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The current stateof the art in evaluatingapplications
and communicationprotocolsfor ad hoc wirelessnet-
works usuallyinvolveseithersimulationor small-scale
live deployment. Larger-scalelive deploymentis typi-
cally costlyanddif�cult to runundercontrolledcircum-
stances.Simulationallows more �e xibility in varying
systemcon�gurations, but requiresthe duplication of
applicationandnetwork behavior within the simulator.
While simulationandlive deploymentwill clearlycon-
tinueto play importantrolesin theevaluationof mobile
systems,wepresentMobiNet, a third point in thisspace.
In MobiNet, thecommunicationof unmodi�ed applica-
tions running on stock operatingsystemsis subjectto
thereal-timeemulationof a user-speci�edwirelessnet-
work environment.MobiNet utilizesa clusterof emula-
tor nodesto appropriatelydelay, dropor deliverpackets
in a hopby hopfashionbasedon MAC-layerprotocols,
adhocroutingprotocols,congestion,queuing,andavail-
able bandwidthin the network. Our evaluationsshow
that MobiNet emulationis scalableandaccuratewhile
executingrealcode,includingvideoplayback.

I. Introduction

Modernwirelessmobile systemshave becomean
increasinglypopular technologyin the past few
years. Of particularinteresthasbeenthe prolifer-
ationof ad-hocwirelessnetworking wheremobile
nodesform peerrelationshipswith oneanotherto
relayinformationthroughthenetwork.

Onekey challengein this areahasbeenevaluat-
ing the protocolsandapplicationsthat function in
this environment in a scalableand accurateman-
ner. It is dif�cult and costly to deploy and coor-

� An initial versionof thispaperappearedasashortpaperin
the WirelessTraf�c MeasurementsandModeling Workshop,
(WiTMeMo 2005). The currentMC2R submissionhasvali-
dationexperimentsincludingcomparisonof our infrastructure
with the popularns2simulator, which werenot addressedin
theWiTMeMo version.We have alsodescribedin detaileach
componentof our emulationenvironmentandourexperiences
in usingit.

dinatedevelopmentsoftwareon a large numberof
realmobilenodes.It is alsodif�cult to control the
operatingconditionsof suchanexperimentfor ob-
taining reproducibleresults.Live deploymentalso
makes it dif�cult to reasonaboutthe behavior of
a wirelesssystemunder varying systemassump-
tions, suchas different MAC layers,communica-
tion protocols,andwirelesscommunicationranges.
To overcometheseexperimentallimitationsof live
evaluations,researchershave developedsimulation
enginesthatattemptto mimic thebehavior of mo-
bile systemsby modelingpacket loss,queuingde-
lays,MAC-layerbehavior, andcongestion.Appli-
cationcodeis typically re-writtento conformto the
simulationenvironment.While requiringincreased
development,thisapproachalsoleadsto lossin ac-
curacy as the behavior of an unmodi�ed applica-
tion runningover a realoperatingsystem,network
stackandhardwareis lost. Finally, accuratesimu-
lationenvironmentsfacesigni�cant scalabilitylim-
itations,often toppingout at a few tensof mobile
wirelesshosts.

MobiNet is an emulationenvironmentdesigned
to overcomesomeof the accuracy andscalability
challengesin mobile evaluation. The goal of our
work is to allow systemdevelopersandresearchers
toevaluatethebehavior of theirmobileandwireless
systemsunderarangeof conditionsin acontrolled,
reproducibleexperimentalenvironmentleveraging
acommodityworkstationcluster.

Wewish to useMobiNet to answerthefollowing
typesof questions:

� How scalableis a new ad hoc routing proto-
col for a targetapplicationdeployment,MAC
layer, andnodemovementpattern?

� What effect doesa variant of TCP or a new
reliableMAC layerhaveonend-to-endbattery
consumption?

� How resilient is the routing infrastructureto
thefailureof a varyingpercentageof wireless
nodesassumingdifferenttopologies,commu-
nicationpatterns,androutingprotocols?
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To supportthe above typesof experiments,we
designedMobiNet to emulatea target mobile net-
work onascalableLAN cluster(with gigabitinter-
connect),enablingresearchersto deploy unmodi-
�ed IP-basedsoftwareandsubjectit to faults,vary-
ing network conditions,differentroutingprotocols,
and MAC layer implementations. We con�gure
edgenodesrunning userspeci�ed OS and appli-
cation software at the IP-layer to route packets
throughoneor moreMobiNetcorenodesthatcoop-
erateto subjectthetraf�c to thebandwidth,conges-
tion, andlosspro�le of thetargetwirelessnetwork
topology. Becauseemulationoccursin the core
nodes,clientnodescanhavearbitraryhardwareand
softwarecon�gurationsandcanremainunmodi�ed
in this environment. In our experiments,we use
Linux-basedPCsasclients,thoughour emulation
environmentis generalto avarietyof operatingsys-
tems.

We built MobiNet as an extensionto the pub-
licly availableModelNetwide-areanetwork emu-
lation software [15]. We leveragethe observation
that packets operatingin target wirelessnetwork
environmentswill have signi�cantly lessavailable
bandwidthandwill incurmoredelaythanavailable
in today's commoditylocal areanetwork technol-
ogy. Thus,weareableto appropriatelydelaypack-
ets as they travel throughan emulatedmulti-hop
network. Relative to wide-areaemulationavail-
able throughModelNet, we must addressseveral
key challengesto successfullyemulatelarge-scale
multi-hop wirelessnetworks. First, for wide-area
networks, it is, typically, not necessaryto emulate
MAC layer characteristicson a hop-by-hopbasis,
asthebehavior of theMAC layer(e.g.,Ethernetor
802.3)doesnot usually impact end-to-endpacket
behavior. However, thebehavior of theMAC layer
(e.g., various �a vors of 802.11)signi�cantly im-
pactsthebehavior of multi-hopwirelessnetworks.
Next, nodemobility andpositionplaysasigni�cant
role in mobile and wirelessenvironments,while
nodesaremostly stationaryin the wide-area. Fi-
nally, the behavior of the routing protocolplaysa
critical role in the performanceof multi-hop and
ad hoc wireless networks. The baseModelNet
implementationprecomputesall-pairsshortestpath
routesamongall hosts.Clearly, thisapproachis in-
adequatefor evaluating,for example,ad hoc rout-
ing protocolsundera rangeof mobility models.

In this paper, we describeour experiencesin ac-
curateandscalableemulationof large-scalewire-
lessnetworks, with a particularfocuson: i) MAC

Figure1: ModelNetArchitecture

layer emulation, ii) node mobility, and iii) rout-
ing protocol emulation. We presentexperimental
evaluationof theworkingMobiNetsystem,includ-
ing supportfor IEEE802.11MAC layeremulation,
variousnodemobility models,andtheDSR[4] ad
hocroutingprotocol.

We demonstrateMobiNet's accuracy by compar-
ing execution of our systemrunning unmodi�ed
applicationbinariesto ns2 simulation with simi-
lar communicationpatterns. We further quantify
the scalability of MobiNet and �nd that a single
MobiNetcorecanforwardupto 89,000packetsper
second.Using just oneMobiNet coreand2 phys-
ical edgenodes,we have beenable to emulatea
200-nodetopology, forwardingapplicationpackets
in realtime. We alsopresentresultsfrom running
unmodi�ed binaries(video playback)that demon-
stratethepower and�e xibility of oursystem.

The remainderof this paperis organizedasfol-
lows: SectionII providesanoverview of thebase-
line hop-by-hopemulation environment, Model-
Net. SectionIII describesthedetailsof the Mobi-
Net framework. We evaluateMobiNet's accuracy
andscalability in sectionIV. SectionV describes
our experiencesin deploying real unmodi�ed ap-
plicationsover MobiNet. We discussrelatedwork
in sectionVI and presentour conclusionsin sec-
tion VII.

II. ModelNet Overview

MobiNetextendsthewirednetwork emulationpro-
vided by ModelNet [15]. While the detailsof the
ModelNet infrastructureare beyond the scopeof
this paper, we provide a brief overview here for
completeness,particularly as it pertainsto Mobi-
Net. ModelNet was initially developedfor test-
ing large-scaledistributedservicesfor wired wide-
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areanetwork environments. The ModelNetarchi-
tectureis composedof EdgeNodesandCoreNodes
as shown in Figure 1. Edgenodesin ModelNet
can run arbitrary architecturesand operatingsys-
tems.They runnativeIP stacksandfunctionasthey
would in realenvironmentswith theexceptionthat
they arecon�guredto routeIP traf�c throughMod-
elNet cores. ModelNetcorenodesrun a modi�ed
versionof FreeBSDto emulatetopology-speci�c
hop-by-hopnetwork characteristics.

Target applicationsrun on edgenodesas they
would in a real setting. However, to decrease
the numberof client (edge)machinesrequiredfor
large-scaleevaluations,the ModelNetarchitecture
allows for Virtual Edge Nodes(VNs). VNs enable
the multiplexing of multiple applicationinstances
on a singleclient machine,with eachinstanceget-
ting its own uniqueIP address.ModelNetclients
useinternalIP addresses(10.*), thusthenumberof
clientsthat canbe multiplexed onto an edgenode
is not limited by IP addressspacelimitations, but
rather by the amountof computationalresources
(e.g. threads,memory)that the target application
uses. ModelNetcon�gures all VNs to route their
traf�c throughaparticularModelNetcore.

Upon receiving a packet from a client, a core
noderoutesthetraf�c throughanemulatednetwork
of pipes,eachof which representsa reallink in the
target topology. Eachpipeis associatedwith emu-
lation valuesfor packet queuesizeanddiscipline,
bandwidth,latency andloss-rate.ModelNetcores
storepipesthroughwhich packets traversefor ev-
ery source-destinationpair in an n2 matrix. Cores
delay, shape,or drop input packets accordingto
theemulationcharacteristicsfor eachpipe,with the
emulationtakingplacein realtime. Hence,packets
traversetheemulatednetwork with thesamerates,
delays,andlossesasthey would in a realnetwork.
When a packet exits the chain of pipes, the core
transmitsthe packet to the edgenodehostingthe
destinationVN.

A �o w diagramof theModelNetpacket process-
ing in FreeBSDis shown in Figure2. The grayed
boxesarenot partof the ModelNetkernelmodule
andrepresentsomeof theMobiNet extensions,de-
scribedfurtherbelow. Theroutingmodule(in light
gray) is responsiblefor all routingdecisionsmade
by thecore.Uponreceiving apacketfromaVN, the
coreperformsa lookupin theroutematrix to deter-
mine the chainof pipesthroughwhich the packet
should traverse. Oncethe emulationthroughthe
pipesis complete,ip-output in FreeBSDforwards

thepacket to theedgenodesupportingthedestina-
tion VN.

III. The MobiNet Framework

This sectiondescribesour MobiNet extensionsto
theModelNetframework to supporttheevaluation
of wirelessand ad hoc networks. Like Model-
Net, theMobiNet architectureis composedof edge
nodesandcore nodes. The edgenodessupporta
varietyof platformsandoperatingsystems.While
we performour currentexperimentson edgenodes
runningLinux, our edgenodescould be a combi-
nationof differentdeviceslike laptops,PDAs, etc.
runningdifferentoperatingsystems.As in Model-
Net, edgenodesin MobiNet hostmultiple virtual
nodes(VNs) to allow for large-scaleemulations.
MobiNet coresemulatewirelessnetwork behavior
at multiple layerswhile eventuallyroutingpackets
to theedgenodehostingthedestinationVN.

Relative to wide-areaemulation,a mobile sys-
tem emulationmust perform the following addi-
tional critical tasks. First, MobiNet must emu-
latemobility behavior, i.e.,differentmovementpat-
ternsof nodesin the topology. Second,MobiNet
routing mustbe dynamic. MobiNet implementsa
routing module that tracks the position of nodes
and maintainsa list of nodeswithin transmission
rangefor eachnode. The routing module is re-
sponsiblefor �nding routesto destinationnodesas
nodesin the topology follow different movement
patterns.Third, MobiNet accountsfor MAC layer
collisions.Effectsof packet lossesdueto collisions
in the MAC layer play an importantrole in wire-
lessnetworks, thus requiringMobiNet to emulate
MAC layerbehavior. Thephysicallayeralsoplays
an importantrole in wirelessnetworks, hencewe
supportfreespacepropagationandtwo-rayground
re�ection models[1]. Supportingotherpropagation
modelsshouldbe straightforward as they become
available.

While we implementthe above modulesin the
core,analternatedesignchoicewould involve im-
plementingthemin theedgenodes.Wechoseto in-
corporatetheabovemodulesin thecoresothatedge
nodescanbeleft unmodi�ed to supportmany plat-
forms and operatingsystems. Another important
considerationis thatusershave theoptionof selec-
tively turningoff MAC, physicalandrouting layer
emulationsat the core. One can directly plug in
wirelessdevicessuchasPDAs or laptopswith com-
mercialoff theshelfMAC cardsdirectlyto thecore.
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Figure2: MobiNetModules

Thisobviatestheneedfor thecoreto performMAC
layeremulation.For adhocwirelessnetworks,the
wirelessdevicescouldalsorunaninstanceof anad
hocroutingprotocolon theedgehost.This feature
allowsusersto evaluaterealphysicalandMAC lay-
erswith thecoresconcentratingonpacket forward-
ing functionality. However, we believe that while
this approachwill bemoreaccuratedueto thefact
that it usesa real MAC layer, it will not offer the
scalabilitythat onewould get by emulatingphysi-
cal, MAC, androutingprotocolsat thecores.An-
otherdisadvantageof this approachis its inability
to modelnodemobility. Sincethewirelessdevices
aredirectly pluggedinto the core, they cannotbe
mobile.

By dividing mobile behavior under functional
lines, MobiNet's modulesare more easily devel-
oped and replaced. This allows experimentsto
usedifferentcombinationsof modules,leadingto
amore�e xible andpowerful emulationframework.
For example, one can comparedifferent ad hoc
routing protocolsby plugging in different routing
moduleswhile keepingthemobility andMAC em-
ulationmodulesconstant.This providesa fair and
consistentevaluation of the routing protocols in
question. Alternatively, one can comparehow a
particularad-hocroutingprotocolperformsor how
muchenergy is consumedfor a targetcommunica-
tion patternwhen using different MAC modules.
This structureenablesdirect performanceevalua-
tion of mobileandwirelesssystemsin a varietyof
scenarios.We believe this modularity to be criti-
cal to theultimateutility of theMobiNetemulation
infrastructure.

Figure2 depictstheinteractionsbetweenthedif-
ferentmodulesin MobiNet. Weimplementthemo-
bility model througha user level applicationthat
downloadsnew nodemovement�les into theMobi-

Net core's kernel at userspeci�ed time intervals.
The routing moduleusesthis information to �nd
new routesasexisting routesbecomestale. Once
a packet entersthe system,it is handedup by the
ipfw modulein theFreeBSDkernelto theMobiNet
module.Theroutingmoduleis now responsiblefor
�nding a pathto sendthis packet to its destination.
Thepathis basicallya list of nodesthroughwhich
thepacket hasto traversebeforereachingits desti-
nation. Oncethe pathis obtained,the MAC-layer
moduleemulatesthepacket transmissionaccording
to the speci�ed attributesof eachpipe in the path.
Thuspipesin MobiNet correspondto thetransmis-
sioncapacityof their associatednodes.Thepacket
traversesevery intermediatenode's pipe,subjectto
queuingdelaysandcongestionateverynode.Once
the packet successfullyreachesthe last hop in the
path,thepacket is thensentto thevirtual nodehost-
ing thepacket's destination.

Thus,transmittingapacket from sourceA to des-
tinationB via nodesC, D, andE will involve send-
ing the packet throughpipesA, C, D and E be-
fore �nally relayingit to destinationB. Eachpipe
maintainsa queuefor storingpackets that needto
be transmittedfrom that particularnode. Queues
areimplementedin drop-tailfashionandholdupto
50 packetsfor theexperimentsthatwe describein
thispaper, thoughthisvalueis con�gurable.All at-
tributesof pipessuchasbandwidth,queuesizeand
lossrateareuser-con�gurable.Theattributevalues
for eachnodecan be downloadedinto the core's
kernelusingthesysctlfunctioncall in FreeBSD.

Runningexperimentsin MobiNet is a threestep
operation: topology creation,assignmentof VNs
andpipesto hostsandcoresrespectively, andap-
plication execution. First, a usercreatesa desired
wirelesstopology. MobiNet associatespipeswith
eachnodein thewirelesstopologyin orderto per-
form the emulation and evenly distributes these
pipesacrossthecoresto distribute emulationload.
Next, MobiNet assignsVNs in ouremulatedtopol-
ogy to theedgenodes.It bindseachapplicationin-
stanceto therespective VN andexecutestheappli-
cationsin the MobiNet emulationframework. We
now describeeachof MobiNet'smodulesin greater
detail.

III.A. Mobility

The mobility module is a user-level application
that generatesvarious node positionsand neigh-
bor lists consistingof all nodeswithin a speci�ed
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node's transmissionrange.Themoduledownloads
this information into the kernel of the MobiNet
coresat regular user-speci�ed intervals. Alterna-
tively, wecouldcalculatethesepositionsandneigh-
bor lists in realtimewithin the core's kernel. Do-
ing so,however, would causesigni�cant overhead
since�oating point operationswould be required
in the kernel (which arenot natively supportedin
FreeBSD).Instead,MobiNet'smobility application
pre-computesthis information,storesthevaluesin
time indexed�les anddownloadsinto thekernelin
realtime,enablingvariousmovementpatternsdur-
ing emulation.

One interestingparameterin MobiNet's emula-
tion is thatof the interval usedto refreshnodepo-
sitions within the core's kernel. If the interval is
too high, valuablekernel processingis wastedin
readingnew nodecoordinatesfor valuesthat have
changedlittle. If this interval is too low, nodecoor-
dinatesquickly becomestale. Whendownloading
new coordinates,many routessuddenlyareinvalid,
leadingto astormof routingupdates.Bothof these
anomaliesultimatelyleadto inaccurateresults.

MobiNetattemptsto bridgethegapbetweenker-
nelperformanceandaccuracy by choosinganinter-
val valuethatprovidesgoodperformanceandaccu-
rateresultsundera wide varietyof emulations.We
foundthatsettingthenodepositionrefreshratesto
0.5 secondsprovidesgoodresultsfor our testsce-
narios,with nodevelocitiesup to 20 m/s. While
we candownloadnew positionsinto the kernelat
a muchlower granularity, we foundthattheresults
obtainedat0.5secondrefreshratecomparedfavor-
ablywith lowervaluesof refreshinterval, andwith-
out incurringtoo muchoverhead.However, there-
freshinterval is usercon�gurableandfor highnode
mobility, it is recommendedthatusersspecifyalow
refreshinterval, while in scenarioswherethenodes
moveatrelatively low rates,therefreshinterval can
behigher.

Ourcurrentmobility applicationsupportstheran-
domwaypointmobility model[1], thoughMobiNet
cansupportarbitrarymovementmodels.In ourap-
plications,usersspecifythe topologysize,the du-
ration of the experiment,the maximumspeedof
nodes,themovementpausetime, theinterval of de-
siredoutput,and the seedfor the randomnumber
generator(this allows usto recreateexactmobility
�les andaverageresultsover variousseeds).The
mobility application createstime-indexed move-
ment�les thatincludethecurrentpositionsof each
nodeandthe neighborlists for eachnode. These

movements�les canbe readby the MobiNet core
during the executionof the experiment. We also
provide an interfaceto export the samemovement
�les to ns2 [10] allowing us to directly compare
MobiNetemulationswith ns2simulationsfor iden-
tical nodemovementpatterns.By default (andfor
ouremulations)weuseatransmissionrangeof 250
meters,thoughthisvalueis con�gurable.

III.B. MAC Layer Emulation

Our modularemulationapproachis amenableto a
wide rangeof modelsfor the MAC layer. In this
section,we describethe emulated802.11channel
basedon IEEE's 802.11standardspeci�cationthat
we implementedin MobiNet. For brevity, we leave
out detailsof 802.11bspeci�cationsin this paper.
However, we stressthat there is no perfectly ac-
curateMAC layer model. For instance,it may be
more appropriateto emulatebit errors on a per-
packet basisbasedon measurementsof a livewire-
lessnetwork deploymentasdonein TOSSIM [7].
This approachwould certainly reducethe over-
headof ourcurrentimplementationandwouldhave
somebasis in measurement.However, it would
comewith thedownsideof not capturingpotential
radio interferencefrom simultaneouspacket trans-
mission.

We implemented the MAC model along
802.11b's speci�cationsfor RTS-CTS-Data-ACK.
As in thespeci�cation,wecanturnoff RTS-CTSin
our moduleasnot all operationalnetworksusethis
option. In ourcurrentimplementation,wemaintain
a global list for all the nodesin our systemcalled
thein-�ight list. Correspondingto eachnodeentry
in the list, we maintain the currentpacket being
transmittedby that nodealong with the start and
calculatedend transmissiontimes (determinedby
the bandwidthof the mediumand the size of the
packet).

Beforea nodebegins transmittinga new packet,
it checksthis list to ensurethat noneof its neigh-
bor nodesaretransmittingat that time. If noneof
its neighborsaretransmittingandthe mediumhas
beenidle for DIFS (DSC InterframeSpace)sec-
onds,thenodebegins its transmissionandupdates
its statusin the in-�ight list. If two entriesin this
list are destinedfor the samereceiver at overlap-
ping time intervalsor if thereceiver cannotreceive
thepacketscorrectlydueto collisionwith otheron-
going transmissionsat that time, we mark thecor-
respondingpackets as captureddependingon the
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power level at which they were received. More
detailsof our implementationaredescribedin [8].
If a packet wassuccessfullytransmitted,it is then
movedto thequeueof thenext pipe.

Moving packetsfrom onepipeto anotherin Mod-
elNet operatesas follows. We maintain a heap
of pipes sortedby earliestdeadline,where each
pipe's deadlineis de�ned to be the time that the
�rst packet in its queuewould completeits traver-
sal of that pipe. The MobiNet schedulerexecutes
onceevery clock tick (currently 10Khz) and runs
at thekernel's highestpriority level. Thescheduler
traversesthe heapfor all pipe deadlineslater than
the currenttime. The descriptorfor the packetsat
theheadof thequeuefor eachof thesepipesis re-
movedandeither: i) movedto thetail of thequeue
for thenext pipeonthepacket'spathfrom sourceto
destination,or ii) thepacket itself is scheduledfor
delivery (usingthekernelsip outputroutine)in the
casewherethepacket hasreachedits destination.

The physical layer plays an important role in
the performanceand energy consumptionof mo-
bile and wirelesssystems. We implementedthe
freespacemodelandthetwo-raygroundre�ection
model that predict the received power as a deter-
ministic functionof distance[1]. Whena packet is
received,beforebeingprocessedby theMAC layer,
wecomputethepowerlevel atwhichthepacketwas
received.Wecomparethisvalueto thecarrier-sense
thresholdandthereceive threshold.If thereceived
power level is below thecarrier-sensethreshold,we
discardthepacket asnoise,while if thepower level
is above the carrier-sensethreshold,but below the
receive threshold,it is marked in error. In caseof
overlap of two packets at the receiver, we check
thepower levelsat whichboththepacketswerere-
ceived. If thepower level of oneof thepacketsis at
least10dB greaterthanthepower level of theother
packet, we assumecaptureandthe weaker packet
is dropped.Otherwise,we assumethat thepackets
interferewith oneanotheranddropboth.

III.C . Dynamic Routing

As with all other MobiNet modules,we imple-
menttheroutinglayerasapluggablemodulein the
FreeBSDkernel.TheMobiNetcoremakesacall to
thisroutingmoduleto retrievepathsfor thepackets
thatit receives.Wehave implementedtheDynamic
SourceRoute(DSR) [3, 4] protocol in the Mobi-
Netcore.DSRusessourceroutingratherthanhop-
by-hoprouting. While we choseDSR in our cur-

rentimplementation,DSRcanbereplacedwith any
otherad-hocroutingprotocolsuchasAODV [13],
DSDV [14], or TORA [11, 12]. Our genericde-
signandthefactthateachcomponentin MobiNetis
pluggableandnot dependenton othercomponents
enableus to implementa broadrangeof routing
modulesin thekernelwith relative ease.

Whena packet entersthe MobiNet core,Mobi-
Net queriesits per-noderoutecacheto checkif a
routeexists for that source-destinationpair. If so,
it appendsthe sourceroute to the packet and the
packet is transmittedhop-by-hopasdictatedby the
routeandtheoccupancy of sendqueuesat interme-
diatenodesalongthepath.If a routeis notpresent,
MobiNet buffers packetsreceived for that destina-
tion while it performstheDSR ROUTE DISCOV-
ERY mechanismas describedin [3, 4]. In our
experiments,we allow nodesto buffer up to 50
packets while awaiting routes, though the buffer
size is con�gurable. Once the senderreceives a
ROUTEREPLY to its ROUTEREQUEST, it stores
the routein its cache,appendsthe sourcerouteto
all thepacketsstoredin this buffer for thatdestina-
tion andbeginstransmittingthepackets.To ensure
thatroutesstoredin thecachearevalid, nodesalso
periodicallyperformROUTE MAINTENANCE as
speci�edin theDSRprotocol.

OurDSRimplementationdoesnot implementall
of theoptimizationsin theDSRspeci�cationsand
incorporatedin ns2. Speci�cally, in salvage-with-
cache, a nodeconsultsits cachefor a route on a
transmitfailure and salvagesthe packet using the
route from its own cacheif possible. The node
alsomarksthepacket assalvagedto preventa sin-
gle packet beingsalvagedmultiple times. Next, in
use-TAP, a nodecanusepromiscuousmodelisten-
ing to overhearpackets not intendedfor its MAC
addressandthusupdateits cachewith routesfrom
overheardpackets. Finally, with ring-zero-search,
a node�rst sendsa non-propagatingROUTE RE-
QUEST to its neighborsand waits to hear back
from them. The neighborsdo not forward this re-
questto their neighbors,only replyingbackif they
have the route in their cache. If the nodehasnot
heardback from any neighborwithin a timeout,
it transmitsa standardpropagatingROUTE RE-
QUEST. Theaboveoptimizationsdonotimpactthe
correctnessof theprotocol,althoughthey improve
performance,for instance,by lowering the over-
headdueto controlpackets.
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IV . Evaluation

In this section,we describeour experiencesusing
MobiNet for evaluating ad hoc wirelessapplica-
tions. Our evaluationfocuseson testingMobiNet
for scalabilityaswell asaccuracy.

We have written andtesteda simpleapplication
usingnative UDP and in the ns2simulatorto en-
ablecomparisonsbetweenMobiNet emulationand
ns2simulation.Theapplicationestablishessimple
constantbit rate (CBR) streamsbetweensenders
and receivers using UDP. Eachsendersendsdata
to exactly onereceiver. Our CBR communications
consistsof 64-byte packets sent from eachnode
(sender)at therateof 4 packetspersecond.While
it is impossibleto guaranteethatboththenativeand
ns2versionsof theapplicationfunctionidentically,
its simplicity leadsto the testapplicationexhibit-
ing verysimilarbehavior in bothenvironments.Us-
ing thisapplication,weexecuteanumberof exper-
imentsto evaluatetheperformance,scalability, and
accuracy of thedifferentmodulesin MobiNet. The
goalof our accuracy androutingoverheadtestsare
to reproducetheexperimentsdescribedin [1].

In all of our experiments,MobiNet edgenodes
consistof Pentium4 2.0 GHz PCswith 512 MB
memoryrunninglinux version2.4.2.We usea sin-
gle Pentium3 dual processorwith 2 GB memory
supportingFreeBSDversion4.5 as our MobiNet
core.Weconductourns2experimentsonmachines
similar to our edgenodes.MobiNet providesvar-
ious packet statisticsthat enableus to determine
the numberof packets sent,packets droppeddue
to MAC collision, andotherusefulmetrics. Like-
wise,wemakeuseof ns2trace�les to extractthese
metrics.

With our mobility application,we simulatethe
random waypoint mobility model using various
seedsand pausetimevalues,resultingin different
movementpatterns.For mostof our experiments,
we specifya neighbor-refreshinterval of 0.5 sec-
onds.

IV .A. Core Performance

In our �rst experiment,we setout to quantify the
numberof packets per secondthe MobiNet core
router could emulatewithout saturatingthe core.
We ranour experimentson a topologycomprising
200nodes.

Weemulate200VNs spreadacross2 edgenodes.
We disable the mobility module to decreasethe

overheaddue to DSR. ThusDSR is invoked only
oncefor a source-destinationcombination. Once
a route to a particulardestinationis found by the
routingmodule,theroutedoesnot change.We as-
sociatea senderapplicationwith every VN on one
edgemachine,and a listenerapplicationwith ev-
ery VN on theotheredgemachine.Senderstrans-
mit 64-byteUDP packetsat a constantbit rateto a
speci�c listener, therebyaccountingfor 100 �o ws
from the senderedgemachineto the lister edge
machine. Eachsourcesendspackets in exactly 1
hop to exactly one destinationwhich is also the
node'ssoleneighbor. Thus,therearenopacketcol-
lisions. We alsoset the DIFS andSIFSvaluesin
the 802.11bspeci�cationsto zeroasthe goal is to
gaugethe maximumnumberof packetsthat could
be sentthrougha singleMobiNet core. The core
runs with a clock resolutionof 10Khz, meaning
thatwe areableto accuratelyemulateeachpacket
hopto within 0.1msaccuracy. Evenfor end-to-end
pathlengthsof 10hops,packet transmissiondelays
areaccurateto within 1 ms, suf�cient for our tar-
getwirelessscenarios,especiallywhenconsidering
end-to-endtransmission,propagation,andqueuing
delays.Thisaccuracy holdsupto andincludingthe
peakemulationratebecauseMobiNet's emulation
runsat thekernel's highestpriority level.

CPU Pkts/sec Pkts/sec Pkts/sec
utilization forwarded forwarded forwarded
atcore for 1hop 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% 89K 50K 35K

Table1: Forwardingcapacityat theCore

We measurethroughputin termsof packets per
secondandCPUutilization at thecorefor varying
packet transmissionrates.We ransimilar testsbut
with differenttopologies,so thateachpacket from
thesendermusttraverse3 hopsand5 hopsrespec-
tively beforereachingthe destination. Again, we
ensurethattherewerenocollisionsandnodeshave
only their communicationpartnersas their neigh-
bors. In thecasewhereeachpacket hasto traverse
only 1 hopbeforereachingthedestinationVN, we
�nd that the core is able to processup to 89,000
packets per second. As the numberof hopsthat
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Figure 3: Squaretopology usedfor MAC validation.
Nodes1, 2 3 and4 sendpacketsto node5

eachpacket hasto traverseincreases,we �nd that
the total numberof packets that the corecan for-
ward per seconddecreasesasthe corenow hasto
performmorework per packet. At maximumca-
pacity, whereeachpackethasto traverse5 hops,the
packet processingrateat thecoredropsto 35,000.
Wesummarizeour resultsin Table1.

IV .B. MAC layer accuracy

Validating the behavior of our MAC layer imple-
mentationis dif�cult as no known emulationor
simulationtechniquecanaccuratelypredictthebit
errorratesor radio interferenceunderarbitraryde-
ploymentscenarios.We believe our architectureto
be generalto a wide variety of MAC layer mod-
els. However, to gain somebaselinecon�dence
in the accuracy of our 802.11bMAC model, we
conductmicro-benchmarksto compareMobiNet's
MAC layer behavior with that of ns2's MAC im-
plementationfor a varietyof topologiesandpacket
transmissionrates. Sincethe packet transmission
rate is dependentuponthe timing andrateof col-
lisions, we hypothesizethat if MobiNet and ns2
deliver the samepacket throughputundera range
of conditions,thepacket collision andbackoff be-
havior is likely to be similar. We chooseseveral
topologiesandcon�gure nodesto sendpackets to
eachotherat differentrates.Sincewe arecompar-
ing theperformanceof ourMAC model,weturnoff
DSR andsupplyMobiNet with precomputedrout-
ing tables. Nodesarestationary, hencethe routes
arevalid for theentiredurationof theexperiment.

Figure 3 depictsone such topology. We place
four nodesat the four cornersof a squareof side

40 pkts/sec 400pkts/sec
Sender ns MobiNet ns MobiNet
node1 10000 10000 4573 4634
node2 10000 10000 4603 4527
node3 10000 10000 4697 4594
node4 10000 10000 4635 4674

Table2: Packetsreceivedby centralnode(node5)
in squaretopologyfor ns2andMobiNet for various
sendingratesof 40 and400pkts/sec

300 meters.We placea �fth nodeat thecenterof
thesquare.All thefour nodesat thecornersof the
squaresendpacketsto thecentralnode.Thetrans-
missionrangeof the nodesis 250 meters. Each
cornernodesendsa total of 10,000UDP packets
to the centralnode,whereeachpacket is 64 bytes
long. We report the total numberof packets that
the centralnodereceivesfrom eachof thesenders
in both MobiNet and ns2. We presentresultsfor
packet transmissionratesof 400 pkts/secand 40
pkts/sec.As thepacket transmissionrateincreases,
the contentionat the centralnodeincreases,lead-
ing to morepacket drops. For lower packet send-
ing rates,contentionis notanissueat thereceiving
nodeandhenceit receivesall thepacketsfrom all
sendingnodes. The valuesshown in Tables2 are
averagedover3 runsof theexperiment.Weseethat
theaveragenumberof packetsreceivedby thecen-
tral nodefrom the4 sendersin bothns2andMobi-
Net is approximatelythesame.

We run similar experimentsfor differenttopolo-
giesandverify theaccuracy of ourMACimplemen-
tation. In all caseswe �nd that MobiNet andns2
hadsimilarpacket delivery ratios[8].

IV .C. Routing Accuracy

We validate the emulationaccuracy of MobiNet
by comparingexperimentalresultsobtainedfrom
MobiNet to thatfrom ns2for oursimpleCBRcom-
munication.Weusethe802.11bMAC protocoland
DSR implementationsavailablein ns2. Using our
mobility model, we generateidentical movement
�les for bothns2andMobiNet.

In our �rst accuracy experiment,50 nodesmove
accordingto therandomwaypointmodelin a rect-
angularstrip of size 1500 metersby 300 meters
with a maximumspeedof 20 m/s. We choose10
nodesto be the designatedsendersin a random
fashion.Eachsendertransmitsall of its packetsto a
�x edrandomlychosendestinationfor theduration
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Figure4: Packet delivery ratio asa function of pause
time in ns2andMobiNet with identicalsetsof DSRop-
timizationsandmaximumspeedof 20m/s.

of theexperiment.Becauseour experimentranfor
300seconds,eachCBRsends1200packetsfor ato-
tal of 12000packetssentin aggregate.Wemeasure
thepacket delivery percentagefor theabove exper-
imentin bothns2andMobiNet. Wevary thepause
timesfrom 0 seconds(high movement)to 300sec-
onds(nomovement).

Sincewe have yet to implement3 optimizations
of DSR in Mobinet, we comparethe performance
of Mobinet to that of ns2with the 3 optimization
optionsturnedoff. We �nd that MobiNet's packet
delivery ratio is very similar to thepacket delivery
ratio in ns2without theoptimizations.The results
aresummarizedin Figure4. To furthervalidateour
emulator, we repeatthepreviousexperimentswith
differentmaximumspeedand�nd that MobiNet's
packet delivery ratiomatchesthatof ns2[8].

IV .D. Routing Overhead

Weconductfurtherteststo determinethenumberof
controlpacketstransmittedby our implementation
of theDSRroutingprotocolrelative to thenumber
of controlpacketstransmittedby thens2implemen-
tation. While we vary themaximumspeedfrom 1
to 20m/s,in theinterestof space,wepresentresults
only for maximumspeedof 20 m/sin Figure5. As
in previousexperiments,we turnoff the3 DSRop-
timizationsin ns2.

IV .E. Scalability

Given the accuracy of our emulationexperiments,
we next considerthe scalability of our emulation
environment.Oneof themainbene�tsof MobiNet
over usinga simulatorsuchas ns2 is that experi-
mentscanberunin realtime.Simulatorsthatdonot
run in realtimehave theadvantagethatindependent
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Figure5: Routingoverheadin ns2andMobiNet with
identicalsetsof DSRoptimizations.Maximumspeedis
20m/s

of experimentcomplexity, it eventuallycompletes.
On the otherhand,emulatorsthat run in realtime
�nd theloadtoo greatat somestage.However, for
typicalexperiments,asingleMobiNetcoreis capa-
ble of forwardingup to 89,000packetspersecond
andthushasa distinctadvantageover ns2with re-
spectto time taken to completeexperimentsup to
this capacity. Thestructureof thesimulationenvi-
ronmentmeansthat simulatinga given con�gura-
tion typically proceedsslower thanrealtimefor the
scalesthatweconsider.

To quantifythis bene�t, we comparethetime re-
quiredto run experimentswith varyingnumbersof
senders.We usea 200 nodetopologywith nodes
distributedrandomlyin a 3000meterby 600meter
rectangle(resultingin thesamenodedensityasour
previousexperiments).For MobiNet,we distribute
200VNs across2MobiNetedgenodes.Weexecute
ns2experimentsonasinglemachinewith thesame
con�gurationasa MobiNet edgenode.We disable
nodemobility in both MobiNet andns2to reduce
the overheadof �nding routeswith DSR. Hence,
DSRonly needsto �nd routesto destinationsonce
(at thestartof theexperiment).

We vary thenumberof CBR sourcesfrom 10 to
40, with eachsenderonceagaintransmitting64-
byte packets at the rate of 4 packets per second.
Eachnodesendsa total of 1200packets. Figure6
shows the computationtime necessaryto execute
theexperimentfor MobiNetemulationandns2sim-
ulation.This is takenasthetime it takesfor theex-
perimentto completemultiplied by the numberof
machinesusedin theexperiment.In real time, this
experimenttakes5 minutes,as it takeseachCBR
300 secondsto transmitits shareof packets. As a
result,MobiNetusing3 machines(2 edgesandone
core),thustakes15 minutesof total machinetime.
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In contrast,ns2simulationtime of the experiment
increaseslinearly with the numberof CBR nodes.
In thecaseof 40 nodestransmitting,thens2simu-
lation lasts134.5minutes,comparedto MobiNet's
15-minuteemulation.

V. Deploying Real Applications

In this sectionwe demonstratetheutility andgen-
erality of our infrastructureby deploying andeval-
uating real unmodi�ed code,a video player over
MobiNet. We usedXAnim, a programthat plays
a wide variety of animation,audioandvideo for-
mats. Runningthesameapplicationon ns2would
bedif�cult to impossiblebecauseof theneedto port
theapplicationto ns2's environment.Our goalwas
to studytheperformanceof thethevideoplayerin
an ad hoc wirelessnetwork asa function of node
movement.

Westartedwith awirelesstopologyconsistingof
50nodesmovingaccordingto therandomwaypoint
model,wherethemaximumrandomspeedwasset
to 1 m/s. The nodesin our topologywerehosted
on two edgemachines,thus eachedgenodewas
responsiblefor 25 VNs. We deployed XAnim on
two randomlychosenVNs, with one hosting the
streamingplayerandtheotherhostingthedisplay.
Communicationbetweenthesetwo nodesranover
thex11protocol.TheVN executingXAnim would
sendits packetsto theMobiNet core,which would
useDSRto �nd a routeto theVN hostingthedis-
play. Oncetheroutewasfound,MobiNetemulated
eachpacket in a hop-by-hopfashion,subjectingit
to the contention,available bandwidthand delay
imposedby the MAC layer. Due to nodemove-
ment, if existing routeswent stale,DSR wasused
to �nd freshroutesto thedestinationVN.

Wereplayedthevideoin acontinuousfashionfor

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

Table3: x11 packetsexchangedbetween2 VNs in
a2 minuteinterval for variousmaximumspeeds:1,
5, and20 m/s

2minutes.Thevideohadatotalof 44frames(atthe
rateof 15 framespersecond).For lower nodemo-
bility scenarios,packet dropsdueto broken routes
waslow andweobservedthatthevideoplayedin an
almostcontinuousmanner. In a highly mobile en-
vironment,we foundthatthevideoclip wouldstall
periodicallyasaresultof packetdrops.Onceroutes
werefound,theclip wouldstartplayingagain.

We recordedthe total numberof XAnim pack-
ets exchangedbetweenthe two VNs for different
valuesof pausetime andmaximumspeed.We av-
eragedthe resultsover several runsof the experi-
mentandpresentthemin Table3. Whennodesare
stationary(300 secondspausetime), we note that
thetotal numberof packetsexchangedbetweenthe
streamingplayer VN and display VN are around
16100for variousvaluesof maximumspeed,while
this numberfalls to 5490packetswhenthe maxi-
mum speedof the nodesis set to 20 m/s and the
pausetime is 0 seconds.

VI. Related Work

ZhangandLi [19] built an infrastructuresimilar to
MobiNet for testingmobileadhocnetworks.How-
ever, theirwork doesnotsupportany routingproto-
col. Furthermore,theirschemedoesnot restrictap-
plication bandwidth,making experimentalresults
inaccuratefor many deployment scenarios. No-
bleandSatyanarayanan[9] usetrace-basednetwork
emulationto play backmeasuredmobile network
characteristicsto real applications. Our approach
generalizesthis technique,allowing usersto gener-
atetheirown mobility scenarios.Netbed[17, 18] is
anetwork testbedat theUniversityof Utah.Netbed
providesa testbedof real mobile nodesusingreal
mobile hardwareandsoftware. In contrastto our
work, Netbedis a real testingenvironment,not an
emulationor simulationinfrastructure.Emwin [20]
is a network emulatorsimilar to MobiNet. While
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Emwin performsMAC emulation,it doesnot im-
plement ad hoc routing protocols. Emwin also
mapsemulatedtopologiesas in MobiNet, it does
not, however, have separateedgenodesandcores,
somewhat limiting theoperatingsystemandappli-
cationscenariosthatthey maysupport,

JEmu[2] is anotheremulationsystemfor mobile
and ad hoc networks. Its scalability is limited as
eachemulatednodemustrunon adedicatedphysi-
cal machine.SeaWind [6] enableswirelessemula-
tion by changingvariousparametersets.However,
they do not provide a test-environmentfor ad hoc
routingprotocols.

Walsh and Sirer [16] have usedstagedsimula-
tion, a techniqueto improve the scalability and
performanceof network simulators. They have
shown that ns2tendsto scalepoorly with increas-
ing numberof nodes. By identifying and elimi-
natingredundantcomputationusingtechniqueslike
caching,they have shown that it is feasibleto im-
prove simulationtime of large wirelessnetworks.
TOSSIM[7] isasimulatorfor TinyOSwirelesssen-
sor networks. It capturesnetwork behavior by us-
ing aprobabilisticbit errormodel.TOSSIMcannot
capturethe real time packet collisions that might
take placefor a givenenvironment,insteadrelying
on theuserto specifythebit error ratefor a given
deployment,andenforcingthis error rateindepen-
dentof communicationtime or location. Juddand
Steenkiste[5] describeanapproachfor wirelessex-
perimentationusingarealMAC layer. While using
arealMAC layerhasadvantages,scalabilityis lim-
ited asdiscussedabove. Comparisonbetweendif-
ferentMAC layersalsobecomesmoredif�cult to
perform.

VII. Future Work and Conclusions

The overall goal of our work is to supportcon-
trolledexperimentationof avarietyof communica-
tionpatterns,routingprotocols,andMAClayersfor
emerging adhocwirelessscenarios,including lap-
tops,andPDAs. Currentapproachesto suchexper-
imentationincludesimulationandlivedeployment.
While eachclearlyhasits relative bene�tsandwill
continueto play an importantrole in mobile sys-
temdesignandevaluation,thispaperarguesfor the
power of modular, real-timeemulationasanother
importantpoint in thisdesignspace.

To this end,we presentthedesignandevaluation
of MobiNet, a scalableand accurateemulatorfor
mobile, wirelessand ad-hocnetworks. MobiNet

provides accuratemobile and wirelessemulation,
comparingfavorably with existing network simu-
lators while offering improved scalability. It al-
lows researchersto rapidly experimentwith a va-
riety of MAC, routing,andcommunication(layers
2-4) protocolsthat may not be easily available in
live deployments. MobiNet also supportsthe de-
ploymentof differentmobility and traf�c models.
It is a framework for researchersto performcom-
parative studiesof applicationsunder a rangeof
conditions. It enablesrepeatabilityof tests in a
mannerdif�cult to achieve with live deployment.
We further show the power of our emulationen-
vironmentby running an unmodi�ed video play-
back applicationcommunicatingacrossan emu-
lated large-scalemulti-hop 802.11network using
DSRonstockhardware/software.
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