrapolatesimula-
tion resultsover different scenariosand reachreliable
conclusionsaboutthe expectedperformancef protocols
in real life.



To determinethe robustnessof simplied models
for indoor MANET simulation,we rst introducetwo
detailedmobility andradio propagatiormodelsthat take
into account ne-grain obstaclesand building materials.
We then describeseveral simpli cations to thesede-
tailed modelsthat gradually decreasen sophistication.
The least detailed models we consider correspondto
the obstacle-freeapproachegprovided by main-stream
simulators(i.e., RWP and FS).

Experimentswyith DSDV [2] andDSR[1], two repre-
sentatve MANET routing protocols,shav that simpli-
cations to the mobility and radio propagationmodels
are not robust, and have instead drastically different
effectson the perceved performanceof the two routing
protocols. Whereasthe performanceof DSDV is vir-
tually identicalfor all models,the performanceof DSR
varies widely betweenmodels. Moreover, even within
DSR itself, the relative performanceunderthe different
models changeserratically as we vary experimental
parametersThese ndings raise troubling doubts over
the soundnessof MANET protocol evaluationsbased
on simplied models,and exposethe urgent need for
more researchon realistic MANET simulation models
for indoor ervironments.

This papermalkes two contrikutions: First, it shawvs
that widely usedsimpli ed mobility and radio propa-
gation modelsare not robust. We provide experimental
evidence shaving that the effects of simpli cations of
the simulation model are not uniform acrossprotocols
andevaluationconditions,leadingto wrong conclusions
about the performanceof MANET protocols. Second,
it providesthe rst evaluationof MANET routing pro-
tocols in indoor ervironmentsusing detailed mobility
andradio propagatiormodelsthataccountfor ne-grain
obstaclesand building materials.

The rest of this paperis organizedas follows. Sec-
tion Il describeghe main characteristic®f indoor ervi-
ronments,and presentsgwo detailedmobility and radio
propagatiormodels.Sectionlll describesimpli cations
to the detailedmobility and radio propagationmodels.
SectionlV brie y describeDSRandDSDV, two repre-
sentatve MANET protocolsthat we usein our evalua-
tion. SectionV present®ur experimentatresults Finally,
Section VI comparesthe paperto previous work on
mobility andradio propagatiormodels,and SectionVII
present®ur conclusionsanddiscussesvenuedor future
research.

Fig. 1. Mobility graphsuperimposean oor plan.

I1. INDOOR MANET SIMULATION

MANET simulationin indoor ervironmentspresents
interestingchallenges.Indoor environmentstend to be
much smaller than the outdoor scenariostraditionally
consideredin MANET research.Moreover, modern
buildings can have irregular shapesand large numbers
of obstacleswhich affect both node mobility andradio
propagation.Finally, buildings typically have multiple
oors, which adds a three-dimensionabspectto the
simulation.

For example,Figure 1 shows the blueprintof the 3rd
oor of theBahenCentrefor InformationTechnologyan
academiaesearchbuilding at the University of Toronto.
The building standson a 113 by 88 meter lot, and
provides 5,400 squaremetersof living space.This area
is two ordersof magnitudesmallerthanwhatis usually
consideredn MANET simulations[4], [6]. The gure
also portraysthe irregular layout of this building, but
fails to corvey a senseof its architecturalcompleity:
cementpillars, steelshafts prick walls, andthe penasive
presenc®f glassarejust someof its relevantcharacteris-
tics. Finally, movementbetween oors is possibleusing
elevatorsandstairs,andgiventhattheervironmentunder
consideratioris nota ground oor, movementoutsidethe
oor planis — for all practicalpurposes- impossible.

In the rest of this section,we describeour detailed
nodemobility andradiopropagatiormodelsfor MANET
simulationin obstacle-richindoor environments.In their
current form, these models are limited to single- oor
simulations Extensiongo multi- oor simulationsarethe
subjectof future work.



A. Constained Mobility

ConstrainedMobility (CM) is a mobility model for
obstacle-richindoor ervironments.CM usesa mobility
graphto constrainnodemobility accordingto the obsta-
cles presentin the environment.For example,Figure 1
shows a mobility graphsuperimposedverthe oor plan
of our building. Verticesrepresenpossibledestinations
thatnodescanvisit, andedgescorrespondo physically-
valid paths over which nodescan move toward their
intendeddestinationsMovementfrom one destination
to anotheris accomplishedy traversingthe edgesthat
constitutethe shortestpathbetweenhe two correspond-
ing vertices.Therefore,nodesmove throughdoorsand
hallwaysto reachtheir destinationsinsteadof resorting
to straight-linetrajectories.

At presentwe drawv the mobility graphon top of the
oor planusinga simplegraphicaleditor we developed.
We use existing AutoCAD drawings, so this is not a
laborioustask. Moreover, the mobility graph needsto
be built only oncefor a given oor plan, andis then
reusedin a large numberof simulations.Nevertheless,
we planto exploretechniquedo automatehe generation
of mobility graphs.

We follow a simpleapproachn choosingdestinations:
we limit the choice of destinationgto the set of solid-
colored verticesin the graph, situatedin “interesting”
locations such as of ces, classroomsand conference
rooms.Eachnoderandomlychooses vertex in this set,
andmovestowardit at arandomlyselectedspeed After
reachingits destinationthe nodepausedor a x edtime
period beforeresumingmovement.

B. AttenuationFactor

Attenuation Factor (AF) [13]-[15] is an empirical
radio propagationmodel for indoor environmentsthat
deterministically accountsfor multiple obstacles.AF
assumesa time-irvariant (i.e. no fast fading) channel
in which a primary ray follows a straight-linetrajectory
betweerthetransmitterandrecever, andaccountsor the
majority of the signalstrengthat therecever. AF models
the attenuationof the transmittersignal strengthas a
functionof thedistancehatseparatethe transmitterand
recever, and the effects of walls of different materials
alongthe primaryray path.While AF doesnot explicitly
accounffor propagatioreffectslik e re ection, diffraction
and scattering,and only models obstaclesafter their
materialtypesbut not their thicknessjt hasbeenshavn
to yield good accurag and high computationalef -
ciengy [13]. To the bestof our knowledge, this is the
rst applicationof AF to MANET simulation.

The AF model is given by eq. 1, where P, is the
power at somenearbyreferencelistancer,, n is the path
loss exponentthat determinesthe rate at which power
decreasewvith distancer, m; is the numberof obstacles
of materialtypei alongthe primary ray path, PF is the
partition factorloss dueto materialtype i, ands is the
numberof distinguishablematerialtypes.

AFF

We obtain the valuesfor m; from the oor plan, by
countingthe numberof walls of various materialtypes
thatintersectthe pathof the primary ray. The valuesfor
P,, n andthe PFs are site-speci cempiricalapproxima-
tions derived from experimentalmeasurementdVe next
describethe equipmentusedand methodologyfollowed
to derive thesequantities.

1) MeasuementEquipment:Our experimentalequip-
ment consisted of two laptops running Linux with
Wireless Extensions[16] enabled.Each had a Lucent
Orinoco802.11bbasedPCMCIA network interfacecard
con gured in ad hoc mode, and attachedto a special
external omni-directionalantenna[17] that provided a
gainof 9 dBi. Theantennaslsoprovideda horizontally-
shallov radiation patternthat minimized the effects of
re ection on the oor and ceiling. At 2 Mbps, the
Orinoconetwork interfacehasa nominaltransmitpower
of 15 dBm, and a receve sensitvity (Bit Error Rate

10 %) of -91 dBm [18]. With a cumulatie gain of
approximatelyl7 dB (two 9 dBi antennasninus pigtail
losses)the setupwascapableof recordingreceve signal
strengthvaluesof -108 dBm for equialent unity gain
(O dBi) antennas.

2) Site-speci ¢ Parameterization: We recordedover
250 measurement®f signal strength over the oor
plan illustrated in Figure 1. Each trial involved three
steps.First, the two laptopswere randomly positioned
on different locations correspondingo verticesof the
mobility graph.Secondanattemptwasmadeto establish
communicationbetweenthe two laptops.If successful,
both laptopswere con gured to ping eachother; other
wise, a new pair of verticeswas chosen.Finally, both
laptops simultaneouslyrecordedsignal strengthvalues
over a period of one minute; on average,eachmade30
measurementdle setthe signal strengthto the average
of the measurementBom both laptops.

Given stationary measurementsand the symmetry
of our experimental setup, we expected both laptops
to record roughly the samesignal strengthvalues per
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Fig. 2. Signalstrengthmeasurementgnd AF andPL ts.

Fig. 3. AF generatediisualizationof signal strength.

trial becauseof the electromagnetigrinciple of reci-

procity [19]. We did not anticipatethe large effect the

movementof other peoplewould have on the assump-
tion of a time-invariantchannel.To achiese reciprocity

measurementsadto be taken late at night.

Figure 2 plots the signal strengthmeasurementin
decibels(dBm) asa function of distancefrom the trans-
mitter. To obtain the site-speci c valuesfor P,, n and
the PFRs we ran a regressiontestin MATLAB. For each
measuremenpoint k we provided MATLAB with the
signal strengthl%, the distancer, from the transmittey
and the numberof walls of eachtype my betweenthe
transmitterandthe recever.

We could distinguishseven materialtypesin our Au-
toCAD oor plan: exterior walls, interior walls, exterior
glass,interior glass,steel,concrete andwood. However,

the best t to the empirical measurementsnvolved

only four materials(s=4). The interior walls and wood

were combinedinto onematerial(PF,=2.479dB), metal
and steel into another (PF,=4.7727 dB), interior and
exterior glassinto a third (PR=3.11104dB); exterior

walls were our fourth material (PF,=6.50076dB). The
effect of furniture and smallerobstaclesvas accounted
for by n and P,, which were t to 1.9665 and -

31.4627dBm, respectiely. r, wasnominally setto one
meter The resulting AF parameterizatiorfthe circlesin

Figure 2) comeswithin 8.9% of the experimentaldata.
Figure 3 shovs an AF-generatedvisualization of the
signal strengthof a transmitterplacedin the centerof

the oor plan, and demonstrateshe dramaticeffect of

wall attenuation®n signal strength.

In its presentstate AF sharesnary of the simplifying
assumptionsf otherpropagatiormodels,suchasa two-
dimensionaltopology omni-directionalantennasand a
time-invariant channel.Overcomingtheselimitations is
a subjectfor future work.

I11. SIMPLIFICATIONS

We next considersereral simpli cations of the node
mobility and radio propagatiormodelspresentedn the
previous section.In SectionV, we determinethe extent
to which thesesimpli cations affect the evaluation of
MANET protocolsin indoor ervironments.

A. Mobility

The CM model describedin Sectionll-A takes both
internal and external walls into account. An initial
simpli cation, Shell discardsthe internal walls of the
building and the mobility graph; instead,nodesselect
destinationsrandomly within the areaoutlined by the
external walls of the building, and follow straight-line
trajectoriedo their destinationsShell thusincreaseshe
number of possible destinations,and distributes them
uniformly. However, choiceof destinationss constrained
to locationsthat will not force nodesto stepoutsidethe
oor plan perimeter

Discardingthe external walls from the Shell model
yields the Random Waypoint (RWP) [4] model. We
considertwo variants of RWP. In the RWPs (small),
nodesmove within a squarewith 73.5 metersides;this
areais equialentto that of the Shell and CM models.
In RWP_ (large), nodesmove in a rectangleof 113 by
88 meters,the areaof the lot over which the building
stands.



B. Radio Propagation

A naturalsimpli cation to the AF modelis to remove
the explicit considerationof obstacles.The Free Space
(FS) model usually employed in MANET simulations
is an extreme exampleof this approachwhich assumes
that signals propagatethough a vacuum. This is an
inappropriateassumptiorfor our indoor ervironment,as
ary single node will obtain full radio coverageof the
network (default FSradiorangeis 250 meter).Therefore,
to obtain a realistic basisfor comparisonwith AF, we
needto scaledown the radio rangeof FS. To do so, we
employ the Log-DistancePath Loss (PL) function given
by eq. 2. Here we assumean arbitrary homogeneous
mediumcharacterizedby a pathlossexponentn. The R,
andr, componentdave the samemeaningasin eq. 1.

I%Lr P, 1o 1OnlogrL (2)
o

We used MATLAB to t the PL equationto the
empirical measurementsaken in Section II-B.2. The
obtainedt (n 40602andPR, 192464 dBm, with
ro 1 m)is plottedin Figure 2 as a dashedline; it
yields a 14.85%relative error and offers a reasonable
setof radio rangesfor comparison.

Table | shows a setof AF thresholdsand the corre-
spondingdown-scaledrS radio ranges We will referto
this site-speci cdown-scaledFS modelasFS.

AF Threshold| -51 -61 -71 -81 -91
FS'Range | 6.05| 10.67 | 18.82 | 33.19 | 58.51
TABLE |
FS EFFECTIVE RANGES (M) FOR DIFFERENT AF SENSITIVITY
THRESHOLDS (DBM).

IV. MANET ROUTING PROTOCOLS

MANET routing protocolsfall into two broad cate-
gories: reactve and proactvve. Reactve, or on-demand
routing protocolsonly updaterouteswhen pacletsneed
to be transmittedalong them, while proactive protocols
try to keepup-to-dateroutingtablesatall times.We next
describetwo representatie MANET routing protocols:
DSR[1] (on-demandrand DSDV [2] (proactie).

A. DSR

The key featureof DSRis the useof source routing
Each paclet carriesin its headerthe full route to its
destination.Intermediatenodesjust forward the paclet
to the next hop in the sourceroute. Routesare kept
in a route cache The cacheis lled with routesthe
node discovers on demand,or that it overhearsfrom

paclets placedin the channel.When a paclet needsa
route and the cacheoffers no alternatves, DSR sendsa
route requestbroadcasimessageavith an empty source
route. Upon receiptof a route request,a nodeattempts
to answerit with a cachedroute, or appendsitself

to the sourceroute of the requestand rebroadcastdt.

Eventually the requestwill reachthe destination,and a
unicastroutereply messagevill be sentusingthe route
constructedy this process- notethatmary replieswith

different routesmay be generatedWheneer a paclet
fails to be sentto its next hop, DSR assumeshe link is

broken, cleansests cacheof routesusingthe link, and
sendsa unicastroute error messagéo the originator of

the paclet, who will try to retransmitthe paclet using
anotherroute.

B. DSDV

DSDV is a table-driven proactive routing protocol,
that builds on the Bellman-Ford distance-ector rout-
ing algorithm. Every node keepsa routing table with
entriesfor all other nodesin the network. A routing
entry includesthe destinations address,the next hop
to the destination,a metric (usually the path length),
and a sequencenumberto indicatethe freshnesof the
information,andto ensurdoop-freedonin theformation
of routes. Nodes exchange route entries periodically
(typically every 15 seconds)A nodemodi es its routing
tablewhenit learnsof a fresherroute or a currentroute
thatis shorter

V. EXPERIMENTAL EVALUATION

In this section,we evaluatethe robustnesf simpli -
cationsto the mobility andradio propagatiormodelsfor
indoor MANET simulation.We consider ve combina-
tions of the mobility and radio propagationmodelsde-
scribedin Sectiondl andlll. We evaluatethe robustness
of ConstrainedMobility under site-speci ¢ Free Space
(CM-ES) as a simpli cation of ConstrainedMobility
under Attenuation Factor (CM-AF), and of Shell and
RandomWaypointundersite-speci cFree-SpacéShell-
FS and RWP-FS) as simpli cations of CM-FS. For
RWP, we considerboth RWPs-FS and RWP, -FS.

A. SimulationEnvironment

We ran our experimentsusing the ns2 [20] network
simulatorversion2.26, augmentedvith the CMU wire-
lessextensiond21]. We extendedhs2with the AF propa-
gationmodel.Using eq. 1 andthe empirical parameters
derivedin Sectionll-B, our AF implementatiorcancom-
pute signalstrengthat the recever for ary pair of nodes



arbitrarily positionedinside the modeled oor plan. We
determinethe numberof walls in the primary ray path,
andtheir materialtypes,by computingthe intersections
betweenthe primary ray and the building's geometry
capturedin the AutoCAD oor plan. To generateCM
and Shell mobility patternswe developedextensionsto
the CMU setdestprogramthat incorporatethe mobility
graphand oor plan shapespeci cationsas additional
inputs.

We report results for networks of 20, 30, 40, 50
and 60 nodes.All experimentsran for 1200 secondsf
simulatedtime. The channels capacity and frequeny
were2 Mbpsand2.4 GHz, respectiely. We usedthens2
implementation®f the 802.11DCF MAC protocol,and
DSR and DSDV routing protocols.In all simulations,
nodeschoosea speeduniformly distributed between0.5
and3 m/s,which we regardasthe rangeof humanwalk-
ing speedsin an indoor ervironment;in particular we
chosea non-zerominimum speedto avoid the average
speeddecayphenomenomnalyzedn [22]. To stressthe
network, we setthe pausetime to O.

We modelednetwork trafc using ConstantBit Rate
(CBR) sourcesln eachexperiment,half the nodesin the
network are CBR sourcesandeachsourcetransmits64-
byte pacletsat a rate of 4 per secondWe experimented
with other sendingrates, paclet sizes and number of
sources.We omit those results, as they show similar
trends.

We experimentedwith a variety of sensitvity thres-
holds for the AF model, ranging from the default -91
dBm up to -51 dBm, with a step of 10 dBm. Based
on the mappingsfrom Table I, we experimentedwith
FS effective rangesbetween5 and 60 meters.All the
resultspresentedire averagesof ve runsover different
randomly generatedmobility patterns.No signi cant
variancewasobsenedamongdifferentrunsfor thesame
scenario; standarddeviation values were consistently
smallerthan 10% of the correspondingaverage.

B. ExperimentalResults

We evaluatethe robustnessof simpli cations of the
mobility and radio propagationmodels by comparing
the Packet Delivery Rate (PDR) of the protocols un-
der considerationFigures4 and 5 shov the PDR for
networks of 30, 40 and 50 nodesfor DSDV and DSR,
respectiely. Theresultsfor networks of 20 and60 nodes
are not shawvn for spaceconsiderationsThe resultsfor
20 nodesare virtually identical to the 30 node graph
for both protocols.In the 60 nodesnetwork, congestion
effectsdominatethe DSR simulationand paclet delivery

ratefor all modelsdropsbelov 30%. The DSDV graph
for 60 nodesis similar to the 50 nodesgraph.

A comparisonof Figures4 and 5 provides a rst
indication that simpli cations of the mobility andradio
propagatiormodelsmay not be robust; the effectsof the
simpli cations on performanceare not uniform across
thetwo protocols.Successie simpli cations do not alter
thepercevedperformancef DSDV, but theperformance
of DSR changesdramatically acrossmodels. This in-
dicatesthat conclusionsreachedaboutthe relevanceof
detailin the evaluationof oneMANET protocolmay not
carry over betweenprotocols.Assumingotherwisewill
likely producemisleadingresults.

For example,assumehat basedon the DSDV results
we wereto (wrongly) concludethatRWP, -FS, a simple
modelwhich assumesio obstacledor mobility or radio
propagationjs a goodapproximationfor the morecom-
plex CM-AF. The similar performancecurves of both
models,andthefactthattheresultsobtainedwvith RWP, -
FS arewithin a boundedand consistenterror from the
resultsof the sophisticateadnodel,would seemto bolster
this assertionUnfortunately if we evaluatedDSR using
RWP,_-FS, we would reachthe erroneousconclusion
that DSR outperformsDSDV in this ervironment.Note
that the exact oppositeoccurswith the more detailed
model.

Figure5 providesfurther evidencethatsimpli ed mo-
delsarenotrobust;therelationshipbetweertheobsened
performanceof DSR under different models changes
dramaticallyas we increasethe numberof nodes.For
example,CM-FS outperformsRWP,_-FS for 30 nodes,
but the oppositeis true for 50 nodes.The implication
is that obsenationsaboutthe relevanceof detail do not
necessarilycarry over even within the evaluationof the
sameprotocolaswe changaheexperimentaparameters.

For example,assumethat basedon the DSR results
for the 30 nodesnetwork (Figure 5(a)), we were to
(wrongly) concludethatRWP_-FS is a goodapproxima-
tion of CM-FS. Furtherassumeéhatwe areevaluatingan
enegy-avarerouting protocolthat increasedatterylife
by reducingtransmitterpower at all nodesto the same
lower level. Evaluationof this optimizationunderRWP, -
FS would lead us to the (false)conclusionthat for the
50 nodesnetwork an effective transmissiorrangeof 45
meters(roughly -85dBmin our ernvironment)achieesa
deliveryratecloseto 100%.In contrastgxperimentswith
CM-FS shaw that at this transmissionrange, delivery
rateis closerto 50% (Figure 5(c)); therefore the power
adaptatiorpolicy would notbe effective for this network.

Basedon the DSR results we malke the following
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three obsenations: (i) thereis a drastic differencein
the performanceof DSR betweenCM-AF and CM-
FS, a strongindication that the sophisticationof the
radio propagationmodel can affect the results of the
evaluation; (ii) there are important differencesin the
deliveryrateof DSRunderCM-FS andShell-FS, which
indicatesthat internal walls even when they only limit
mobility (anddo not affect radio propagationcanaffect
signi cantly the results of the evaluation; and (iii) it
appearsthat for DSR, at least under our simulation
conditions,Shell-FS and RWPs-FS are equivalent,and
that thereforeexternalwalls have muchlessof an effect
on the simulation results than the internal walls. The
factthatinterior walls turnedout to be relevant,whereas
exterior walls did not, proved contrary to our initial
expectationsandis further evidenceof the dif culty of

foreseeinghe effectsof simpli cations on the evaluation
of MANET protocaols.

C. PerformanceBreakdown

Thedifferencein the performanceof DSDV andDSR
can be tracedto the protocolsrouting overheadunder
the variousmobility andradio propagatiormodels.Fig-
ures6(a)and6(b) shov thenormalizedroutingload—the
fraction of routing paclets transmittedper application-
layerdeliveredpaclet— of DSDV andDSR for networks
of differentnumbersof nodes,with a FS transmission
rangeof 35 metersand an AF sensitvity thresholdof
-81 dBm. For DSR thereis a large differencein routing
overheadetweerthe models with a signi cant increase
in overheadas the network grows in size (notice the
logarithmic scale usedin the graph). In contrast, for
DSDV thereis little variation betweenthe models,and



the overheadincreasesmodestly with the number of
nodes.

To understandthe differencesin routing overhead,
we look at the effect the modelshave on the network
topology Figures 7(a) and 7(b) shav the normalized
neighbordensityandthe normalizedlink changesount
for anetwork of 40 nodesyespectiely. Neighbordensity
measureshe averagenumberof nodeswithin transmis-
sion rangefrom eachother We normalizethis quantity
by n 1,wheren is the numberof nodesin the network.
The link changescount is a measureof the average
numberof connectvity changedetweeneachnodepair
over the length of the simulation. We normalize this
quantity by the total numberof links (n n 1 2).
Becausef normalizationthe gures for networks of 20,
30, 50, and 60 nodesare very similar and are therefore
not shavn. Note that both of thesetopology metricsare
independendf the routing protocol.

The neighbordensitiesof CM-AF and CM-FS differ
signi cantly. The neighbordensityvalesof CM-FS are
initially lower thanthosereportedfor CM-AF. Whenno
obstaclesblock the primary ray betweertransmitterand
recever, AF propagationcan actually reachfartherin
obstacle-freareassuchashallwaysandlarge conference
rooms. For rangesgreaterthan 25 meters,the situation
reversesas the effects of transmissiorthroughmultiple
walls becomethe limiting factor in AF propagation.
While FS coverageis effectively a disk, the attenuations
inducedby multiple obstaclesn AF propagatiorrender
a non-circularcoveragezone,as Figure 3 shows. Thus,
for the upperband of sensitvity thresholds,individual
nodesin FS reachanalmostcompletenetwork coverage
(90%), but coverageof the network with AF propagation
is restrictedto 62%. The lower neighbor density of
CM-AF resultsin fewer single-hopand longer multi-
hop routes betweencommunicatingnodes, potentially
degradingthe routing performance.

Perhapshot surprising,CM-FS, Shell-FS andRWPs-
FS have similar neighbordensities.This result seems
to suggestthat under FS, at leastin our ervironment,
neighbordensity is mostly dependenion the effective
movementarea,as opposedto the speci ¢ pathstaken
by nodes.RWP,_-FS modelsa larger spaceand conse-
guently haslower neighbordensity

Figure 7(b) is much more informative. It shavs that
thereis a very large differencein the numberof link
changesbetweenCM-AF and CM-FS (note the loga-
rithmic scale).In CM-AF, theradioconnectvity between
two nodessuffers abruptchangesasnodesmove behind
obstaclesresultingin numerousshortdisconnectionsin

contrastwith CM-FS connectity degradesslovly and
smoothlyas nodesmove away. Albeit smaller thereis
a signi cant differencein link changesbetweenCM-
FS andthe other FS models.In CM-FS nodesmove
away from oneanothemuchmorequickly by traversing
graph edges— walking through hallways — in opposite
directions; this in turn causesa higher rate of link
changes.

DSR is seriously affected by the much higher rate
of link changesn CM-AF and CM-FS. The protocol
reactsby puming from the cacheall routesinvolving
the brokenlink, evenif thelink breakagéds short-lived.
Route error messagesre generated,and paclets are
either sahagedwith cachedroutes— probablystaledue
to the high numberof link breakages-, or a new route
discoverycycleis triggered.n eithercasethenetwork is
cloggedby the additionaltrafc, leadingto a congestion
breakdevn. Beyond diminishing the availability of the
sharedchannel congestiommisleadsDSR into believing
that links have beenbroken, when communicationhas
actually beenpreventedby collisions and interference.
As the numberof nodesin the network increasesthe
higher numberof link changesand neighboringnodes
exacerbatethe congestioneffect. This situationis par
ticularly acutein CM-AF, due to the frequent short
disconnectiongreviously discussed.

DSDV, on the otherhand,reactsin a very controlled
and regular mannerto eventssuchaslink breakage®or
congestionFor instance,a link is diagnosedas broken
only after three periodic updatesfrom the correspond-
ing node have not beenreceved, and several timing
constraintsprevent unrestrictedpropagationof updates.
Thereforethe protocol's simulatedoerformances mostly
immuneto the problemsthat negatively affect DSR.

D. Discussion

While the CM-AF modelis signi cantly moredetailed
than the simple modelsusedin mainstreamsimulators
(i.e., RWP_-FS), the model makes several simplifying
assumptionssuch as not modeling multiple oors, or
assuminga time-irvariant channelwith no small scale
fading.Therefore the robustnesof CM-AF asa simpli-
cation of real-life conditionsis not guaranteed.

In this light, one should be careful not to view the
results we presentfor DSDV and DSR as realistic
predictorsof the expectedprotocol performancen real-
life indoor ervironments.Instead,in this paperwe con-
sider the CM-AF resultsonly as a benchmarkagainst
which to comparethe simpli ed models.Given thatthe
simpli ed modelsare not robust simpli cations of CM-
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AF in our ervironment,we hypothesizethat it is very
unlikely thatthey arerobustsimpli cations of real-world
ervironments.

VI.

Related work in improved mobility modeling falls
underthreeareasbehaioral modeling,andoutdoorand
indoor simulation models.Researchinto more realistic
radio propagationmodelsis also very relevant to our
work.

The RWP modelandits propertieshave beensubject
to extensveresearch22], [23]. Betstette[23] andCamp
etal. [8] review severalvariationsof RWP thatincrease

RELATED WORK

realismby applyingstatisticaldistributionsto the choice
of node destinationsand speed.Camp et al. [8] also
reviews models of group behaior, where nodes are
distributedaroundreferencepoints. GEMM [9] provides
a set of constructsfor designing behaioral models.
Researcton the behaioral aspectsof hode mobility is
complementaryto the work we have presentedn this
paper

Several models simulate outdoor movement along
grids or graphs.The City SectionMobility Model [8]
usesa grid to modelvehiclemovementon city streetdn
a coarse-grainednanner The ObstacleMobility Model



(OM) [10] usesautomatically-generatedoronoi graphs
to model building-to-kuilding movementin a campus.
Tian et al. [11] restrict movementto an arbitrary user
de ned graphover alarge outdoorervironment.Jetch&a
et al. [24] use actual traces of city busesto model
vehicularmovementover a major city.

There is little previous work on indoor MANET
simulation. Johanssoret al. [5] consider conference,
event coverage,and disasterareascenarioswith a few
simpleobstaclesCAD-HOC [25] is atool for designing
indoormobility patternsCM improvesover theseefforts
by modeling ne-grain obstaclesand signi cantly more
comple indoor ervironments.

Several groupshave exploredthe useof variousradio
propagationmodels for MANET protocol simulation.
ns2[20] comesbundledwith the Two-Ray Groundand
Shadaving models.The former is a variation of the FS
propagatiommodelthat considersa secondray re ecting
off the groundfor long distancesThe latter augments
FS propagationwith a probabilistic uctuation. Jardosh
et al. [10], experimentedwith the Line-of-Sight (LOS)
model, where Two-Ray propagationis preemptedf an
obstacleblocksthe primary ray betweertransmitterand
recever. We experimentedwith LOS in conjunction
with CM, andfound it is too coarse-grainedb produce
ary useful results: node communicationwas mostly
preemptedynlessanintermediatenodewascorveniently
placedatahallway intersectionWe omit theseresultsfor
spaceconsiderationsDricot et al. [12] have attempted
Ray-Tracing, but have beenlimited to very small oor
plans due to its high computationalcost. Finally, a
simplervariantof the AF modelhasbeenimplementedn
RADAR [15], but for the purposeof locationtracking.
hasnot beenpreviously usedin MANET simulations.

In contrastto thesedeterministicnodels,probabilistic
propagatiommodelsusestochastianethodso reproduce
the variationsin signal strengthinduced by obstacles.
SIRCIM [13] is a typical example,simulatingbothlarge
scaleand small scalefading at the MAC and physical
layers.Takaiet al. [26] alsouseprobabilisticRiceanand
Rayleighdistributions for modelingsmall scalefading.

Studieson simpli ed simulationmodelshave focused
on the limitations of either the mobility or propagation
model individually [7], [26], [27]. To the bestof our
knowledge,we are the rst groupto considerdetailed
propagatiorand mobility modelsin conjunction,andto
identify andevaluatethe robustnes®f simpli ed models
in comple indoor ervironments.

VIl. CONCLUSIONS AND FUTURE WORK

We addressedhe robustnesof simpli cations of the
mobility andradio propagatiormodelsfor indoor simu-
lation of MANET routing protocols.A simpli cation of
a mobility or radio propagationmodel is robust if the
resultsobtainedwith the simpli cation for differentpro-
tocolsandsimulationconditionsarewithin a predictable
error of the expectedresultfor the unsimpli ed model.
Rolust simpli cations allow researcher$o extrapolate
simulationresultsand reachreliable conclusions.

Experimentalesultsshovedthatsimpli cations of the
mobility or radio propagationmodel are not robust (at
least) for indoor ervironments.The simpli cations we
consideredhad drastically different effects on the per
ceived performanceof the two protocolswe evaluated.
Even for the same protocol, the effects on perceved
performancevaried erratically for different simulation
con gurations.

Theseresults cast seriousdoubt on the validity of
simulation-basedMANET evaluationsusing simpli ed
models.Evenif a simpli ed modelappeargo bea good
approximationfor evaluatinga speci c MANET proto-
col, thereareno assurancethat the modelwill be valid
for other routing protocols,or even the sameprotocol
under different experimentalconditions. This troubling
conclusionis a compellingindication of the importance
of furtherresearcton the developmentandvalidation of
realisticmodelsfor indoor MANET simulation.

In the future, we will extend our evaluationto other
buildings, and will experimentwith mobility and ra-
dio propagationmodelsthat extend to multiple oors
and take into considerationsmaller obstaclessuch as
furniture. We also intend to explore the effect of dif-
ferent movement patternswhere destinationsare not
chosenrandomly In the long run, we want to relax
the assumptionof a time-irvariant radio channeland
modelthe effect of humanactivity, which our empirical
measurementshaved to be signi cant.
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