MobiNet: A ScalableEmulationinfrastructureor Ad Hoc andWireless

Networks
PriyaMahad&an Adolfo Rodriguez David Becler Amin Vahdat
UC, SanDiego IBM, RTP andDuke University Duke University UC, SanDiego
pmahadean@cs.ucsd.edu razor@cs.duk.edu becler@cs.duk.edu vahdat@cs.ucsd.edu
Abstract

The currentstateof the art in evaluatingapplicationsand communicatiorprotocolsfor ad hoc wirelessnet-
works involveseither simulationor small-scaldive deployment. While largerscaledeploymenthasbeenper
formed, it is typically costly anddif cult to run undercontrolledcircumstancesSimulation,on the otherhand,
allows experimentergo quickly vary systemcon guration suchasthe MAC layer, routing protocol,andmove-
mentmodel. However, it typically cannotcapturemary of the importantcharacteristicef real-world erviron-
ments. Simulationrequiresthe duplicationof application,operatingsystem,and network behavior within the
simulator not only decreasingccurag, but alsoincreasingdevelopmenteffort. While simulationandlive de-
ploymentwill clearlycontinueto playimportantrolesin thedesignandevaluationof mobile systemswe present
MobiNet a third point in this designspace wherethe communicationof unmodi ed applicationsrunningon
stockoperatingsystemss subjectto thereal-timeemulationof auserspeci ednetwork environment.We believe
thateachof simulation,emulation,andlive codedeploymentwill play importantrolesin thelife cycle of mobile
systemconstructiorandexperimentation.

MobiNet utilizes a clusterof emulatornodesto appropriatelydelay anddrop packetsbasedon MAC-layer
protocols,congestiongueuing,and available bandwidth. MobiNet also emulateghe characteristicef ad hoc
routing protocolsto build pernoderouting tables. We describeour implementationof an 802.11-basedAC
layer, animplementatiorof the DSR adhocrouting protocolandevaluateMobiNet's accurag usingtherandom
waypointmobility model. The MobiNet infrastructureis extensible,therebyfacilitating the developmentand
evaluationof new MAC layers, routing protocols,and mobility models. Our evaluationsshov that MobiNet
emulationis scalableandaccuratevhile executingreal code(suchasvideo playback.

1 Intr oduction

Modernwirelessmobile systemshave becomean increasinglypopulartechnologyin the pastfew years. New ap-
plication classessary from warehouseénventoryto medicalapplications.At the sametime, the numberof mobile
devicesis exploding at exponentialrates. Of particularinteresthasbeenthe proliferationof ad-hocwirelessnet-
working wheremobilesnodesform peerrelationshipswith one anotherto relay informationthroughthe network.
Nodescommunicatevith othernodesin their rangeandactasforwardersof datafrom nodescommunicatingwvith
out-of-rangenodes.

Onekey challengan this areahasbeenevaluatingthe protocolsandapplicationghatfunctionin this ervironment
in a scalableandaccuratemanner It is dif®cult and costly to deplgy and coordinatedevelopmentsoftware on a
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large numberof real mobile nodesandto control the operatingconditionsof suchan experimentto obtainrepro-
ducibleresults. Live deploymentalso malkesit dif®cult to reasonaboutthe behaior of a wirelesssystemunder
varying systemassumptionssuchasdifferentMAC layers,communicatiorprotocols,andwirelesscommunication
ranges.To overcomethe cost, scale,and experimentalimitations of live evaluations researcherbave developed
simulationengineghatattemptto mimic the behaior of mobile systemsy modelingpaclet loss,queuingdelays,
MAC-layerbehaior, andcongestionWhile simulationis a usefulapproachit cannotaccuratelynodelkey details
of realimplementations.Application codeis typically re-writtento conformto the simulationervironment. For

example,applicationgn the popularns2network simulator[11, 21] mustbe portedto TCL, conformingto thens2
interfaces.While requiringincreasedlevelopmentthis approachalsoleadsto lossin accurag asthe behaior of a

real applicationrunningover areal operatingsystem,a real network stackall runningon real hardwareis lost. Fi-

nally, while increasingevaluationscalability network simulatorsthatattemptto faithfully capturedetailednetwork

characteristicsannottypically scaleto simulationsbeyondtensof nodes.

MobiNet is an emulationervironmentdesignedo overcomesomeof the accurag and scalability challengesn
mobile evaluation. The goal of our work is to allow systemdevelopersandresearcherto evaluatethe behaior of
theirmobileandwirelesssystemsinderarangeof conditionsin acontrolled reproduciblexperimentakrvironment
leveraginga commodity workstationcluster Thus, we wish to use MobiNet to answerthe following types of
questions:

How scalableis a new ad hoc routing protocolfor a target applicationdeployment, MAC layer, and node
movementpattern?

Whateffectdoesa variantof TCP or anew reliableMAC layerhave on end-to-endatteryconsumption?

How resilientis the routing infrastructureto the failure of a varying percentagef wirelesssensomodes
assuminglifferenttopologiescommunicatiorpatternsandrouting protocols?

Will a given network topology consistingof both ®xed and mobile wirelessinfrastructuresupportadequate
quality of servicefor avoiceover IP application?

To supportthe above typesof experimentsn a controlledenvironment,we designedviobiNet to emulatea tamget
mobile network on a scalableL AN cluster(with gigabitinterconnect)enablingresearchers deploy unmodi®ed
IP-basedsoftware andsubijectit to faults,varying network conditions,differentrouting protocols,and MAC layer
implementations.Edge nodesrunning userspeci®edOS and applicationsoftware are con®guredat the IP-layer
to route paclets throughone or more MobiNet core nodesthat cooperateo subjectthe traf®c to the bandwidth,
congestionandloss pro®le of the taget network topology Becausesmulationoccursin the core nodes,client
nodescanhave arbitraryhardware andsoftware con®gurationsand canremainunmodi®edin this environment. In
our experimentswe uselLinux-basedPCsasclients,thoughour emulationenvironmentis generalto a variety of

operatingsystems.

We built MobiNet asan extensionto the publicly available ModelNetwide-areanetwork emulationsoftware [17].
We leveragethe obseration that pacletsoperatingin tamgetwirelessnetwork environmentswill have signi®cantly
lessavailablebandwidthandwill incur moredelaythanavailablein todays commoditylocal areanetwork technol-
ogy. Thus,weareableto appropriatelydelaypacletsasthey travel throughanemulatednulti-hopnetwork. Relative
to wide-areaemulationavailablethroughModelNet,we mustaddresshreekey challengego successfullyemulate
large-scalemulti-hopwirelessnetworks. First, for wide-areanetworks, it is not necessaryo emulatethe character
isticsof the MAC layeron a hop-by-hopbasis,asthe behaior of the MAC layer (e.g.,Ethernetor 802.3)doesnot
typically impactend-to-endoaclet behaior becausef switchedLAN technologiesand over-provisioning. How-
ever, thebehaior of the MAC layer (e.g.,various a vorsof 802.11)signi®cantlyimpactsthe behaior of multi-hop
wirelessnetworks. Next, nodemobility andpositionplaysa signi®cantrole in mobile andwirelesservironments,
especiallyrelative to typical wide-areanetworking scenariosvherewe assumehatthereis no nodemobility. Fi-
nally, the behaior of the routing protocolplaysa critical role in the performancef multi-hopandad hocwireless
2
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networks. The baseModelNetimplementatiorprecomputesll-pairsshortespathroutesamongall hosts.Clearly,
this approachs inadequatdor evaluating.for example,adhocrouting protocolsunderarangeof mobility models.

In this paper we describeour experiencesn accurateand scalableemulationof large-scalewirelessnetworks,
with a particularfocuson: i) MAC layer emulation,ii) nodemobility, andiii) routing protocolemulation. We
presentexperimentalevaluationof the working MobiNet system,including supportfor IEEE 802.11MAC layer
emulation,variousnode mobility models,andthe DSR [5] ad hoc routing protocol. We demonstratéviobiNet's
accurag by comparingexecutionof our systemrunning unmodi®edapplicationbinariesto ns2 simulationwith
similar communicationpatterns. We further quantify the scalability of MobiNet and ®nd that a single MobiNet
corecanforward up to 89,000paclets per second.Additional capacityis availablewith additionalMobiNet core
nodes.UsingjustoneMobiNetcoreand?2 physicaledgenodeswe have beenableto emulatea 200-nodeopology
forwardingapplicationpacletsin realtime.

Overall,we believe thatMobiNet canqualitatvely improve therealismof mobile systemexperimentatiorby allow-
ing researcheranddevelopersto subjecttheir unmodi®edapplicationsrunning on unmodi®edoperatingsystems
(rangingfrom perhapsTinyOS[12] for wirelesssensometworksto Linux for moretraditional productvity appli-
cations)to a wide variety of wirelessnetwork technologiesMAC layers,routing protocols,and usagescenarios.
Relative to simulation,experimenterscan gain con®dencen the robustnessof their codeand canscaleto much
larger experimentalervironmentsby leveragingmultiple nodescommunicatingn realtime. The remainderof this
paperis organizedasfollows. Section2 providesan overvien of the baselinehop-by-hopemulationenvironment.
Section3 describeghe detailsof the MobiNet framevork. We evaluateMobiNet's accurag andscalabilityin sec-
tion 4. Section5 describeur experiencesn deplg/ing real unmodi®edapplicationsover MobiNet. We discuss
relatedwork in section6, presenbur discussionandfuturework in section7 andconcluden section8.

2 ModelNet Overview

MobiNetextendsthewired network emulationprovidedby ModelNet[17]. While thedetailsof theModelNetinfras-
tructurearebeyondthe scopeof this paperwe provide a brief overview of it, particularlyasit pertainso MobiNet.
ModelNetwasinitially developedfor testinglarge-scaleistributed servicedor wired wide-areanetworks suchas
the Internet. It is capableof emulatinglarge topologieswith large numbersof clients. The ModelNetarchitecture
is composedf Edge NodesandCore Nodesasshavn in ®gurel. Edgenodesn ModelNetcanrun arbitraryarchi-
tecturesandoperatingsystems.They run native IP stacksandfunctionasthey would in realervironmentswith the
exceptionthatthey arecon®guredo routelP traf®c throughModelNetcores.Modelnetcorenodesrun a modi®ed
versionof FreeBSDto emulatetopology-speci®@ndhop-by-hopnetwork characteristics.
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Taget applicationsrun on edgenodesasthey would in a real setting. However, to decrease¢he numberof client
(edge)machinesrequiredfor large-scaleevaluations,the ModelNet architectureallows for Mirtual Edge Nodes
(VNs). VNs enablethe multiplexing of multiple applicationinstanceson a single client machineeachwith its
own uniquelP addressBecauséviodelNetclientsuseinternallP addressegl0.*), the numberof clientsthatcanbe
multiplexed ontoanedgenodeis not limited by IP addresspacdimitations, but ratherby the amountof computa-
tionalresourcege.g.threadsmemory)thatthetamgetapplicationuses.All VNs arecon®guredo routetheir traf®c
throughoneof the ModelNetcores.Uponreceving a paclet from a client, acorenoderoutesthe traf®c throughan
emulatedhetwork of pipes,eachof whichrepresentareallink in thetargettopology Eachpipeis associatedvith
emulationvaluesfor paclet queuesizeanddiscipline,bandwidth lateny andloss-rate.The emulationexecutesn
realtime. Coresdelay shapepr dropinput pacletsaccordingo theemulationcharacteristicéor eachpipe. Hence,
pacletstraversethe emulatechetwork with the samerates,delaysandlossesasthey wouldin arealnetwork. When
apaclet exits thechainof pipes,the coretransmitsthe paclet to the edgenodehostingthe destinatiorivVN.

ModelNetcoresstorepipesthroughwhich pacletstraversefor every source-destinatiopairin an  matrix. Pipes
aredistributedamongthe coresto spreadthe emulationload. Packetsare passedetweenthe coreswhenthe next

hop on their pathis handledby a different core thanthe currentone. A o w diagramof the ModelNet paclet

processingn FreeBSDis shawvn in Figurel. The grayedboxesarenot part of the ModelNetkernelmodule. The
routing module(in light gray) is responsibldor all routing decisionsmadeby the core. Uponreceving a paclet

from a VN, the coreperformsa lookupin the  routematrix to determinethe chainof pipesthroughwhich the
paclet shouldtraverse.lt schedulegmulationfor eachhopin the pipe chain,forwardingfor non-localpipe hopsto

the appropriatgpeercore. Oncethe emulationis complete,ip-outputin FreeBSDforwardsthe paclet to the edge
nodesupportingthe destinatioriVN.

3 The MobiNet Framework

This sectiondescribeghe extensionghat MobiNet makesto the ModelNetframeavork to supportthe evaluationof
wirelessandad hocnetworks. MobiNet, like ModelNet,hasedgenodescapableof supportingmary platformsand
operatingsystems.While our currentexperimentshave beenperformedon edgenodesrunningLinux, our edge
nodescouldbea combinatiorof differentdeviceslike laptops,PDAs, etcrunningdifferentoperatingsystemsAs in
ModelNet,edgenodesin MobiNet hostmultiple virtual nodes(VNs) to allow for large-scaleemulations.MobiNet
coresemulatewirelessnetwork behaior atmultiple layerswhile eventuallyroutingpacletsto theedgenodehosting
thedestinationvVN. In addition,a coremay routea paclet to a differentcoreif a next-hop pipeis emulatedon that
othercore.MobiNet coreshave moduleghatemulateMA C effects,routingbehaior, andnodemobility. We choose
toincorporatehisfunctionalityinto thecoresothatedgenodescanbeleft unmodi®edo supporimary platformsand
operatingsystemsMobiNetemulationis athreestepoperation:itopologycreationassignmenof VNs andpipesto
hostsandcoresrespectiely, andapplicationexecution.A usercreatesadesiredopology MobiNetdistributespipes
associateavith thetopologyacrosghe coresto distribute emulationload, assigns/Ns in our emulatedopologyto
edgenodesandcon®guresandexecuteghe applicationsn the MobiNet emulationframework.

Relative to wide-areaemulation,a mobile systememulationmustperformthreecritical tasks.First, MobiNet must
emulatemobility behaior. For mobile wirelessnetworks, it is importantto provide differentmovementpatterns
to nodesin thetopology SecondMobiNet routingmustbe dynamic. MobiNet implementsa routing modulethat
tracksthe position of nodesand maintainsa list of nodeswithin transmissiorrangefor eachnode. The routing
moduleis responsibldor ®nding routesto destinationnodesasnodesin the topologyfollow differentmovement
patterns.Third, MobiNet accountdor MAC layercollisions. Effectsof paclet lossesdueto collisionsin the MAC
layer play an importantrole in wirelessnetworks, thus requiring MobiNet to emulateMAC layer behaior. The
physicallayer also plays an importantrole in wirelessnetworks, hencewe have a signal propagatiormodel that
combinesafreespacepropagatiormodelandatwo-raygroundre ection model.



Figure2: MobiNetModules

By dividing mobile behaior underfunctionallines, MobiNet's modulesare more easily developedandreplaced.
This allows experimentgo usedifferentcombinationf moduleseadingto a more e xible and powerful emula-
tion framevork. For example,onecancomparedifferentad hoc routing protocolsby pluggingin differentrouting

moduleswhile keepingthemobility andMA C emulationmodulesconstant.This providesafair andconsisteneval-

uationof theroutingprotocolsin question Alternatively, onecancomparehow aparticularad-hocrouting protocol
performsor how muchenegy is consumedor atargetcommunicatiorpatternwhenusingdifferentMAC modules.
This structureenableglirect performancesvaluationof mobile andwirelesssystemsn a variety of scenariosWe

believe this modularityto becritical to the ultimateutility of the MobiNetemulationinfrastructure.

Figure 2 depictsthe interactionsbetweerthe differentmodulesin MobiNet. The mobility modelis implemented
as a userlevel applicationthat dowvnloadsnew mavement®Iles into the MobiNet core’s kernel at user speci®ed
time intenals. These®les containinformationthatincludeseachnodes currentcoordinatesalongwith alist of its
neighborgnodeghatarewithin anodes transmissiomange).Theroutingmoduleuseghis informationto ®nd new
routeswhenexisting routesbecomestale. Oncea paclet entersthe systemi,it is handedup by the ipfw modulein
the FreeBSDkernelto the MobiNet module. The routing modulewithin MobiNetis now responsibldor ®nding a
pathin orderto sendthis paclet to its destination.The pathis basicallya list of nodesthroughwhich the paclet
hasto traversebeforereachingits destination.Oncethe pathhasbeenobtainedthe MAC-layermoduleemulates
the paclet accordingto the speci®edattributesof eachpipein the path. Thuspipesin MobiNet correspondo the
transmissiorcapacityof theirassociatedodes.Thepaclettraverseghrougheveryintermediateodes pipe,thereby
beingsubjectedo queuingdelaysandcongestiorat every node. Oncethe paclet successfullyeacheghelasthop
in the path,the paclet is thensentto the virtual nodehostingthe paclet's destination.Thus,transmittinga paclet
from sourceA to destinatiorB via nodesC, D, andE will involve sendingthe paclet throughpipesA, C, D andE
before®nally relayingit to destinatiorB.

Eachpipe maintainsa queuefor storing pacletsthat needto be transmittedrom that particularnode. Queuesare
implementedn drop-tailfashionandhold up to 50 pacletsfor theexperimentghatwe describen this papeythough
this valueis con®gurable All attributesof pipessuchasbandwidth,queuesizeandlossrateareusercon®gurable.
Theattribute valuesfor eachnodecanbedownloadednto thecores kernelusingthesysctifunctioncallin FreeBSD.

Oneimportantthing to noteis thatusershave the optionof turningoff MAC, physicalandroutinglayeremulations
atthe core. Onecandirectly plug in wirelessdevicessuchasPDAs or laptopshaving real MAC cardsdirectly to
the core. This olviatesthe needfor the coreto performMAC layeremulation. For ad hoc wirelessnetworks, the
wirelessdevicescouldalsorun aninstanceof anadhocroutingprotocolontheedgehost. This featureallows users
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to evaluaterealphysicalandMA C layerswith the coresconcentratingn traf®c shapingfunctionality However, we
believe thatwhile thisapproactwill be moreaccuratedueto thefactthatit usesareal MAC layer, it won't offer the
scalabilitythatonewould getby emulatingphysical MAC, androuting protocolsatthecores.

3.1 Mobility

The mobility moduleis a userlevel applicationthatgeneratesariousnodepositionsandneighborlists consisting
of nodeswithin a nodes transmissiomangeat certaintimes. This informationis downloadedinto the kernelof the

MobiNet coresat regular userspeci®edintenals. Alternatvely, we could calculatethesepositionsand neighbor
listsin realtime within the cores kernel. Doing so, however, would causesigni®cantoverheadsince oating point
operationgvould berequiredin the kernel. Instead MobiNet's mobility applicationpre-computeshis information,

thus avoiding critical-pathcomputations. Thesevaluesare storedin time indexed ®les and downloadedinto the
kernelin realtime, enablingvariousmovementpatternsduringemulation.

Oneinterestingparametein MobiNet's emulationis that of the intenal usedto refreshnodepositionswithin the
cores kernel. If the intenal is too high, valuablekernel processings wastedin readingnen nodecoordinates
for valuesthat have changedittle. If thisintenal is too low, nodecoordinatesjuickly becomestale. Whennew
coordinatesaredovnloadedmary routessuddenlyareinvalid, leadingto a stormof routingupdatesBoth of these
anomaliesultimatelyleadto inaccurateesults.MobiNetattemptgo bridgethegapbetweerkernelperformancand
accurag by choosingan intenal valuethat provides good performanceand accurateresultsundera wide variety
of emulations.We found that settingthe node positionrefreshratesto 0.5 secondgrovides goodresultsfor our
testscenarioswith velocitiesup to 20 m/s. While we candownloadnew positionsinto the kernelat a muchlower
granularity we found that the resultsobtainedat 0.5 secondrefreshrate comparedavorably with lower valuesof
refreshinterval, andwithoutincurringtoo muchoverhead However, therefreshintenal is usercon®gurableandfor
high nodemobility, it is recommendethatusersspecifya low refreshintenal, while in scenariosvherethe nodes
move atrelatively low rates therefreshinterval canbe muchhigher

Ourcurrentmobility applicationsupportgherandomwaypointmobility modeldescribedn [1], thoughMobiNetcan

usearbitrarymovementmodels.In our applicationsusersspecifythetopologysize,the durationof the experiment,

the maximumspeedf nodesthe movementpausetime, theintenal of desiredoutput,andthe seedfor therandom

numbergeneratomwe use(this allows usto recreatexactmobility ®lesandaverageresultsover variousseeds) The
applicationcreatedime-indexed movement®les thatinclude the currentpositionsof eachnodeandthe neighbor
lists for eachnode. Thesemovements®les canbereadby the MobiNet coreduringthe executionof the experiment.
We alsoprovide aninterfaceto exportthe samemovement®lesto ns2[11] allowing usto directly compareMobiNet
emulationswvith ns2simulationsfor identicalnodemovementpatterns.

In ourrandomwaypointmodel,nodesarespreadover arectanglesothattheresultingdensityis 9000  pernode.
For example,for 50 nodes the resultingrectangles of size 1500metersby 300 metersfor a total of 450000

We alsosupporta squarewith the samedensity In this case the sidesof the squareare 635 meterseach. In our
experimentswe obtainedsimilar resultsfor the rectangleandsquaremodels. At the startof the experiment,each
nodeis assigneda randomstart positionin the rectangleand waits for pausetime secondsat its initial position.
Eachnode subsequentlyicks a randomdestinationpoint in the rectangleand begins moving toward that point
with a randomspeeduniformly selectedrom O to the maximumspeedspeci®ed.Oncethe nodereachests
destination,it pausesat that point againfor pausetime seconds.After the pause,it againpicks anotherrandom
destinatiorandcontinueghe procesglescribedbore. In our emulationsywe useddifferentvaluesof pausdime: 0,
30,60,90,120,and300secondsA pausdime of 0 secondsndicatesthatthe nodesaremoving constantlywhile a
300secondpausdimeimpliesno motionatall for our default 300-secondxperiments We useda numberof speed
valuesthoughreportresultsonly for runsusingl and20 . Thespeci®edntenal valuesdeterminesvhen
nodepositionsand computedneighborlists of eachnodeare written to a movement®le. The routing modulein
MobiNet usesthe nodelocationsandneighborlists to determinehe setof nodesthateachnodemay communicate
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with eachotherin the kernel(basicallythe setof edgeso insertbetweemodesin thetopology). Thesenodesare
thosewithin aspeci®edransmissiomange.By default (andfor our emulations)ve useatransmissiomangeof 250
meters(thoughthis valueis con®gurable).

3.2 MAC Layer Emulation

Our modularemulationapproachs amenabldo a wide rangeof modelsfor the MAC layer In this section,we
describeour implementatiorof anemulated302.11channebasedon IEEE's 802.11standardspeci®cation.How-
ever, we stressthatthereis no perfectlyaccurateMAC layer model. For instancejt may be more appropriateo
emulatebit errorson a perpaclet basisbasedon measurementsf a live wirelessnetwork deploymentasdonein
TOSSIM[9]. This approachwould certainlyreducethe overheadof our currentimplementatiorandwould have
somebasisin measurementiowever, it would comewith thedownsideof notcapturingpotentialradiointerference
from simultaneoupaclet transmission.

We leave evaluationof differentMAC modelingtechniquedo future anddescribehereour 802.11bit-level emula-
tion model. We implementedhe MAC modelalong802.115 speci®cationgor RTS-CTS-Data-£K pattern.The
Distributed CoordinationFunction(DCF)[2] in our 802.11limplementatiommodelsdatacontentionin the wireless
environment. We alsoimplementedhe physicallink model, that computeshe power level at which pacletsare
receved beforehandingthe paclet to the MAC layer

In orderto senda paclet, a node®rst performsa carriersenseo checkif the transmissiommediumis idle. Nodes
defertransmissiorto nodesthat are currently transmittingand emplg an exponentialbacloff algorithmto avoid
congestion On detectingthatthe mediumis idle, a node®rst sendsa request-to-sen(RTS) paclet to therecever.
Uponsuccessfullyeceving the RTS paclet, therecever transmitsa clearto-send(CTS) paclet to thesender The
sendethenprepareso sendtheactualdatapacletto therecever. If it doesnotreceve the CTSfrom therecever, it
assumeshe RTS paclet waslost andperformsthe exponentialrandombacloff algorithmbeforeattemptingo send
the paclet again. On successfuteceiptof CTS, the sendingnodesendsthe datapaclet. Oncethe nodesucceeds
in sendingthe paclet, it waits for an acknavledgment(ACK) from therecever. If the senderdoesnot receve an
ACK within its ACK timeoutperiod,it assumeshe pacletis lost, incrementsts contentionwindow aswell asthe
paclet TTL value. If the paclet hasreachedts maximumTTL value,the pacletis discardedlf the paclet hasnot
reachedts TTL value,the sendelincrementsts congestiorwindow by a power of 2, performsthe randombacloff,
andpreparedo sendthe paclet againwhenthe mediumbecomesdle.

In our currentimplementationwe maintaina list for all the nodesin our systemcalledthe in- ight list. Corre-
spondingto eachnodeentry in thelist, we maintainthe currentpaclet beingtransmittedby that nodealongwith
the startand calculatedendtransmissiortimes (determinedby the bandwidthof the mediumandthe size of the
paclet). Beforea nodestartsthe transmissiorprocessit checksthis list to ensurethat noneof its neighbornodes
aretransmittingat thattime. If noneof its neighborsaretransmittingandthe mediumhasbeenidle for DIFS (DSC
InterframeSpace)secondsthe nodebaginsits transmissiorandupdatests statusin thein- ight list. If two entries
in this list aredestinedor the samerecever at overlappingtime intenvals or if therecever cannotreceve the pack-
etscorrectlydueto collision with otherongoingtransmissionst thattime, we mark the correspondingpacletsas
captureddependingpn the power level at which they werereceved.

The physicallayer plays an importantrole in the performanceand enegy consumptionof mobile and wireless
systems. The free spacemodel and the two-ray model predictthe receved power as a deterministicfunction of
distance[1]. Our physicallink model combinesboth the free spacepropagationand two-ray groundre ection
model. Whenthereceving nodeis within the referencealistancg(100 meters)of the sendingnode,we emplg the
free spacemodelwherethe signaldegradesas . Beyondthis referencalistancethe signalsdegradesas
Whena paclet is receved, beforebeing processedy the MAC layer, we computethe power level at which the
paclet wasrecevved. We comparethis valueto the carriersensahresholdandthereceve threshold.If thereceied
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power level is below the carriersensethreshold,we discardthe paclet asnoise,while if the power level is abore
the carriersensehreshold but belov thereceve threshold,t is markedaserror In caseof overlapof two paclets
attherecever, we checkthe power levels at which both the pacletswerereceved. If the power level of oneof the
pacletsis atleast10 dB greaterthanthe power level of the otherpaclet, we assumeaptureandthe wealer paclet
is dropped.Otherwise poththe pacletsareassumedo have interferedwith eachotherandbotharedropped.

3.3 Dynamic Routing

As with all otherMobiNetmodulestheroutinglayeris implementedasa pluggablemodulein the FreeBSDkernel.
Thegeneraideais thatthe userwill beableto testary desiredroutingprotocolwithouthaving to changeary other
modulein MobiNet. The MobiNet coremakesa call to this routing moduleto retrieve pathsfor the pacletsthatit
receves.

We have implementedhe Dynamic SourceRoute (DSR) [4, 5] protocolin the MobiNet core. DSR usessource
routing ratherthanhop-by-hoprouting. While we choseDSRin our currentimplementationDSR canbe replaced
with ary otherad-hocrouting protocolsuchas AODV [15], DSDV [16], or TORA [13, 14]. Our genericdesign
andthe fact that eachcomponenin MobiNet is pluggableand not dependenbn other componentsnableus to

implementa broadrangeof routing modulein the kernelwith relatve ease.None of the othercomponentge.g.

paclet schedulingemulation,underlyingMAC layer)would have to be modi®ed.

Whena paclet entersthe MobiNet core,MobiNet queriesits route cacheto checkif a routeexistsfor thatsource-
destinatiorpair. If arouteexists,it appendshe sourcerouteto the paclet andthe paclet is transmittechop-by-hop
asdictatedby the route andthe occupang of sendqueuesat intermediatenodesalongthe path. If arouteis not
presentMobiNet buffers pacletsreceved for that destinationwhile it performsthe DSR ROUTE DISCOVERY

mechanism. In our experiments,we allow nodesto buffer up to 50 paclets while awaiting routes,thoughthe
buffer sizeis con®gurable.The sourcenodecreatesa ROUTE REQUEST paclet, addsitself to the routelist, and
broadcast# to all of its currentneighbors. The neighborschecktheir route cacheto seeif they have a routefor

thatdestination.If they do, they sendbacka reply to the sender If they do not, they broadcasthe requesturther
to all of their neighborsappendingheir own node-idto theroutelist in the paclet. Assuminga connectedetwork

andthata suf®cient numberof pacletsarenot lost, the destinatiomnoderecevesthe ROUTE REQUEST. At this
point, it reversegheroutelist, storegherouteto thesendeiin its routecacheandforwardsa ROUTE REPLY to the

senderAll nodespresenin theroutelist updatetheir routecacheswith routesfor the sendeanddestinatiorbefore
forwardingthereply backalongthe pathto the sender

Oncethe sendemreceves a ROUTE REPLY, it storesthe routein its cache,appendshe sourceroute to all the
paclets storedin this buffer for that destinationand begins transmittingthe paclets. Before passingthe paclet to
the next-hop, MobiNet checksto seeif the next hop nodeis still within transmissiorrangeof the currentnode. If
the next-hop nodehasmaoved out of transmissiomange,it invalidatesthe currentroute,dropsthe paclet andsends
anICMP ERROR messagéackto the sender The ICMP ERROR messagealsohastheid of the nodethatmoved
out of range. The sendetthentransmitsa ROUTE REFAIR messagéor the destination.The ROUTE REFRAIR is
similar to ROUTE REQUEST, exceptthat ROUTE REFAIR alsospeci®eshe brokenlink in the previous cached
route. If the neighboringnodesdo not have routesfor thatdestinationthey broadcasthe ROUTE REFRAIR to their
neighbors.Nodesthatdo have routesfor thatdestinatiorcheckthe routespresenin their cachesandif the broken
link is partof their storedroute,they invalidateit andpropagateghe ROUTE REFAIR messagéurther Otherwise,
they sendbacka ROUTE REPLY to the sendemith their storedroute.

Our DSRimplementatiordoesnotimplementall of the optimizationan DSR speci®cationgndincorporatedn ns.
Speci®callyin salvage-with-catie anodeconsultsts cachefor arouteonatransmitfailureandsahageshepaclet
usingtherouteif possible.Next, in use-tap a nodelistensto a promiscuougapfrom the MAC layer Finally, with

ring-zeo-seach, a node®rst sendsa non-propagatindROUTE REQUEST to its neighborsandwaits to hearback
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from them.Theneighborsdo notforwardthis requesto their neighborspnly replyingbackif they have theroutein
their cache.lf the nodehasnot heardbackfrom ary neighborwithin atimeout,it transmitsa standardgropagating
ROUTE REQUEST. We arecurrentlyin the procesf implementinghesethreeoptimizationsn MobiNet.

4 Evaluation

We have written and testeda simple applicationin natve TCP/IP and in the ns-2 network simulatorto enable
comparisondetweenMobiNet emulationandns2 simulation. The applicationestablishesimple constantit rate
(CBR) streamdietweersenderandreceversusingUDP. Eachsendeisendslatato exactly onerecever. Our CBR

communicationgonsistf 64-bytepacletssentfrom eachnode(senderattherateof 4 pacletspersecond While

it is impossibleto guaranteeghat both versionsfunction identically the simplicity of our testapplicationleadsto

it exhibiting very similar behaior in both ervironments. Using this application,we have executeda numberof

experimentdo evaluatethe performancescalability andaccurag of the differentmodulesn MobiNet. The goalof

ouraccurag androutingoverheadestswereto reproducehe experimentsdescribedn [1].

In all of our experimentsMobiNetedgenodesconsistedf Pentium4 2.0 GHz PCswith 512MB memoryrunning
linux version2.4.2. We usea singlePentium3 dual processowith 2 GB memorysupportingFreeBSDversion4.5
asour MobiNet core. Our experimentson ns2were conductedbn a machinesimilar to our edgenodes.MobiNet
providesvariouspaclet statisticsthat enableus to determinethe numberof paclets sent,paclets droppeddueto
MAC collision,andotherusefulmetrics.Likewise,we make useof ns2trace®lesto extractthesemetrics.

With our mobility application,we simulatedrandomwaypointmobility usingvariousseedsyresultingin different

maovementpatterns. We have testeda numberof maximumspeedvalues,but presentresultsonly for 1 m/s and

20 m/s speeds.Our applicationcreatesmovement®les that describethe positionsand neighborlists of nodesat

the speci®edntenal. Thisinformationis usedby MobiNet andns2during emulation/simulationallowing eachto

updatenodecoordinatesndlists of nodeswithin communicatiorrange.For mostof our experimentsye speci®ed
anneighborrefreshinterval of 0.5seconds.

In additionto creatinginterval-basednovement®les, our mobility applicationalsocreatesa continuousdescription
of nodemovement.Here,we specifynodedestinationseindthe speedatwhichnodesmove towardthosedestinations
in our continuousmovement®le. ns2hasnative supportfor mobility and automaticallycomputespositionsand
neighborlist for eachnodeat every time instant. (thoughns2discretizesvents,theseeffectsareinsig®cant). We

foundthatourintenal of 0.5 secondgjivesus comparableesultswith lower intenals suchas0.2 secondsandalso

with the continuougnovementpatternin ns2.

4.1 CorePerformance

Oneof the experimentsve have executed testedthe ability of the MobiNet coreto procesgaclets. The goalwas
to ®nd thenumberof pacletspersecondhe MobiNet coreroutercouldemulatewithout saturatinghe core. To this
end,we disabledDSRin the MobiNet coreandstoredpre-computegbathsfrom sourcedo destinationsLater, we
enabledDSR to comparethe performanceof the corewith DSR enabled andtherebycomputethe overheaddue
to DSR. We ran similar experimentswith two topologies,onewith 200 nodesandthe otherwith 500 nodes. For
brevity, we only describetheresultsfor the 200nodetopologyhere.

The 200VNs in thetopologyweredistributedacross2 edgenodes(100virtual IP addressemappedo eachedge
node).Our simpleapplicationsent64-byteUDP pacletsat a constanbit ratefrom every virtual node(VN) hosted
by oneof theseedgemachinego speci®edistenersrunningon the otheredgemachine. Thus,therewere100 o ws
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CPU Pkts/sec | Pkts/sec | Pkts/sec

utilization forwarded | forwarded | forwarded

atcore for 1 hop | for 3hops | for 5 hops

40% 35K 20K 10K

50% 45K 27K 17.5K

70% 65K 40K 25K

90% 80K 48K 32K

100% 89K 52K 37K
Tablel: Forwardingcapacityat the Corewith DSRdisabled

CPU Pkts/sec | Pkts/sec | Pkts/sec

utilization forwarded | forwarded | forwarded

atcore for 1 hop | for 3hops | for 5 hops

40% 33.5K 18K 8K

50% 43.5K 25K 16K

70% 63.5K 38K 23K

90% 78K 47K 30K

100% 86K 50K 35K

Table2: Forwardingcapacityat the Corewith DSRenabled

from the senderedgemachine.EachVN sentpacletsto exactly onedestinatioriVN which wasalsothe nodes sole
neighbor Eachpaclet could be sentfrom the sendetto the destinationin exactly onehopandtherewereno paclet
collisionsaseachsendehadmerelythedestinationlVN asits neighbor We alsosetthe DIFS andSIFSvaluesin the
802.11speci®cationso zeroasthe goalwasto gaugethe maximumnumberof pacletsthatcouldbe sentthrougha
singleMobiNet core.

We measuredhroughpuitn termsof pacletspersecondcandCPU utilization at the corefor differentpaclet sending
rates.Ourresultsareshavn in Tablel. By varyingthenumberof pacletssentby our CBRs,we measurethenumber
of pacletsthatthe corecouldforward. We found thata singlecorecould forward up to 89,000paclets/secondor
the baselinecaseof 1 hop at which point the CPU is completelyutilized. Our MobiNet core runswith a clock
resolutionof 10Khz, meaningthat we are ableto accuratelyemulateeachpaclet hop to within 0.1 ms accurag.
Even for end-to-endpath lengthsof 10 hops, paclet transmissiordelaysare accurateto within 1 ms, suf®cient
for our tamget wirelessscenariosgspeciallywhen consideringend-to-endransmissionpropagationand queuing
delays. This accurag holdsup to andincluding the peakemulationrate becauséMobiNet's emulationrunsat the
kernels highestpriority level. As long asa paclet is ableto enterthe kernel,its perhop emulationtime will be
accurateo with 0.1 ms[17].

We ran similar testsbut with differenttopologies,so that eachpaclet from the sendemusttraverse3 hopsand5
hopsrespectrely beforereachinghedestination Again, we ensuredhattherewereno collisionsandnodegusthad
their communicatiorpartnersastheir neighbors.As the numberof hopsincreasedye foundthatthe total number
of pacletsthatthe corecould forward per seconddecreasea@sit nov hadto performmorework per paclet. We
summarizeour resultsin Tablel.

While maintainingthe sametopology we thenenabledDSR insteadof providing precomputedoutesto MobiNet.

The coreforwardsapproximatelythe samenumberof paclets per secondaswith DSR disabled. This is because

thenodesin ourtopologyarestationaryandoncea routehasbeenfound, it doesnot changefor the durationof the

experiment. The slightly lower paclets per secondforwardedcomparedo the no DSR caseis dueto the factthat
10



40 pkts/sec 400pkts/sec 4000pkts/sec
Sender ns MobiNet ns MobiNet ns MobiNet
nodel 10000 10000 4573 4634 502 521
node2 10000 10000 4603 4527 483 477
node3 10000 10000 4697 4594 519 526
node4 10000 10000 4635 4674 509 501

Table3: Pacletsrecevedby centralnode(nodeb5) in squargopologyfor ns2andMobiNetfor varioussendingates:
40,400,and4000pkts/sec

the core hasto do a little extra work in DSR suchasensuringthe next hopis still a valid neighboy etc. Table2
summarizesheseresults.

4.2 MAC layer accuracy

Validatingthebehaior of our MAC layerimplementations dif®cult asnoknovn emulationor simulationtechnique
canaccuratelypredictthe bit errorratesor radiointerferencaunderarbitrarydeploymentscenariosWe believe our
architecturd@o begenerato awide variety of MAC layermodels.However, to gainsomebaselinecon®dencen the
accurag of our802.11IMAC model,we conductmicro-benchmark& compareviobiNet's MAC layerperformance
with that of ns2for a variety of topologiesand paclet transmissiorrates. Sincethe paclet transmissiorrate is
dependentiponthetiming andrateof collisions,we hypothesizeéhatif MobiNet andns2deliver the samepaclet
throughputundera rangeof conditions,the paclet collision andbacloff behaior is likely to be similar. We chose
several topologiesand had nodessendingpaclets to eachother at differentrates. Sincewe are comparingthe
performancef our MAC model,we turnedoff DSRin MobiNet andsuppliedMobiNet with precomputedouting
tables. Nodesare stationary hencethe routesarevalid for the entiredurationof the experiment. Our topologyis
shavn in Figure3.

Figure3: Squareopologyusedfor MAC validation.Nodes1, 2 3 and4 sendpacletsto node5
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50 pkts/sec 500pkts/sec 1000pkts/sec

Recever ns MobiNet ns MobiNet ns MobiNet
nodel 10000 10000 1108 1050 443 480
node2 10000 10000 2370 2405 991 920
node3 10000 10000 3201 3166 1387 1365
node4 10000 10000 959 1004 561 606
nodeb5 10000 10000 2334 2402 1616 1678
node6 10000 10000 3284 3347 1320 1369

Table4: Pacletsreceived eachreceverin ring topologyfor ns2andMobiNetfor varioussendingates:50,500,and
1000pkts/sec

Fournodeswereplacedatthefour cornersof asquareof side300meters A ®fth nodewasplacedatthecenterof the
squareAll thefour nodesatthecornersof thesquaresentpacletsto the centralnode. Thetransmissiomangeof the
nodeswas250 meters.Eachcornernodesentatotal of 10,000UDP pacletsto the centralnode, whereeachpaclet
was64 byteslong. We reportthe total numberof pacletsthatthe centralnodereceved from eachof the sendersn
bothMobiNetandns2.We presentesultsfor 3 differentpaclet transmissiomates:4000pkts/sec400 pkts/seand
40pkts/secAs the paclet transmissiomateincreasesthe contentionat the centralnodeincreasesleadingto more
pacletdrops.At alower paclet sendingrate,contentionis nota problematthereceving nodeandhenceit receves
all the pacletssentto it by the varioussendingnodes.The valuesshavn in Tables3 areaveragedover 3 different
runsof the experiment.We seethatthe averagenumberof pacletsreceved by the centralnodefrom the 4 senders
in bothns2andMobiNetis approximatelythe same.

Figure4: Ringtopologyusedfor MAC validation

We ran similar experimentdor a differenttopologies.We presentheresultsfrom aring (hexagon)topology The

six nodesin ourtopologyform aring, with eachnodesendingpacletsto the nodeon its right asshavn in Figure4.

Nodel andnode2 are200 metersapart,node2 andnode3 are250 metersapart,node3 andnode4 are250 meters

apart,node4 andnode5 are200 metersapart,node5 andnode6 are250 metersapartandnode6 andnodel are

250 metersapart. As before,eachnodeestablishe€BR communicatiorwith the nodeon its left, sending64 byte

sizedpacletsfor atotal of 10000pacletseach.Our resultsareshavn in Table4. We experimentedwith different
12
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Figure5: Packetdelivery ratio asafunctionof pausdime in ns2andMobiNet for maximumspeedf 20m/s.
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Figure6: Paclket delivery ratio asa function of pausetime in ns2andMobiNet with identicalsetsof DSR optimizationsand
maximumspeedf 20 m/s.

paclettransmissionsatesandpresenthe onesthataremostinterestingn termsof contentiorat differentnodesand
pacletdrops.

4.3 Routing Accuracy

We validatedthe emulationaccurag of MobiNet by comparingexperimentalresultsobtainedfrom MobiNet to
thatfrom ns2for our simple CBR communication.We usedthe 802.11MAC protocolandDSR implementations
availablein ns2.Usingour mobility model,we generatednovement®lesthatwereusedby ns2andMobiNet.

In our ®rst accurag experiment,50 nodesmoved accordingto the randomwaypointmodelin a rectangulastrip
of size 1500 metershby 300 meterswith a maximumspeedof 20 m/s. 10 nodeswere choserrandomlyto be the
designatedendersEachsendeisentall of its pacletsto a®xedrandomlychoserdestinatiorfor the durationof the
experiment.Becauseur experimentranfor 300secondseachCBR sent1200pacletsfor atotal of 12000paclets
sentin aggr@ate.We measuredhe paclet delivery percentagéor theabove experimentwith ns2andMobiNet. We
variedthe pausdimesfrom 0 secondghigh movement)to 300 secondgno movement).Figure5 shavs our results
averagedover four differentrandomseeds.
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Figure7: Packetdeliveryratio asafunctionof pausdgimein ns2andMobiNet. maximumspeeds 1 m/s

We found thatMobiNet performsaswell asthe ns2for low andno movement. The lower delivery ratefor higher
mobility resultsfrom thefactthatwe have notimplementedll featureof DSRin MobiNetasnotedin the previous
section.To validateour claim thatthelower accurag for high mobility scenariosywe comparedhe performancef

MobiNet with the appropriateoptimizationsturnedoff in ns2. We ®nd thatMobiNet's paclet delivery ratio is very
similarto the pacletdelivery ratio in ns2without the optimizations.Theresultsaresummarizedn Figure6.

To further validate our emulatoy we repeatedhe previous experimentswith a reducedmaximum speedin our
randomwaypointmodelof 1 m/s, resultingin lower nodemobility. Figure7 shavs our results. We found thatin
this case MobiNet's paclet delivery ratio is similar to the valuesobtainedrrom ns2for all valuesof pausdime. As
in the earlierexperimentswe chosel0 CBRs, eachgeneratings4 byte sizedpaclets at the rate of 4 paclets per
second.Theresultsfor 1 m/s maximumspeedcloselymatchthoseof thens2model.

4.4 Routing Overhead

We ran further teststo determinethe numberof control paclets transmittedby our implementationof the DSR
routingprotocolrelative to thenumbertransmittedy thens2implementationFigure8 shavs the numberof routing
paclets sentby ns2and MobiNet to achieze the paclet delivery ratio in Figure5. Nodesmove with a maximum
possiblespeedof 20m/s. Sincewe areyet to completethe 3 optimizationsof the DSR protocolin MobiNet, the
numberof control pacletssentby MobiNetis almost2 timesthat sentby ns2for lower valuesof pausetime. For
highervaluesof pausetime, the numberof routing paclets sentby MobiNet eitherclosely matchesor is equalto
thatof ns2.

Again, to validate our claim that the routing overheadin MobiNet is dueto incompleteDSR optimizations,we
measuredouting overheadn ns2with the optimizationsturnedoff. In this case theroutingoverheadn MobiNet
is similar to the overheadn ns2withoutthe optimizationsasshavn in Figure9.

We againrepeatedur experimentswith areducednaximumspeedf 1 m/s. In this lower mobility evaluation,we

foundthatMobiNet comparegavorablywith ns2in termsof numberof routing paclets. Theseresultsareshavn in
Figurel0.
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4.5 Scalability

One of the main bene®tsof MobiNet over using a simulatorsuchasns2is that experimentscanbe run in real
time. We have alreadyshavn that excluding DSR and RTS/CTSexchange a single MobiNet coreis capableof
forwardingup to 89,000pacletspersecond.To furthershawv the usefulnes®f our emulatoy we comparedhetime
requiredto run experimentswith varyingnumbersof sendersWe useda 200 nodetopologywith nodesdistributed
randomlyin a 3000meterby 600 meterrectanglgresultingin the samenodedensityasour previous experiments).
For MobiNet, the 200 nodesweredistributed across2 MobiNet edgenodes. The ns2 experimentswererun on a
singlemachinewith the samecon®gurationasthe MobiNet edgenode. We disablednodemobility in this caseto
reducethe overheaddueto ®nding routeswith DSR. Here, DSR only needsto ®nd routesto destination®nce(at
thestartof theexperiment).

We variedthe numberof CBR sourcesrom 10 to 40, with eachsenderonceagaintransmitting64-bytepacletsat
therate of 4 paclets per second.Eachnodesenta total of 1200 paclets. Figure11 shavs the computationtime
necessaryo executethe experimentfor MobiNet emulationandns2simulation. This is taken asthe time it takes
for the experimentto completemultiplied by the numberof machinesusedin the experiment. In real time, this
experimenttakes5 minutes,asit takeseachCBR 300secondgo transmitits shareof paclets. As aresult,MobiNet
using3 machineq2 edgesandone core)emulateghe experimentin 15 minutes. In contrastns2simulationtime
of the experimentincreasedinearly with the numberof CBR nodes.In the caseof 40 nodestransmitting,the ns2
simulationlasted134.5minutes,comparedo MobiNet's 15-minuteemulation.

5 Deploying Real Applications

In this sectionwe demostratéhe utility andgeneralityof ourinfrasturctureoy deplo/ing andevaluatingrealunmod-

i®ed code,avideoplayerover MobiNet. We usedXAnim asour sampleapplication.XAnim is aprogramthatplays
awide variety of animation,audioandvideoformatson unix X11 machines Runningthe sameapplicationon ns2

would bedif®cult to impossible.Our goalwasto studythe performancef thethevideoplayerin aadhocwireless
network asafunctionof nodemovement.

We startedwith a wirelesstopology consistingof 50 nodesmoving accordingto the randomwaypointmovement
model,wherethe maximumrandomspeedwvassetto 1 m/s. The nodesin our topologywere hostedon two edge
machinesthus eachedgenodewas responsibldor 25 VNs. We randomlychosetwo VNs from our topology
XAnim wasdeplo/ed over oneof the VN, while thedisplaywassetto theotherVN. Communicatiorbetweerthese
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Pause time | 1m/s 5m/s 20m/s
(s)

0 14500 13708 5490
30 15596 13728 13031
60 14927 14565 13207
120 15889 15611 14752
300 16200 16100 16086

Table5: x11 pacletsexchangedetweer? VNs in a 2 minuteintenal for variousmaximumspeeds:, 5, and20
m/s

two nodesranover thex11 protocol. The VN executingXAnim would sendits pacletsto the MobiNet core,which
would useDSRto ®nd arouteto the VN hostingthe display The pacletswereemulatedaccordingto our 802.11
implementatiorin the MobiNet coreandthensentto the destinationVN which would displaythe movie. Dueto
nodemovement,if existing routeswentstale,DSRwasusedto ®nd freshroutesto thedestinatiorivN.

Thevideowasreplayedin a continousfashionfor 2 minutes. Thevideo hada total of 44 frames(at the rateof 15
framespersecond)For lower nodemobility scenariospaclet dropsdueto broken routeswaslow andwe obsered
thatthevideoplayedin analmostcontinuousnanner In a highly mobile ervironment,we foundthatthevideoclip
would stall for awhile duringpaclet drops.Oncerouteswerefound,theclip would startplayingagain.

We recordedhetotal numberof XAnim pacletsexchangedetweerthetwo VNs for differentvaluesof pausdime.
We comparedhe resultsobtainedfrom MobiNet with thoseobtainedfrom tcpdumppaclet captureandfoundthe
resultsto beaccurate We averagedheresultsover severalrunsof the experimentandpresenthemin Table5.

We duplicatedthe abore experimentsbut varied the maximumrandomspeedn the randomwaypointmovement
model. We foundthatfor very high movementscenariosthe displayat the VN stopsaftera while. Unlike CBR
communicationjn the x11 communicatiorthattakesplacebetweerthe XAnim nodes ossof vital pacletsdueto
nodemovementleadsto the applicationstallingfor a while. For amaximumspeedvalueof 20 m/sandpausdime
of 0 secswe foundthatthevideoclip stoppedlayingafterawhile dueto thelossof afew vital paclets. We present
resultsfor maximumspeedf 5 m/sand20 m/sin Tableb.

6 RelatedWork

ZhangandLi [22] have built aninfrastructuresimilar to MobiNet for testingmobile ad hoc networks. However,
theirwork doesnotsupportary routingprotocol. Furthermoretheir schemedoesnotrestrictapplicationbandwidth,
makingexperimentakesultsinaccuratdor a rangeof importantapplicationcharacteristics.

Noble andSatyanarayangi Q] usetrace-basedetwork emulationto play backmeasureanobile network charac-
teristicsto realapplications Our approactgeneralizeshis techniqueallowing usergo generateheir own mobility

scenarios.Further we canmodify parameter®f the underlyingnetwork with respecto MAC protocol, routing

protocol,transmissiomange andothernetwork functionality

Netbed[19, 20] is anetwork testbedat the University of Utah. Netbedprovidesatestbedf realmobile nodesusing
realmobile hardwareandsoftware. Thougha powerful andaccuratesvaluationtool, Netbedis costlyto implement
andrequiresthe coordinationof mary people,machinesandsystems.In contrastto our work, Netbedis a real
testingervironment,notanemulationor simulationinfrastructure.

Emwin[23] is anetwork emulatorsimilarto MobiNet. While EmwinhandlesMA C emulationjt doesnotimplement
17



ad hocrouting protocols. While they alsomapemulatedopologyasin MobiNet, they do not have separatedge
nodesandcores. Eachof their edgenodeis ableto support6 virtual nodes. MobiNet separategmulationnodes
(cores)and edgenodesandthus achieves scalability with far fewer nodes. While Emwin canemulatea 48-node
topologywith 8 physicalmachinesMobiNet caneasilyemulatea 200nodetopologywith 3 physicalmachineswith
asimilarcon®guration.

JEmu[3] is anotheremulationsystemfor mobileandadhoc networks. EachJEmunoderunsa stackcomprisingof
DSR,MAC andaJEmuRadiolayerTheJEmuradiolayercommunicatewith theJEmuemulatorto handlecollisions
andto forward paclets. Unlike MobiNet wherethe routing protocols,aswell asMAC layeris implementedn the
core,in JEmu,thesemodulesarehandleshy a separatenachine.To scaleup to 200 mobile nodeswhich required
just 3 physicalmachinesn MobiNet, JEmuwill require200physicalmachines.

SeaWhd [7] enableswirelessemulationby changingvariousparametesets. However, they do not provide a test-
ervironmentfor ad hoc routing protocols. GloMoSim[8] is a network simulatorfor testingvariousprotocolsin a
mobilewirelessenvironment.GloMoSimenablegshe comparisorof protocolperformanceateachnetwork layer It
alsoprovidesscalabilityby allowing simulationsto executein parallelon a setof machines.While thesefeatures
malke GloMoSim attractve to researcherand offer additionalscalability it suffers from a numberof the same
problemasothersimulators.For instancejt cannotsupportreal applicationsrealtraf®c patternspr realoperating
systems/hardareandthereforeabstractsway key detailsof realimplementations.

WalshandGun Sirer[18] have usedstagedsimulation,a techniqueto improve the scalabilityand performanceof

network simulators.They have shawvn thatns2tendsto be slov andscalegoorly with increasinghumberof nodes.
By identifying and eliminating redundantcomputationusing techniquedike caching,they have shawvn thatit is

feasibleto improve simulationtime of large wirelessnetworks.

TOSSIM|[9] is a simulatorfor TinyOS wirelesssensometworks. It capturesnetwork behaior by usinga proba-

bilistic bit errormodel. It alsoprovidescommunicatiorservicedor applicationinteraction. While TOSSIMtakes

adwantageof TinyOS's architectureandis speci®cto it, MobiNetis generalo ary hardwareandoperatingsystem.
Further TOSSIM cannotcapturethe real time paclet collisionsthat might take placefor a given communication
patternor movementpattern,insteadrelying on the userto specifythe bit error ratefor a given deployment, and

enforcingthis errorrateindependendf communicatiortime or location.

Juddand Steenkistg6] describeanapproachor wirelessexperimentatiorusinga real MAC layer While usinga
realMAC layerhasadwantagesscalabilityis limited asdiscusse@bove. ComparisorbetweerdifferentMAC layers
alsobecomesnoredif®cult to perform.

7 Discussionsand Futur e Work

In mostof our experimentswe validatedMobiNet againstns2to increaseour con®dencean the accurag of our
results. We felt that this was an appropriatechoicebecausas2, with mobile/wirelessextensions hasundegone
signi®cantdevelopmentandvalidationandremainsoneof the mostpopularsimulatorsavailable. We leave compar
isonsagainstreal wirelessnetworks andtracescollectedfrom wirelesservironmentsfor future work. Theresults
obtainedfrom live deploymentof the video player also help further validate our implementation. The fact that
MobiNetallows deploymentof realcodeover realedgemachineswhile forwardingpacletsin realtime, providesa
signi®cantadwantageover mostsimulationenvironments.

While we supportMA C andphysicallayeremulationat the coresfor betterscalability MobiNetis e xible to alter
natemodelswhere for example,userdirectly plugin wirelessdevicesto thecore,in effectrunningwhaterer MAC
layeris availableon the tamget hardware platformandperformingrouting protocolsat the edgeqratherthanwithin

18



the core). Usingthis approactallows usersto evaluatereal MAC andphysicallayers,while sacri®cingsomescala-
bility andmakingit moredif®cult to extrapolatelo otherphysicalcharacteristicer deploymentscenariosHowever,
this would sene asa straightforvard validation of MobiNet's emulationbehaior for a certain®xed deplgyment
scenario Anotherof our avenuedor futurework is investigatingthe scalabilityversusaccurayg tradeofs of suchan
approach.

ImplementingMAC androuting modulesin the FreeBSDkernelcanbe time consumingand thusyet anotherdi-
rectionfor our future work is developing APIs speci®cto the ad hoc and wirelessernvironmentthat can simplify
suchapplicationdevelopment.We believe thatthis will greatlysimplify thetaskof writing new MAC modulesand
routing protocolsfor new users.While our currentevaluationran on a singleemulationcore,we areinvestigating
ef®cientmethodgor supportingmultiple cores.Oneapproactis to randomlydivide the nodesin thetopology(and
thusthe pipes)amongavailable cores. While the actualemulationfor a pipe will only be performedat the core
owning thatpipe,we would requirethatall coresmaintaincoordinateandneighboriist informationfor all thenodes
in the topology We are alsoinvestigatingmore intelligent partitioning approacheso asto minimize cross-core
traf®c. We believe thisto be NP hard,especiallygivenunpredictablenodemovementpatterns.

8 Conclusions

Theoverallgoalof ourwork is to supportcontrolledexperimentatiorof avarietyof communicatiorpatternsrouting
protocols,and MAC layersfor emeging ad hoc and wirelessscenariosjncluding laptops,PDAs, and wireless
sensometworks. Currentapproacheso suchexperimentatiorincludesimulationandlive deploymentof hardware.
While eachclearly hasits relative bene®tsandwill continueto play animportantrole in mobile systemdesignand
evaluation,this paperarguesfor the power of modular real-timeemulationasanothefimportantpointin this design
space.

To this end,we presenthe designandevaluationof MobiNet, a scalableandaccurateemulatorfor mobile,wireless
andad-hocnetworks. MobiNet providesaccuratenobileandwirelessemulation,comparingavorablywith existing
network simulatorswhile offeringimprovedscalability At thesametime, MobiNet offersenhancedealismrelative
to simulationbecausét executesareal-timeemulationof justthe network. Relative to live deploymentof realhard-
wareandrealmobility scenariosMobiNet providesthesimilarbene®tof unmodi®edapplicationbinariesrunningon
stockhardwareandoperatingsystemcon®gurationsHowever, it enableghe systemdesignetto rapidly experiment
with a variety of MAC, routing, andcommunication(layers2-4) protocolsthat may not be easilyavailablein live
deplayments.Similarly, MobiNet allows experimentof differentscale communicatiorpatternsandnodemobility
thanmaybe availablethrougha particularhardware con®guration.

This paperdescribeshereal-timehop-by-hoppaclet emulationin MobiNetalongwith threeinterchangeablenod-

ules supportingvarious mobility models,MAC layer protocols,and ad hoc routing protocols. In particular we

describeandevaluateour implementatiorof a waypointmobility model,the 802.11MAC layer, andthe DSRrout-

ing protocol. Our comparisonsgainstthe popularns simulationverify the relatve accurag of our work, while

qguantifyingMobiNet's performanceandscalability Finally, we shav the power of our emulationernvironmentby

runninganunmodi®edvideo playbackapplicationcommunicatingacrossanemulatedarge-scalenulti-hop802.11
network usingDSR on stockhardware/softvare.
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