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Abstract

Thecurrentstateof theart in evaluatingapplicationsandcommunicationprotocolsfor adhocwirelessnet-
works involveseithersimulationor small-scalelive deployment. While larger-scaledeploymenthasbeenper-
formed,it is typically costlyanddif�cult to run undercontrolledcircumstances.Simulation,on theotherhand,
allows experimentersto quickly vary systemcon�guration suchastheMAC layer, routingprotocol,andmove-
mentmodel. However, it typically cannotcapturemany of the importantcharacteristicsof real-world environ-
ments. Simulationrequiresthe duplicationof application,operatingsystem,andnetwork behavior within the
simulator, not only decreasingaccuracy, but alsoincreasingdevelopmenteffort. While simulationandlive de-
ploymentwill clearlycontinueto play importantrolesin thedesignandevaluationof mobilesystems,wepresent
MobiNet, a third point in this designspace,wherethe communicationof unmodi�ed applicationsrunningon
stockoperatingsystemsis subjectto thereal-timeemulationof auser-speci�ednetwork environment.Webelieve
thateachof simulation,emulation,andlivecodedeploymentwill play importantrolesin thelife cycleof mobile
systemconstructionandexperimentation.

MobiNet utilizes a clusterof emulatornodesto appropriatelydelayanddrop packetsbasedon MAC-layer
protocols,congestion,queuing,andavailablebandwidth. MobiNet alsoemulatesthe characteristicsof ad hoc
routing protocolsto build per-noderouting tables. We describeour implementationof an 802.11-basedMAC
layer, animplementationof theDSRadhocroutingprotocolandevaluateMobiNet'saccuracy usingtherandom
waypointmobility model. The MobiNet infrastructureis extensible,therebyfacilitating the developmentand
evaluationof new MAC layers,routing protocols,and mobility models. Our evaluationsshow that MobiNet
emulationis scalableandaccuratewhile executingrealcode(suchasvideoplayback.

1 Intr oduction

Modernwirelessmobilesystemshave becomean increasinglypopulartechnologyin thepastfew years.New ap-
plicationclassesvary from warehouseinventoryto medicalapplications.At thesametime, thenumberof mobile
devicesis exploding at exponentialrates. Of particularinteresthasbeenthe proliferationof ad-hocwirelessnet-
working wheremobilesnodesform peerrelationshipswith oneanotherto relay informationthroughthenetwork.
Nodescommunicatewith othernodesin their rangeandactasforwardersof datafrom nodescommunicatingwith
out-of-rangenodes.

Onekey challengein this areahasbeenevaluatingtheprotocolsandapplicationsthat functionin this environment
in a scalableandaccuratemanner. It is dif®cult andcostly to deploy andcoordinatedevelopmentsoftwareon a
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large numberof real mobile nodesandto control the operatingconditionsof suchan experimentto obtainrepro-
ducibleresults. Live deploymentalsomakes it dif®cult to reasonaboutthe behavior of a wirelesssystemunder
varyingsystemassumptions,suchasdifferentMAC layers,communicationprotocols,andwirelesscommunication
ranges.To overcomethe cost,scale,andexperimentallimitations of live evaluations,researchershave developed
simulationenginesthatattemptto mimic thebehavior of mobilesystemsby modelingpacket loss,queuingdelays,
MAC-layerbehavior, andcongestion.While simulationis a usefulapproach,it cannotaccuratelymodelkey details
of real implementations.Application codeis typically re-writtento conformto the simulationenvironment. For
example,applicationsin thepopularns2network simulator[11, 21] mustbeportedto TCL, conformingto thens2
interfaces.While requiringincreaseddevelopment,this approachalsoleadsto lossin accuracy asthebehavior of a
realapplicationrunningover a realoperatingsystem,a realnetwork stackall runningon realhardwareis lost. Fi-
nally, while increasingevaluationscalability, network simulatorsthatattemptto faithfully capturedetailednetwork
characteristicscannottypically scaleto simulationsbeyondtensof nodes.

MobiNet is an emulationenvironmentdesignedto overcomesomeof the accuracy and scalabilitychallengesin
mobileevaluation.Thegoalof our work is to allow systemdevelopersandresearchersto evaluatethebehavior of
theirmobileandwirelesssystemsunderarangeof conditionsin acontrolled,reproducibleexperimentalenvironment
leveraginga commodityworkstationcluster. Thus, we wish to useMobiNet to answerthe following typesof
questions:

� How scalableis a new ad hoc routing protocol for a target applicationdeployment, MAC layer, andnode
movementpattern?

� Whateffectdoesavariantof TCPor anew reliableMAC layerhave on end-to-endbatteryconsumption?

� How resilient is the routing infrastructureto the failure of a varying percentageof wirelesssensornodes
assumingdifferenttopologies,communicationpatterns,androutingprotocols?

� Will a given network topologyconsistingof both ®xed andmobile wirelessinfrastructuresupportadequate
qualityof servicefor avoiceover IP application?

To supportthe above typesof experimentsin a controlledenvironment,we designedMobiNet to emulatea target
mobile network on a scalableLAN cluster(with gigabit interconnect),enablingresearchersto deploy unmodi®ed
IP-basedsoftwareandsubjectit to faults,varyingnetwork conditions,differentroutingprotocols,andMAC layer
implementations.Edgenodesrunninguserspeci®edOS andapplicationsoftware arecon®guredat the IP-layer
to routepackets throughoneor moreMobiNet core nodesthat cooperateto subjectthe traf®c to the bandwidth,
congestion,and loss pro®le of the target network topology. Becauseemulationoccursin the core nodes,client
nodescanhave arbitraryhardwareandsoftwarecon®gurationsandcanremainunmodi®edin this environment. In
our experiments,we useLinux-basedPCsasclients,thoughour emulationenvironmentis generalto a variety of
operatingsystems.

We built MobiNet asanextensionto thepublicly availableModelNetwide-areanetwork emulationsoftware[17].
We leveragetheobservation thatpacketsoperatingin targetwirelessnetwork environmentswill have signi®cantly
lessavailablebandwidthandwill incurmoredelaythanavailablein today's commoditylocal areanetwork technol-
ogy. Thus,weareableto appropriatelydelaypacketsasthey travel throughanemulatedmulti-hopnetwork. Relative
to wide-areaemulationavailablethroughModelNet,we mustaddressthreekey challengesto successfullyemulate
large-scalemulti-hopwirelessnetworks. First, for wide-areanetworks,it is not necessaryto emulatethecharacter-
isticsof theMAC layeron a hop-by-hopbasis,asthebehavior of theMAC layer(e.g.,Ethernetor 802.3)doesnot
typically impactend-to-endpacket behavior becauseof switchedLAN technologiesandover-provisioning. How-
ever, thebehavior of theMAC layer(e.g.,various�a vorsof 802.11)signi®cantlyimpactsthebehavior of multi-hop
wirelessnetworks. Next, nodemobility andpositionplaysa signi®cantrole in mobileandwirelessenvironments,
especiallyrelative to typical wide-areanetworking scenarioswherewe assumethat thereis no nodemobility. Fi-
nally, thebehavior of theroutingprotocolplaysa critical role in theperformanceof multi-hopandadhocwireless
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Figure1: ModelNetArchitecture

networks. ThebaseModelNetimplementationprecomputesall-pairsshortestpathroutesamongall hosts.Clearly,
thisapproachis inadequatefor evaluating,for example,adhocroutingprotocolsundera rangeof mobility models.

In this paper, we describeour experiencesin accurateand scalableemulationof large-scalewirelessnetworks,
with a particularfocuson: i) MAC layer emulation,ii) nodemobility, and iii) routing protocolemulation. We
presentexperimentalevaluationof the working MobiNet system,including supportfor IEEE 802.11MAC layer
emulation,variousnodemobility models,and the DSR [5] ad hoc routing protocol. We demonstrateMobiNet's
accuracy by comparingexecutionof our systemrunningunmodi®edapplicationbinariesto ns2 simulationwith
similar communicationpatterns. We further quantify the scalabilityof MobiNet and®nd that a singleMobiNet
corecanforward up to 89,000packetspersecond.Additional capacityis availablewith additionalMobiNet core
nodes.UsingjustoneMobiNetcoreand2 physicaledgenodes,wehave beenableto emulatea200-nodetopology,
forwardingapplicationpacketsin realtime.

Overall,webelieve thatMobiNetcanqualitatively improve therealismof mobilesystemexperimentationby allow-
ing researchersanddevelopersto subjecttheir unmodi®edapplicationsrunningon unmodi®edoperatingsystems
(rangingfrom perhapsTinyOS[12] for wirelesssensornetworks to Linux for moretraditionalproductivity appli-
cations)to a wide variety of wirelessnetwork technologies,MAC layers,routing protocols,andusagescenarios.
Relative to simulation,experimenterscangain con®dencein the robustnessof their codeandcanscaleto much
largerexperimentalenvironmentsby leveragingmultiple nodescommunicatingin real time. Theremainderof this
paperis organizedasfollows. Section2 providesanoverview of thebaselinehop-by-hopemulationenvironment.
Section3 describesthedetailsof theMobiNet framework. We evaluateMobiNet's accuracy andscalabilityin sec-
tion 4. Section5 describesour experiencesin deploying real unmodi®edapplicationsover MobiNet. We discuss
relatedwork in section6, presentourdiscussionsandfuturework in section7 andconcludein section8.

2 ModelNet Overview

MobiNetextendsthewirednetwork emulationprovidedby ModelNet[17]. While thedetailsof theModelNetinfras-
tructurearebeyondthescopeof this paper, we provide abrief overview of it, particularlyasit pertainsto MobiNet.
ModelNetwasinitially developedfor testinglarge-scaledistributedservicesfor wired wide-areanetworkssuchas
the Internet. It is capableof emulatinglarge topologieswith large numbersof clients. TheModelNetarchitecture
is composedof Edge NodesandCore Nodesasshown in ®gure1. Edgenodesin ModelNetcanrun arbitraryarchi-
tecturesandoperatingsystems.They run native IP stacksandfunctionasthey would in realenvironmentswith the
exceptionthat they arecon®guredto routeIP traf®c throughModelNetcores.Modelnetcorenodesrun a modi®ed
versionof FreeBSDto emulatetopology-speci®candhop-by-hopnetwork characteristics.
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Target applicationsrun on edgenodesasthey would in a real setting. However, to decreasethe numberof client
(edge)machinesrequiredfor large-scaleevaluations,the ModelNet architectureallows for Virtual Edge Nodes
(VNs). VNs enablethe multiplexing of multiple applicationinstanceson a single client machineeachwith its
own uniqueIP address.BecauseModelNetclientsuseinternalIP addresses(10.*), thenumberof clientsthatcanbe
multiplexedontoanedgenodeis not limited by IP addressspacelimitations,but ratherby theamountof computa-
tional resources(e.g. threads,memory)thatthetargetapplicationuses.All VNs arecon®guredto routetheir traf®c
throughoneof theModelNetcores.Uponreceiving a packet from a client,acorenoderoutesthetraf®c throughan
emulatednetwork of pipes,eachof which representsa real link in thetarget topology. Eachpipeis associatedwith
emulationvaluesfor packet queuesizeanddiscipline,bandwidth,latency andloss-rate.Theemulationexecutesin
realtime. Coresdelay, shape,or dropinputpacketsaccordingto theemulationcharacteristicsfor eachpipe.Hence,
packetstraversetheemulatednetwork with thesamerates,delays,andlossesasthey would in arealnetwork. When
apacket exits thechainof pipes,thecoretransmitsthepacket to theedgenodehostingthedestinationVN.

ModelNetcoresstorepipesthroughwhich packetstraversefor every source-destinationpair in an �

�

matrix. Pipes
aredistributedamongthecoresto spreadtheemulationload. Packetsarepassedbetweenthecoreswhenthenext
hop on their path is handledby a different core than the currentone. A �o w diagramof the ModelNet packet
processingin FreeBSDis shown in Figure1. Thegrayedboxesarenot partof theModelNetkernelmodule. The
routing module(in light gray) is responsiblefor all routing decisionsmadeby the core. Upon receiving a packet
from a VN, the coreperformsa lookup in the �

�

routematrix to determinethe chainof pipesthroughwhich the
packet shouldtraverse.It schedulesemulationfor eachhopin thepipechain,forwardingfor non-localpipehopsto
theappropriatepeercore. Oncetheemulationis complete,ip-outputin FreeBSDforwardsthepacket to theedge
nodesupportingthedestinationVN.

3 The MobiNet Framework

This sectiondescribestheextensionsthatMobiNet makesto theModelNetframework to supporttheevaluationof
wirelessandadhocnetworks. MobiNet, like ModelNet,hasedgenodescapableof supportingmany platformsand
operatingsystems.While our currentexperimentshave beenperformedon edgenodesrunningLinux, our edge
nodescouldbeacombinationof differentdeviceslike laptops,PDAs, etcrunningdifferentoperatingsystems.As in
ModelNet,edgenodesin MobiNet hostmultiple virtual nodes(VNs) to allow for large-scaleemulations.MobiNet
coresemulatewirelessnetwork behavior atmultiple layerswhile eventuallyroutingpacketsto theedgenodehosting
thedestinationVN. In addition,a coremayroutea packet to a differentcoreif a next-hoppipeis emulatedon that
othercore.MobiNetcoreshavemodulesthatemulateMAC effects,routingbehavior, andnodemobility. Wechoose
to incorporatethisfunctionalityinto thecoresothatedgenodescanbeleft unmodi®edto supportmany platformsand
operatingsystems.MobiNetemulationis a threestepoperation:topologycreation,assignmentof VNs andpipesto
hostsandcoresrespectively, andapplicationexecution.A usercreatesadesiredtopology, MobiNetdistributespipes
associatedwith thetopologyacrossthecoresto distributeemulationload,assignsVNs in ouremulatedtopologyto
edgenodes,andcon®guresandexecutestheapplicationsin theMobiNetemulationframework.

Relative to wide-areaemulation,a mobilesystememulationmustperformthreecritical tasks.First,MobiNet must
emulatemobility behavior. For mobile wirelessnetworks, it is importantto provide differentmovementpatterns
to nodesin the topology. Second,MobiNet routingmustbedynamic.MobiNet implementsa routingmodulethat
tracksthe positionof nodesandmaintainsa list of nodeswithin transmissionrangefor eachnode. The routing
moduleis responsiblefor ®nding routesto destinationnodesasnodesin the topologyfollow differentmovement
patterns.Third, MobiNet accountsfor MAC layercollisions.Effectsof packet lossesdueto collisionsin theMAC
layer play an importantrole in wirelessnetworks, thusrequiringMobiNet to emulateMAC layer behavior. The
physicallayer alsoplaysan importantrole in wirelessnetworks, hencewe have a signalpropagationmodel that
combinesa freespacepropagationmodelanda two-raygroundre�ection model.
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Figure2: MobiNetModules

By dividing mobile behavior underfunctional lines,MobiNet's modulesaremoreeasilydevelopedandreplaced.
This allows experimentsto usedifferentcombinationsof modules,leadingto a more�e xible andpowerful emula-
tion framework. For example,onecancomparedifferentadhocroutingprotocolsby pluggingin differentrouting
moduleswhile keepingthemobility andMAC emulationmodulesconstant.Thisprovidesafair andconsistenteval-
uationof theroutingprotocolsin question.Alternatively, onecancomparehow aparticularad-hocroutingprotocol
performsor how muchenergy is consumedfor a targetcommunicationpatternwhenusingdifferentMAC modules.
This structureenablesdirectperformanceevaluationof mobileandwirelesssystemsin a varietyof scenarios.We
believe thismodularityto becritical to theultimateutility of theMobiNetemulationinfrastructure.

Figure2 depictsthe interactionsbetweenthe differentmodulesin MobiNet. The mobility modelis implemented
as a userlevel applicationthat downloadsnew movement®les into the MobiNet core's kernel at userspeci®ed
time intervals. These®lescontaininformationthat includeseachnode's currentcoordinatesalongwith a list of its
neighbors(nodesthatarewithin anode's transmissionrange).Theroutingmoduleusesthis informationto ®nd new
routeswhenexisting routesbecomestale.Oncea packet entersthesystem,it is handedup by the ipfw modulein
theFreeBSDkernelto theMobiNet module.Theroutingmodulewithin MobiNet is now responsiblefor ®ndinga
pathin orderto sendthis packet to its destination.The pathis basicallya list of nodesthroughwhich the packet
hasto traversebeforereachingits destination.Oncethepathhasbeenobtained,theMAC-layermoduleemulates
thepacket accordingto thespeci®edattributesof eachpipe in thepath. Thuspipesin MobiNet correspondto the
transmissioncapacityof theirassociatednodes.Thepackettraversesthrougheveryintermediatenode'spipe,thereby
beingsubjectedto queuingdelaysandcongestionat every node.Oncethepacket successfullyreachesthelasthop
in thepath,thepacket is thensentto thevirtual nodehostingthepacket's destination.Thus,transmittinga packet
from sourceA to destinationB via nodesC, D, andE will involve sendingthepacket throughpipesA, C, D andE
before®nally relayingit to destinationB.

Eachpipemaintainsa queuefor storingpacketsthatneedto betransmittedfrom thatparticularnode. Queuesare
implementedin drop-tailfashionandholdupto 50packetsfor theexperimentsthatwedescribein thispaper, though
this valueis con®gurable.All attributesof pipessuchasbandwidth,queuesizeandlossrateareuser-con®gurable.
Theattributevaluesfor eachnodecanbedownloadedinto thecore'skernelusingthesysctlfunctioncall in FreeBSD.

Oneimportantthing to noteis thatusershave theoptionof turningoff MAC, physicalandroutinglayeremulations
at thecore. Onecandirectly plug in wirelessdevicessuchasPDAs or laptopshaving realMAC cardsdirectly to
thecore. This obviatestheneedfor thecoreto performMAC layeremulation.For ad hocwirelessnetworks, the
wirelessdevicescouldalsorunaninstanceof anadhocroutingprotocolon theedgehost.This featureallows users
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to evaluaterealphysicalandMAC layerswith thecoresconcentratingon traf®c shapingfunctionality. However, we
believe thatwhile thisapproachwill bemoreaccuratedueto thefactthatit usesa realMAC layer, it won't offer the
scalabilitythatonewouldgetby emulatingphysical,MAC, androutingprotocolsat thecores.

3.1 Mobility

Themobility moduleis a user-level applicationthatgeneratesvariousnodepositionsandneighborlists consisting
of nodeswithin a node's transmissionrangeat certaintimes.This informationis downloadedinto thekernelof the
MobiNet coresat regular user-speci®edintervals. Alternatively, we could calculatethesepositionsandneighbor
lists in realtime within thecore's kernel.Doing so,however, would causesigni®cantoverheadsince�oating point
operationswould berequiredin thekernel.Instead,MobiNet's mobility applicationpre-computesthis information,
thusavoiding critical-pathcomputations.Thesevaluesarestoredin time indexed ®les anddownloadedinto the
kernelin realtime,enablingvariousmovementpatternsduringemulation.

Oneinterestingparameterin MobiNet's emulationis that of the interval usedto refreshnodepositionswithin the
core's kernel. If the interval is too high, valuablekernel processingis wastedin readingnew nodecoordinates
for valuesthat have changedlittle. If this interval is too low, nodecoordinatesquickly becomestale. Whennew
coordinatesaredownloaded,many routessuddenlyareinvalid, leadingto a stormof routingupdates.Both of these
anomaliesultimatelyleadto inaccurateresults.MobiNetattemptsto bridgethegapbetweenkernelperformanceand
accuracy by choosingan interval valuethat providesgoodperformanceandaccurateresultsundera wide variety
of emulations.We found that settingthe nodepositionrefreshratesto 0.5 secondsprovidesgoodresultsfor our
testscenarios,with velocitiesup to 20 m/s. While we candownloadnew positionsinto thekernelat a muchlower
granularity, we foundthat theresultsobtainedat 0.5 secondrefreshratecomparedfavorably with lower valuesof
refreshinterval, andwithout incurringtoomuchoverhead.However, therefreshinterval is usercon®gurableandfor
high nodemobility, it is recommendedthatusersspecifya low refreshinterval, while in scenarioswherethenodes
moveat relatively low rates,therefreshinterval canbemuchhigher.

Ourcurrentmobility applicationsupportstherandomwaypointmobility modeldescribedin [1], thoughMobiNetcan
usearbitrarymovementmodels.In ourapplications,usersspecifythetopologysize,thedurationof theexperiment,
themaximumspeedof nodes,themovementpausetime, theinterval of desiredoutput,andtheseedfor therandom
numbergeneratorweuse(thisallows usto recreateexactmobility ®lesandaverageresultsovervariousseeds).The
applicationcreatestime-indexed movement®les that includethe currentpositionsof eachnodeandthe neighbor
lists for eachnode.Thesemovements®lescanbereadby theMobiNetcoreduringtheexecutionof theexperiment.
Wealsoprovideaninterfaceto export thesamemovement®lesto ns2[11] allowing usto directlycompareMobiNet
emulationswith ns2simulationsfor identicalnodemovementpatterns.

In our randomwaypointmodel,nodesarespreadover a rectanglesothattheresultingdensityis 9000 �

�

pernode.
For example,for 50 nodes,the resultingrectangleis of size1500metersby 300metersfor a total of 450000�

�

.
We alsosupporta squarewith the samedensity. In this case,the sidesof the squareare635 meterseach. In our
experiments,we obtainedsimilar resultsfor therectangleandsquaremodels.At thestartof theexperiment,each
nodeis assigneda randomstartposition in the rectangleandwaits for pausetime secondsat its initial position.
Eachnodesubsequentlypicks a randomdestinationpoint in the rectangleand begins moving toward that point
with a randomspeeduniformly selectedfrom 0 �

���

to themaximumspeedspeci®ed.Oncethenodereachesits
destination,it pausesat that point againfor pausetime seconds.After the pause,it againpicks anotherrandom
destinationandcontinuestheprocessdescribedabove. In ouremulations,weuseddifferentvaluesof pausetime: 0,
30,60,90,120,and300seconds.A pausetimeof 0 secondsindicatesthatthenodesaremoving constantly, while a
300secondpausetime impliesnomotionatall for ourdefault 300-secondexperiments.Weusedanumberof speed
values,thoughreportresultsonly for runsusing1 �

���

and20 �

���

. Thespeci®edinterval valuesdetermineswhen
nodepositionsandcomputedneighborlists of eachnodearewritten to a movement®le. The routing modulein
MobiNet usesthenodelocationsandneighborlists to determinethesetof nodesthateachnodemaycommunicate
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with eachotherin thekernel(basicallythesetof edgesto insertbetweennodesin thetopology). Thesenodesare
thosewithin aspeci®edtransmissionrange.By default (andfor ouremulations)weusea transmissionrangeof 250
meters(thoughthisvalueis con®gurable).

3.2 MAC Layer Emulation

Our modularemulationapproachis amenableto a wide rangeof modelsfor the MAC layer. In this section,we
describeour implementationof anemulated802.11channelbasedon IEEE's 802.11standardspeci®cation.How-
ever, we stressthat thereis no perfectlyaccurateMAC layer model. For instance,it may be moreappropriateto
emulatebit errorson a per-packet basisbasedon measurementsof a live wirelessnetwork deploymentasdonein
TOSSIM [9]. This approachwould certainlyreducethe overheadof our currentimplementationandwould have
somebasisin measurement.However, it wouldcomewith thedownsideof notcapturingpotentialradiointerference
from simultaneouspacket transmission.

We leave evaluationof differentMAC modelingtechniquesto futureanddescribehereour 802.11bit-level emula-
tion model. We implementedtheMAC modelalong802.11's speci®cationsfor RTS-CTS-Data-ACK pattern.The
DistributedCoordinationFunction(DCF)[2] in our 802.11implementationmodelsdatacontentionin thewireless
environment. We also implementedthe physicallink model, that computesthe power level at which packetsare
receivedbeforehandingthepacket to theMAC layer.

In orderto senda packet, a node®rst performsa carriersenseto checkif the transmissionmediumis idle. Nodes
defertransmissionto nodesthat arecurrentlytransmittingandemploy an exponentialbackoff algorithmto avoid
congestion.On detectingthat themediumis idle, a node®rst sendsa request-to-send(RTS) packet to thereceiver.
Uponsuccessfullyreceiving theRTS packet, thereceiver transmitsa clear-to-send(CTS)packet to thesender. The
senderthenpreparesto sendtheactualdatapacket to thereceiver. If it doesnot receive theCTSfrom thereceiver, it
assumestheRTSpacket waslostandperformstheexponentialrandombackoff algorithmbeforeattemptingto send
thepacket again. On successfulreceiptof CTS,the sendingnodesendsthedatapacket. Oncethenodesucceeds
in sendingthepacket, it waits for anacknowledgment(ACK) from the receiver. If thesenderdoesnot receive an
ACK within its ACK timeoutperiod,it assumesthepacket is lost, incrementsits contentionwindow aswell asthe
packet TTL value. If thepacket hasreachedits maximumTTL value,thepacket is discarded.If thepacket hasnot
reachedits TTL value,thesenderincrementsits congestionwindow by apower of 2, performstherandombackoff,
andpreparesto sendthepacket againwhenthemediumbecomesidle.

In our currentimplementation,we maintaina list for all the nodesin our systemcalled the in-�ight list. Corre-
spondingto eachnodeentry in the list, we maintainthe currentpacket beingtransmittedby that nodealongwith
the startandcalculatedendtransmissiontimes(determinedby the bandwidthof the mediumandthe sizeof the
packet). Beforea nodestartsthe transmissionprocess,it checksthis list to ensurethatnoneof its neighbornodes
aretransmittingat thattime. If noneof its neighborsaretransmittingandthemediumhasbeenidle for DIFS(DSC
InterframeSpace)seconds,thenodebeginsits transmissionandupdatesits statusin thein-�ight list. If two entries
in this list aredestinedfor thesamereceiver at overlappingtime intervalsor if thereceiver cannotreceive thepack-
etscorrectlydueto collision with otherongoingtransmissionsat that time, we mark thecorrespondingpacketsas
captureddependingon thepower level atwhich they werereceived.

The physicallayer plays an importantrole in the performanceand energy consumptionof mobile and wireless
systems.The free spacemodelandthe two-ray modelpredict the received power asa deterministicfunction of
distance[1]. Our physicallink model combinesboth the free spacepropagationand two-ray groundre�ection
model. Whenthereceiving nodeis within thereferencedistance(100meters)of thesendingnode,we employ the
freespacemodelwherethesignaldegradesas �

���

�

. Beyondthis referencedistance,thesignalsdegradesas �

�����

.
Whena packet is received, beforebeingprocessedby the MAC layer, we computethe power level at which the
packet wasreceived. We comparethis valueto thecarrier-sensethresholdandthereceive threshold.If thereceived
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power level is below the carrier-sensethreshold,we discardthepacket asnoise,while if thepower level is above
thecarrier-sensethreshold,but below thereceive threshold,it is markedaserror. In caseof overlapof two packets
at thereceiver, we checkthepower levelsat which boththepacketswerereceived. If thepower level of oneof the
packetsis at least10 dB greaterthanthepower level of theotherpacket, we assumecaptureandtheweaker packet
is dropped.Otherwise,boththepacketsareassumedto have interferedwith eachotherandbotharedropped.

3.3 Dynamic Routing

As with all otherMobiNetmodules,theroutinglayeris implementedasapluggablemodulein theFreeBSDkernel.
Thegeneralideais thattheuserwill beableto testany desiredroutingprotocolwithouthaving to changeany other
modulein MobiNet. TheMobiNet coremakesa call to this routingmoduleto retrieve pathsfor thepacketsthat it
receives.

We have implementedthe DynamicSourceRoute(DSR) [4, 5] protocol in the MobiNet core. DSR usessource
routingratherthanhop-by-hoprouting. While we choseDSRin our currentimplementation,DSRcanbereplaced
with any otherad-hocrouting protocolsuchasAODV [15], DSDV [16], or TORA [13, 14]. Our genericdesign
andthe fact that eachcomponentin MobiNet is pluggableandnot dependenton othercomponentsenableus to
implementa broadrangeof routing modulein the kernelwith relative ease.Noneof the othercomponents(e.g.
packet scheduling,emulation,underlyingMAC layer)wouldhave to bemodi®ed.

Whena packet enterstheMobiNet core,MobiNet queriesits routecacheto checkif a routeexists for thatsource-
destinationpair. If a routeexists,it appendsthesourcerouteto thepacket andthepacket is transmittedhop-by-hop
asdictatedby the routeandthe occupancy of sendqueuesat intermediatenodesalongthe path. If a routeis not
present,MobiNet buffers packets received for that destinationwhile it performsthe DSR ROUTE DISCOVERY
mechanism. In our experiments,we allow nodesto buffer up to 50 packets while awaiting routes,thoughthe
buffer sizeis con®gurable.Thesourcenodecreatesa ROUTE REQUESTpacket, addsitself to the routelist, and
broadcastsit to all of its currentneighbors.The neighborschecktheir routecacheto seeif they have a routefor
thatdestination.If they do, they sendbacka reply to thesender. If they do not, they broadcasttherequestfurther
to all of their neighbors,appendingtheirown node-idto theroutelist in thepacket. Assuminga connectednetwork
andthata suf®cient numberof packetsarenot lost, the destinationnodereceivestheROUTE REQUEST. At this
point, it reversestheroutelist, storestherouteto thesenderin its routecacheandforwardsaROUTEREPLY to the
sender. All nodespresentin theroutelist updatetheir routecacheswith routesfor thesenderanddestinationbefore
forwardingthereplybackalongthepathto thesender.

Oncethe senderreceives a ROUTE REPLY, it storesthe route in its cache,appendsthe sourceroute to all the
packetsstoredin this buffer for thatdestinationandbegins transmittingthepackets. Beforepassingthepacket to
thenext-hop,MobiNet checksto seeif thenext hopnodeis still within transmissionrangeof thecurrentnode. If
thenext-hopnodehasmovedout of transmissionrange,it invalidatesthecurrentroute,dropsthepacket andsends
anICMP ERROR messagebackto thesender. TheICMP ERROR messagealsohastheid of thenodethatmoved
out of range.Thesenderthentransmitsa ROUTE REPAIR messagefor thedestination.TheROUTE REPAIR is
similar to ROUTE REQUEST, exceptthat ROUTE REPAIR alsospeci®esthe broken link in the previous cached
route.If theneighboringnodesdo not have routesfor thatdestination,they broadcasttheROUTE REPAIR to their
neighbors.Nodesthatdo have routesfor thatdestinationchecktheroutespresentin their cachesandif thebroken
link is partof their storedroute,they invalidateit andpropagatetheROUTE REPAIR messagefurther. Otherwise,
they sendbackaROUTEREPLY to thesenderwith their storedroute.

OurDSRimplementationdoesnot implementall of theoptimizationsin DSRspeci®cationsandincorporatedin ns.
Speci®cally, in salvage-with-cache, anodeconsultsits cachefor arouteonatransmitfailureandsalvagesthepacket
usingtherouteif possible.Next, in use-tap, a nodelistensto a promiscuoustapfrom theMAC layer. Finally, with
ring-zero-search, a node®rst sendsa non-propagatingROUTE REQUESTto its neighborsandwaits to hearback
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from them.Theneighborsdonot forwardthis requestto theirneighbors,only replyingbackif they have theroutein
their cache.If thenodehasnot heardbackfrom any neighborwithin a timeout,it transmitsa standardpropagating
ROUTEREQUEST. Wearecurrentlyin theprocessof implementingthesethreeoptimizationsin MobiNet.

4 Evaluation

We have written and testeda simple applicationin native TCP/IP and in the ns-2 network simulator to enable
comparisonsbetweenMobiNet emulationandns2simulation.Theapplicationestablishessimpleconstantbit rate
(CBR)streamsbetweensendersandreceiversusingUDP. Eachsendersendsdatato exactlyonereceiver. OurCBR
communicationsconsistsof 64-bytepacketssentfrom eachnode(sender)at therateof 4 packetspersecond.While
it is impossibleto guaranteethat both versionsfunction identically, the simplicity of our testapplicationleadsto
it exhibiting very similar behavior in both environments. Using this application,we have executeda numberof
experimentsto evaluatetheperformance,scalability, andaccuracy of thedifferentmodulesin MobiNet. Thegoalof
ouraccuracy androutingoverheadtestswereto reproducetheexperimentsdescribedin [1].

In all of ourexperiments,MobiNetedgenodesconsistedof Pentium4 2.0GHz PCswith 512MB memoryrunning
linux version2.4.2.We usea singlePentium3 dualprocessorwith 2 GB memorysupportingFreeBSDversion4.5
asour MobiNet core. Our experimentson ns2wereconductedon a machinesimilar to our edgenodes.MobiNet
providesvariouspacket statisticsthat enableus to determinethe numberof packetssent,packetsdroppeddueto
MAC collision,andotherusefulmetrics.Likewise,wemake useof ns2trace®lesto extractthesemetrics.

With our mobility application,we simulatedrandomwaypointmobility usingvariousseeds,resultingin different
movementpatterns. We have testeda numberof maximumspeedvalues,but presentresultsonly for 1 m/s and
20 m/s speeds.Our applicationcreatesmovement®les that describethe positionsandneighborlists of nodesat
thespeci®edinterval. This informationis usedby MobiNet andns2duringemulation/simulation,allowing eachto
updatenodecoordinatesandlists of nodeswithin communicationrange.For mostof ourexperiments,we speci®ed
anneighbor-refreshinterval of 0.5seconds.

In additionto creatinginterval-basedmovement®les,ourmobility applicationalsocreatesacontinuousdescription
of nodemovement.Here,wespecifynodedestinationsandthespeedatwhichnodesmovetowardthosedestinations
in our continuousmovement®le. ns2hasnative supportfor mobility andautomaticallycomputespositionsand
neighborlist for eachnodeat every time instant. (thoughns2discretizesevents,theseeffectsareinsig®cant).We
foundthatour interval of 0.5secondsgivesuscomparableresultswith lower intervalssuchas0.2secondsandalso
with thecontinuousmovementpatternin ns2.

4.1 CorePerformance

Oneof theexperimentswe have executed,testedtheability of theMobiNet coreto processpackets. Thegoalwas
to ®nd thenumberof packetspersecondtheMobiNetcoreroutercouldemulatewithoutsaturatingthecore.To this
end,we disabledDSRin theMobiNet coreandstoredpre-computedpathsfrom sourcesto destinations.Later, 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, weonly describetheresultsfor the200nodetopologyhere.

The200VNs in the topologyweredistributedacross2 edgenodes(100virtual IP addressesmappedto eachedge
node).Our simpleapplicationsent64-byteUDP packetsat a constantbit ratefrom every virtual node(VN) hosted
by oneof theseedgemachinesto speci®edlistenersrunningon theotheredgemachine.Thus,therewere100�o ws
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CPU Pkts/sec Pkts/sec Pkts/sec
utilization forwarded forwarded forwarded
atcore for 1 hop for 3 hops for 5 hops
40% 35K 20K 10K
50% 45K 27K 17.5K
70% 65K 40K 25K
90% 80K 48K 32K
100% 89K 52K 37K

Table1: Forwardingcapacityat theCorewith DSRdisabled

CPU Pkts/sec Pkts/sec Pkts/sec
utilization forwarded forwarded forwarded
atcore for 1 hop for 3 hops 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 theCorewith DSRenabled

from thesenderedgemachine.EachVN sentpacketsto exactlyonedestinationVN whichwasalsothenode's sole
neighbor. Eachpacket couldbesentfrom thesenderto thedestinationin exactly onehopandtherewereno packet
collisionsaseachsenderhadmerelythedestinationVN asits neighbor. WealsosettheDIFSandSIFSvaluesin the
802.11speci®cationsto zeroasthegoalwasto gaugethemaximumnumberof packetsthatcouldbesentthrougha
singleMobiNetcore.

Wemeasuredthroughputin termsof packetspersecondandCPUutilizationat thecorefor differentpacket sending
rates.Ourresultsareshown in Table1. By varyingthenumberof packetssentbyourCBRs,wemeasuredthenumber
of packetsthat thecorecould forward. We foundthata singlecorecould forwardup to 89,000packets/secondfor
the baselinecaseof 1 hop at which point the CPU is completelyutilized. Our MobiNet core runswith a clock
resolutionof 10Khz, meaningthat we areableto accuratelyemulateeachpacket hop to within 0.1 ms accuracy.
Even for end-to-endpath lengthsof 10 hops,packet transmissiondelaysareaccurateto within 1 ms, suf®cient
for our target wirelessscenarios,especiallywhenconsideringend-to-endtransmission,propagation,andqueuing
delays.This accuracy holdsup to andincludingthepeakemulationratebecauseMobiNet's emulationrunsat the
kernel's highestpriority level. As long asa packet is ableto enterthe kernel, its per-hop emulationtime will be
accurateto with 0.1ms[17].

We ransimilar testsbut with differenttopologies,so thateachpacket from thesendermusttraverse3 hopsand5
hopsrespectively beforereachingthedestination.Again,weensuredthattherewerenocollisionsandnodesjusthad
their communicationpartnersastheir neighbors.As thenumberof hopsincreased,we foundthat thetotal number
of packets that the corecould forward per seconddecreasedasit now hadto performmorework per packet. We
summarizeour resultsin Table1.

While maintainingthesametopology, we thenenabledDSRinsteadof providing precomputedroutesto MobiNet.
The coreforwardsapproximatelythe samenumberof packetsper secondaswith DSR disabled.This is because
thenodesin our topologyarestationaryandoncea routehasbeenfound,it doesnot changefor thedurationof the
experiment.Theslightly lower packetspersecondforwardedcomparedto theno DSRcaseis dueto the fact that
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40 pkts/sec 400pkts/sec 4000pkts/sec
Sender ns MobiNet ns MobiNet ns MobiNet
node1 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: Packetsreceivedby centralnode(node5) in squaretopologyfor ns2andMobiNetfor varioussendingrates:
40,400,and4000pkts/sec

the corehasto do a little extra work in DSR suchasensuringthe next hop is still a valid neighbor, etc. Table2
summarizestheseresults.

4.2 MAC layer accuracy

Validatingthebehavior of ourMAC layerimplementationis dif®cult asnoknown emulationor simulationtechnique
canaccuratelypredictthebit errorratesor radiointerferenceunderarbitrarydeploymentscenarios.We believe our
architectureto begeneralto awidevarietyof MAC layermodels.However, to gainsomebaselinecon®dencein the
accuracy of our802.11MAC model,weconductmicro-benchmarksto compareMobiNet'sMAC layerperformance
with that of ns2 for a variety of topologiesandpacket transmissionrates. Sincethe packet transmissionrate is
dependentuponthe timing andrateof collisions,we hypothesizethat if MobiNet andns2deliver thesamepacket
throughputundera rangeof conditions,thepacket collision andbackoff behavior is likely to besimilar. We chose
several topologiesand had nodessendingpackets to eachother at different rates. Sincewe are comparingthe
performanceof our MAC model,we turnedoff DSRin MobiNet andsuppliedMobiNet with precomputedrouting
tables.Nodesarestationary, hencethe routesarevalid for theentiredurationof theexperiment.Our topologyis
shown in Figure3.

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure3: Squaretopologyusedfor MAC validation.Nodes1, 2 3 and4 sendpacketsto node5

11



50 pkts/sec 500pkts/sec 1000pkts/sec
Receiver ns MobiNet ns MobiNet ns MobiNet
node1 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
node5 10000 10000 2334 2402 1616 1678
node6 10000 10000 3284 3347 1320 1369

Table4: Packetsreceivedeachreceiver in ring topologyfor ns2andMobiNetfor varioussendingrates:50,500,and
1000pkts/sec

Fournodeswereplacedatthefour cornersof asquareof side300meters.A ®fth nodewasplacedatthecenterof the
square.All thefour nodesat thecornersof thesquaresentpacketsto thecentralnode.Thetransmissionrangeof the
nodeswas250meters.Eachcornernodesenta total of 10,000UDP packetsto thecentralnode,whereeachpacket
was64 byteslong. We reportthetotal numberof packetsthatthecentralnodereceivedfrom eachof thesendersin
bothMobiNetandns2.Wepresentresultsfor 3 differentpacket transmissionrates:4000pkts/sec,400pkts/secand
40pkts/sec.As thepacket transmissionrateincreases,thecontentionat thecentralnodeincreases,leadingto more
packet drops.At a lowerpacket sendingrate,contentionis notaproblemat thereceiving nodeandhenceit receives
all thepacketssentto it by thevarioussendingnodes.Thevaluesshown in Tables3 areaveragedover 3 different
runsof theexperiment.We seethattheaveragenumberof packetsreceivedby thecentralnodefrom the4 senders
in bothns2andMobiNet is approximatelythesame.

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure4: Ring topologyusedfor MAC validation

We ransimilar experimentsfor a differenttopologies.We presenttheresultsfrom a ring (hexagon)topology. The
six nodesin our topologyform a ring, with eachnodesendingpacketsto thenodeon its right asshown in Figure4.
Node1 andnode2 are200metersapart,node2 andnode3 are250metersapart,node3 andnode4 are250meters
apart,node4 andnode5 are200metersapart,node5 andnode6 are250metersapartandnode6 andnode1 are
250metersapart.As before,eachnodeestablishesCBR communicationwith thenodeon its left, sending64 byte
sizedpacketsfor a total of 10000packetseach.Our resultsareshown in Table4. We experimentedwith different
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Figure5: Packetdelivery ratioasa functionof pausetime in ns2andMobiNet for maximumspeedof 20m/s.
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Figure6: Packet delivery ratio asa functionof pausetime in ns2andMobiNet with identicalsetsof DSRoptimizationsand
maximumspeedof 20m/s.

packet transmissionsratesandpresenttheonesthataremostinterestingin termsof contentionatdifferentnodesand
packet drops.

4.3 Routing Accuracy

We validatedthe emulationaccuracy of MobiNet by comparingexperimentalresultsobtainedfrom MobiNet to
that from ns2for our simpleCBR communication.We usedthe802.11MAC protocolandDSRimplementations
availablein ns2.Usingourmobility model,wegeneratedmovement®lesthatwereusedby ns2andMobiNet.

In our ®rst accuracy experiment,50 nodesmoved accordingto the randomwaypointmodel in a rectangularstrip
of size1500metersby 300 meterswith a maximumspeedof 20 m/s. 10 nodeswerechosenrandomlyto be the
designatedsenders.Eachsendersentall of its packetsto a®xedrandomlychosendestinationfor thedurationof the
experiment.Becauseour experimentranfor 300seconds,eachCBR sent1200packetsfor a total of 12000packets
sentin aggregate.Wemeasuredthepacket deliverypercentagefor theaboveexperimentwith ns2andMobiNet. We
variedthepausetimesfrom 0 seconds(highmovement)to 300seconds(no movement).Figure5 shows our results
averagedover four differentrandomseeds.
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Figure7: Packetdeliveryratioasa functionof pausetime in ns2andMobiNet. maximumspeedis 1 m/s

We foundthatMobiNet performsaswell asthens2for low andno movement.The lower delivery ratefor higher
mobility resultsfrom thefactthatwehavenot implementedall featuresof DSRin MobiNetasnotedin theprevious
section.To validateourclaim thattheloweraccuracy for highmobility scenarios,wecomparedtheperformanceof
MobiNet with theappropriateoptimizationsturnedoff in ns2.We ®nd thatMobiNet's packet delivery ratio is very
similar to thepacket delivery ratio in ns2without theoptimizations.Theresultsaresummarizedin Figure6.

To further validateour emulator, we repeatedthe previous experimentswith a reducedmaximumspeedin our
randomwaypointmodelof 1 m/s, resultingin lower nodemobility. Figure7 shows our results.We found that in
thiscase,MobiNet's packet delivery ratio is similar to thevaluesobtainedfrom ns2for all valuesof pausetime. As
in the earlierexperiments,we chose10 CBRs,eachgenerating64 byte sizedpacketsat the rateof 4 packetsper
second.Theresultsfor 1 m/smaximumspeedcloselymatchthoseof thens2model.

4.4 Routing Overhead

We ran further teststo determinethe numberof control packets transmittedby our implementationof the DSR
routingprotocolrelative to thenumbertransmittedby thens2implementation.Figure8 showsthenumberof routing
packetssentby ns2andMobiNet to achieve the packet delivery ratio in Figure5. Nodesmove with a maximum
possiblespeedof 20m/s. Sincewe areyet to completethe 3 optimizationsof the DSR protocol in MobiNet, the
numberof controlpacketssentby MobiNet is almost2 timesthatsentby ns2for lower valuesof pausetime. For
highervaluesof pausetime, the numberof routingpacketssentby MobiNet eithercloselymatchesor is equalto
thatof ns2.

Again, to validateour claim that the routing overheadin MobiNet is due to incompleteDSR optimizations,we
measuredroutingoverheadin ns2with theoptimizationsturnedoff. In this case,theroutingoverheadin MobiNet
is similar to theoverheadin ns2without theoptimizations,asshown in Figure9.

We againrepeatedour experimentswith a reducedmaximumspeedof 1 m/s. In this lower mobility evaluation,we
foundthatMobiNetcomparesfavorablywith ns2in termsof numberof routingpackets.Theseresultsareshown in
Figure10.
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Figure8: Routingoverheadin ns2andMobiNet for maximumspeedof 20m/s
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Figure11: Scalabilityin MobiNet vs. ns2asa functionof time

4.5 Scalability

One of the main bene®tsof MobiNet over using a simulatorsuchas ns2 is that experimentscanbe run in real
time. We have alreadyshown that excluding DSR andRTS/CTSexchange,a singleMobiNet core is capableof
forwardingup to 89,000packetspersecond.To furthershow theusefulnessof ouremulator, wecomparedthetime
requiredto run experimentswith varyingnumbersof senders.We useda 200nodetopologywith nodesdistributed
randomlyin a 3000meterby 600meterrectangle(resultingin thesamenodedensityasour previousexperiments).
For MobiNet, the 200 nodesweredistributedacross2 MobiNet edgenodes.The ns2experimentswererun on a
singlemachinewith thesamecon®gurationastheMobiNet edgenode. We disablednodemobility in this caseto
reducetheoverheaddueto ®nding routeswith DSR.Here,DSRonly needsto ®nd routesto destinationsonce(at
thestartof theexperiment).

We variedthenumberof CBR sourcesfrom 10 to 40, with eachsenderonceagaintransmitting64-bytepacketsat
the rateof 4 packetsper second.Eachnodesenta total of 1200packets. Figure11 shows the computationtime
necessaryto executetheexperimentfor 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 takeseachCBR300secondsto transmitits shareof packets.As a result,MobiNet
using3 machines(2 edgesandonecore)emulatestheexperimentin 15 minutes.In contrast,ns2simulationtime
of theexperimentincreaseslinearly with thenumberof CBR nodes.In thecaseof 40 nodestransmitting,thens2
simulationlasted134.5minutes,comparedto MobiNet's 15-minuteemulation.

5 DeployingReal Applications

In thissectionwedemostratetheutility andgeneralityof our infrasturctureby deploying andevaluatingrealunmod-
i®edcode,avideoplayeroverMobiNet. WeusedXAnim asoursampleapplication.XAnim is aprogramthatplays
a wide varietyof animation,audioandvideoformatson unix X11 machines.Runningthesameapplicationon ns2
wouldbedif®cult to impossible.Ourgoalwasto studytheperformanceof thethevideoplayerin aadhocwireless
network asa functionof nodemovement.

We startedwith a wirelesstopologyconsistingof 50 nodesmoving accordingto the randomwaypointmovement
model,wherethemaximumrandomspeedwassetto 1 m/s. Thenodesin our topologywerehostedon two edge
machines,thus eachedgenodewas responsiblefor 25 VNs. We randomlychosetwo VNs from our topology.
XAnim wasdeployedoveroneof theVN, while thedisplaywassetto theotherVN. Communicationbetweenthese
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Pause time
(s)

1 m/s 5 m/s 20m/s

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

Table5: x11 packetsexchangedbetween2 VNs in a 2 minuteinterval for variousmaximumspeeds:1, 5, and20
m/s

two nodesranover thex11 protocol.TheVN executingXAnim wouldsendits packetsto theMobiNetcore,which
would useDSRto ®nd a routeto theVN hostingthedisplay. Thepacketswereemulatedaccordingto our 802.11
implementationin theMobiNet coreandthensentto thedestinationVN which would displaythe movie. Due to
nodemovement,if existing routeswentstale,DSRwasusedto ®nd freshroutesto thedestinationVN.

Thevideowasreplayedin a continousfashionfor 2 minutes.Thevideohada total of 44 frames(at therateof 15
framespersecond).For lowernodemobility scenarios,packet dropsdueto brokenrouteswaslow andweobserved
thatthevideoplayedin analmostcontinuousmanner. In ahighly mobileenvironment,we foundthatthevideoclip
wouldstall for awhile duringpacket drops.Oncerouteswerefound,theclip wouldstartplayingagain.

Werecordedthetotalnumberof XAnim packetsexchangedbetweenthetwo VNs for differentvaluesof pausetime.
We comparedtheresultsobtainedfrom MobiNet with thoseobtainedfrom tcpdumppacket captureandfoundthe
resultsto beaccurate.Weaveragedtheresultsover severalrunsof theexperimentandpresentthemin Table5.

We duplicatedthe above experimentsbut variedthe maximumrandomspeedin the randomwaypointmovement
model. We found that for very high movementscenarios,the displayat the VN stopsaftera while. Unlike CBR
communication,in thex11 communicationthat takesplacebetweentheXAnim nodes,lossof vital packetsdueto
nodemovementleadsto theapplicationstallingfor a while. For a maximumspeedvalueof 20 m/sandpausetime
of 0 secs,wefoundthatthevideoclip stoppedplayingafterawhile dueto thelossof afew vital packets.Wepresent
resultsfor maximumspeedof 5 m/sand20m/sin Table5.

6 RelatedWork

ZhangandLi [22] have built an infrastructuresimilar to MobiNet for testingmobile ad hoc networks. However,
theirwork doesnotsupportany routingprotocol.Furthermore,theirschemedoesnotrestrictapplicationbandwidth,
makingexperimentalresultsinaccuratefor a rangeof importantapplicationcharacteristics.

NobleandSatyanarayanan[10] usetrace-basednetwork emulationto play backmeasuredmobilenetwork charac-
teristicsto realapplications.Ourapproachgeneralizesthis technique,allowing usersto generatetheir own mobility
scenarios.Further, we canmodify parametersof the underlyingnetwork with respectto MAC protocol, routing
protocol,transmissionrange,andothernetwork functionality.

Netbed[19, 20] is anetwork testbedat theUniversityof Utah.Netbedprovidesa testbedof realmobilenodesusing
realmobilehardwareandsoftware.Thougha powerful andaccurateevaluationtool, Netbedis costlyto implement
andrequiresthe coordinationof many people,machines,andsystems.In contrastto our work, Netbedis a real
testingenvironment,notanemulationor simulationinfrastructure.

Emwin[23] is anetwork emulatorsimilarto MobiNet.WhileEmwinhandlesMACemulation,it doesnotimplement
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ad hoc routingprotocols.While they alsomapemulatedtopologyasin MobiNet, they do not have separateedge
nodesandcores. Eachof their edgenodeis ableto support6 virtual nodes.MobiNet separatesemulationnodes
(cores)andedgenodesandthusachievesscalabilitywith far fewer nodes.While Emwin canemulatea 48-node
topologywith 8 physicalmachines,MobiNetcaneasilyemulatea200nodetopologywith 3 physicalmachineswith
asimilarcon®guration.

JEmu[3] is anotheremulationsystemfor mobileandadhocnetworks.EachJEmunoderunsa stackcomprisingof
DSR,MACandaJEmuRadiolayer.TheJEmuradiolayercommunicateswith theJEmuemulatortohandlecollisions
andto forwardpackets. Unlike MobiNet wheretheroutingprotocols,aswell asMAC layer is implementedin the
core,in JEmu,thesemodulesarehandlesby a separatemachine.To scaleup to 200mobilenodes,which required
just3 physicalmachinesin MobiNet,JEmuwill require200physicalmachines.

SeaWind [7] enableswirelessemulationby changingvariousparametersets.However, they do not provide a test-
environmentfor adhoc routingprotocols.GloMoSim[8] is a network simulatorfor testingvariousprotocolsin a
mobilewirelessenvironment.GloMoSimenablesthecomparisonof protocolperformanceateachnetwork layer. It
alsoprovidesscalabilityby allowing simulationsto executein parallelon a setof machines.While thesefeatures
make GloMoSim attractive to researchersand offer additionalscalability, it suffers from a numberof the same
problemasothersimulators.For instance,it cannotsupportrealapplications,real traf®c patterns,or realoperating
systems/hardwareandthereforeabstractsawaykey detailsof realimplementations.

WalshandGunSirer [18] have usedstagedsimulation,a techniqueto improve thescalabilityandperformanceof
network simulators.They have shown thatns2tendsto beslow andscalespoorly with increasingnumberof nodes.
By identifying and eliminating redundantcomputationusing techniqueslike caching,they have shown that it is
feasibleto improve simulationtimeof largewirelessnetworks.

TOSSIM[9] is a simulatorfor TinyOS wirelesssensornetworks. It capturesnetwork behavior by usinga proba-
bilistic bit errormodel. It alsoprovidescommunicationservicesfor applicationinteraction.While TOSSIMtakes
advantageof TinyOS's architectureandis speci®cto it, MobiNet is generalto any hardwareandoperatingsystem.
Further, TOSSIM cannotcapturethe real time packet collisionsthat might take placefor a given communication
patternor movementpattern,insteadrelying on the userto specifythe bit error ratefor a given deployment,and
enforcingthiserrorrateindependentof communicationtime or location.

JuddandSteenkiste[6] describeanapproachfor wirelessexperimentationusinga realMAC layer. While usinga
realMAC layerhasadvantages,scalabilityis limited asdiscussedabove. ComparisonbetweendifferentMAC layers
alsobecomesmoredif®cult to perform.

7 Discussionsand Futur e Work

In mostof our experiments,we validatedMobiNet againstns2to increaseour con®dencein the accuracy of our
results. We felt that this wasan appropriatechoicebecausens2,with mobile/wirelessextensions,hasundergone
signi®cantdevelopmentandvalidationandremainsoneof themostpopularsimulatorsavailable.We leave compar-
isonsagainstrealwirelessnetworks andtracescollectedfrom wirelessenvironmentsfor futurework. The results
obtainedfrom live deployment of the video player also help further validateour implementation.The fact that
MobiNetallows deploymentof realcodeover realedgemachineswhile forwardingpacketsin realtime,providesa
signi®cantadvantageovermostsimulationenvironments.

While wesupportMAC andphysicallayeremulationat thecoresfor betterscalability, MobiNet is �e xible to alter-
natemodelswhere,for example,usersdirectlyplug in wirelessdevicesto thecore,in effect runningwhatever MAC
layeris availableon thetargethardwareplatformandperformingroutingprotocolsat theedges(ratherthanwithin
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thecore).Usingthis approachallows usersto evaluaterealMAC andphysicallayers,while sacri®cingsomescala-
bility andmakingit moredif®cult to extrapolateto otherphysicalcharacteristicsor deploymentscenarios.However,
this would serve asa straightforward validationof MobiNet's emulationbehavior for a certain®xed deployment
scenario.Anotherof ouravenuesfor futurework is investigatingthescalabilityversusaccuracy tradeoffs of suchan
approach.

ImplementingMAC androuting modulesin the FreeBSDkernelcanbe time consumingandthusyet anotherdi-
rectionfor our future work is developingAPIs speci®cto the ad hoc andwirelessenvironmentthat cansimplify
suchapplicationdevelopment.Webelieve thatthis will greatlysimplify thetaskof writing new MAC modulesand
routingprotocolsfor new users.While our currentevaluationranon a singleemulationcore,we areinvestigating
ef®cientmethodsfor supportingmultiple cores.Oneapproachis to randomlydivide thenodesin thetopology(and
thus the pipes)amongavailablecores. While the actualemulationfor a pipe will only be performedat the core
owning thatpipe,wewouldrequirethatall coresmaintaincoordinateandneighborlist informationfor all thenodes
in the topology. We arealso investigatingmore intelligent partitioningapproachesso as to minimize cross-core
traf®c. Webelieve this to beNPhard,especiallygivenunpredictablenodemovementpatterns.

8 Conclusions

Theoverallgoalof ourwork is to supportcontrolledexperimentationof avarietyof communicationpatterns,routing
protocols,and MAC layersfor emerging ad hoc and wirelessscenarios,including laptops,PDAs, and wireless
sensornetworks. Currentapproachesto suchexperimentationincludesimulationandlive deploymentof hardware.
While eachclearlyhasits relative bene®tsandwill continueto play animportantrole in mobilesystemdesignand
evaluation,thispaperarguesfor thepowerof modular, real-timeemulationasanotherimportantpoint in thisdesign
space.

To thisend,wepresentthedesignandevaluationof MobiNet,ascalableandaccurateemulatorfor mobile,wireless
andad-hocnetworks.MobiNetprovidesaccuratemobileandwirelessemulation,comparingfavorablywith existing
network simulatorswhile offering improvedscalability. At thesametime,MobiNetoffersenhancedrealismrelative
to simulationbecauseit executesareal-timeemulationof just thenetwork. Relative to livedeploymentof realhard-
wareandrealmobility scenarios,MobiNetprovidesthesimilarbene®tof unmodi®edapplicationbinariesrunningon
stockhardwareandoperatingsystemcon®gurations.However, it enablesthesystemdesignerto rapidlyexperiment
with a varietyof MAC, routing,andcommunication(layers2-4) protocolsthatmaynot be easilyavailablein live
deployments.Similarly, MobiNetallows experimentsof differentscale,communicationpatterns,andnodemobility
thanmaybeavailablethrougha particularhardwarecon®guration.

Thispaperdescribesthereal-timehop-by-hoppacket emulationin MobiNetalongwith threeinter-changeablemod-
ules supportingvariousmobility models,MAC layer protocols,and ad hoc routing protocols. In particular, we
describeandevaluateour implementationof a waypointmobility model,the802.11MAC layer, andtheDSRrout-
ing protocol. Our comparisonsagainstthe popularns simulationverify the relative accuracy of our work, while
quantifyingMobiNet's performanceandscalability. Finally, we show thepower of our emulationenvironmentby
runninganunmodi®edvideoplaybackapplicationcommunicatingacrossanemulatedlarge-scalemulti-hop802.11
network usingDSRon stockhardware/software.
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