26

MobiNet: A Scalable Emulation Infrastructure for Ad Hoc
and Wireless Networks
PriyaMahadean Adolfo Rodriguez David Becler Amin Vahdat
UC SanDiego IBM andDuke University Duke University UC SanDiego
pmahadean@cs.ucsd.edu razor@cs.dué.edu becler@cs.duk.edu vahdat@cs.ucsd.edu

The currentstate of the art in evaluating applications
and communicationprotocolsfor ad hoc wirelessnet-
works usuallyinvolveseither simulationor small-scale
live deployment. Largerscalelive deploymentis typi-
cally costlyanddif cult to runundercontrolledcircum-
stances. Simulationallows more e xibility in varying
systemcon gurations, but requiresthe duplication of
applicationand network behavior within the simulator
While simulationandlive deploymentwill clearly con-
tinueto play importantrolesin the evaluationof mobile
systemsye presentMobiNet athird pointin this space.
In MobiNet, the communicatiorof unmodi ed applica-
tions running on stock operatingsystemss subjectto
thereal-timeemulationof a userspeci edwirelessnet-
work ernvironment.MobiNet utilizesa clusterof emula-
tor nodesto appropriatelydelay drop or deliver paclets
in ahopby hopfashionbasedon MAC-layerprotocols,
adhocroutingprotocols congestiongueuingandavail-
able bandwidthin the network. Our evaluationsshov
that MobiNet emulationis scalableand accuratewhile
executingrealcode,includingvideoplayback.

[. Introduction

Modernwirelessmobile systemshave becomean
increasingly popular technologyin the past few
years. Of particularinteresthasbeenthe prolifer-
ation of ad-hocwirelessnetworking wheremobile
nodesform peerrelationshipswith one anotherto
relayinformationthroughthe network.

Onekey challengein this areahasbeenevaluat-
ing the protocolsand applicationsthat functionin
this ervironmentin a scalableand accurateman-
ner It is dif cult and costly to deplg and coor

An initial versionof this paperappeare@sashortpaperin
the WirelessTrafc Measurementand Modeling Workshop,
(WiTMeMo 2005). The currentMC2R submissiorhasvali-
dationexperimentsncludingcomparisorof our infrastructure
with the popularns2 simulator which were not addressedhn
the WiTMeMo version. We have alsodescribedn detaileach
componenbf our emulationervironmentandour experiences
in usingit.

dinatedevelopmentsoftware on a large numberof
realmobile nodes.lt is alsodif cult to controlthe
operatingconditionsof suchan experimentfor ob-
taining reproducibleresults. Live deploymentalso
malkesit dif cult to reasonaboutthe behaior of
a wirelesssystemunder varying systemassump-
tions, suchas different MAC layers,communica-
tion protocols andwirelesscommunicatiomanges.
To overcometheseexperimentalimitations of live
evaluationsyesearcherbave developedsimulation
engineghat attemptto mimic the behaior of mo-
bile systemdhy modelingpaclet loss,queuingde-
lays, MAC-layerbehaior, andcongestion.Appli-
cationcodeis typically re-writtento conformto the
simulationervironment.While requiringincreased
developmentthis approachalsoleadsto lossin ac-
curay asthe behaior of an unmodi ed applica-
tion runningover areal operatingsystemnetwork
stackandhardwareis lost. Finally, accuratesimu-
lation ervironmentstacesigni cant scalabilitylim-
itations, often topping out at a few tensof mobile
wirelesshosts.

MobiNet is an emulationenvironmentdesigned
to overcomesomeof the accurag and scalability
challengesn mobile evaluation. The goal of our
work is to allow systemdevelopersandresearchers
to evaluatethebehaior of theirmobileandwireless
systemsainderarangeof conditionsin acontrolled,
reproducibleexperimentalervironmentleveraging
acommodityworkstationcluster

We wishto useMobiNet to answerthefollowing
typesof questions:

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

What effect doesa variantof TCP or a new
reliableMAC layerhave onend-to-endattery
consumption?

How resilientis the routing infrastructureto

thefailure of a varying percentagef wireless
nodesassuminglifferenttopologies,commu-
nicationpatternsandrouting protocols?
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To supportthe above typesof experiments,we
designedviobiNet to emulatea target mobile net-
work onascalabld_AN cluster(with gigabitinter
connect),enablingresearcherso deploy unmodi-
ed IP-basedsoftwareandsubjectt to faults,vary-
ing network conditions differentrouting protocols,
and MAC layer implementations. We con gure
edgenodesrunning user speci ed OS and appli-
cation software at the IP-layer to route paclets
throughoneor moreMobiNetcore nodeghatcoop-
erateto subjecthetrafc tothebandwidthconges-
tion, andlosspro le of the targetwirelessnetwork
topology Becauseemulationoccursin the core
nodesclientnodescanhave arbitraryhardwareand
softwarecon gurationsandcanremainunmodi ed
in this ervironment. In our experiments,we use
Linux-basedPCsas clients, thoughour emulation
ernvironmentis generato avarietyof operatingsys-
tems.

We built MobiNet as an extensionto the pub-
licly available ModelNetwide-areanetwork emu-
lation software [15]. We leveragethe obseration
that paclets operatingin tamget wirelessnetwork
ervironmentswill have signi cantly lessavailable
bandwidthandwill incurmoredelaythanavailable
in todays commaoditylocal areanetwork technol-
ogy. Thus,we areableto appropriatelydelaypack-
ets as they travel throughan emulatedmulti-hop
network. Relatve to wide-areaemulationavail-
able through ModelNet, we must addressseveral
key challengedo successfullyemulatelarge-scale
multi-hop wirelessnetworks. First, for wide-area
networks, it is, typically, not necessaryo emulate
MAC layer characteristicon a hop-by-hopbasis,
asthebehaior of the MAC layer(e.g.,Ethernetor
802.3) doesnot usuallyimpact end-to-endpaclet
behaior. However, thebehaior of the MAC layer
(e.g., various avors of 802.11)signi cantly im-
pactsthe behaior of multi-hop wirelessnetworks.
Next, nodemobility andpositionplaysasigni cant
role in mobile and wireless ervironments, while
nodesare mostly stationaryin the wide-area. Fi-
nally, the behaior of the routing protocolplaysa
critical role in the performanceof multi-hop and
ad hoc wireless networks. The baseModelNet
implementatiorprecomputesall-pairsshortespath
routesamongall hosts.Clearly thisapproachs in-
adequatdor evaluating,for example,ad hocrout-
ing protocolsundera rangeof mobility models.

In this paper we describeour experiencesn ac-
curateand scalableemulationof large-scalewire-
lessnetworks, with a particularfocuson: i) MAC
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layer emulation, ii) node mobility, and iii) rout-
ing protocol emulation. We presentexperimental
evaluationof theworking MobiNet systemjnclud-
ing supportfor IEEE 802.11MAC layeremulation,
variousnodemobility models,andthe DSR [4] ad
hocroutingprotocol.

We demonstratdlobiNet's accurag 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
MobiNet corecanforwardupto 89,000pacletsper
second.Using just one MobiNet coreand 2 phys-
ical edgenodes,we have beenable to emulatea
200-nodetopology forwardingapplicationpaclets
in realtime. We also presentresultsfrom running
unmodi ed binaries(video playback)that demon-
stratethepower and e xibility of oursystem.

The remainderof this paperis organizedasfol-
lows: Sectionll providesanoverviev of the base-
line hop-by-hopemulation ervironment, Model-
Net. Sectionlll describeghe detailsof the Mobi-
Net framevork. We evaluateMobiNet's accurag
andscalabilityin sectionlV. SectionV describes
our experiencedn deplging real unmodi ed ap-
plicationsover MobiNet. We discusselatedwork
in sectionVI and presentour conclusionsin sec-
tion VII.

Il.  ModelNet Overview

MobiNetextendsthewired network emulationpro-
vided by ModelNet[15]. While the detailsof the
ModelNet infrastructureare beyond the scopeof
this paper we provide a brief overview here for
completenessparticularly asit pertainsto Mobi-
Net. ModelNetwas initially developedfor test-
ing large-scalaistributed servicesor wired wide-



areanetwork ervironments. The ModelNetarchi-
tectureis composeaf Edge NodesandCore Nodes
as shovn in Figure 1. Edgenodesin ModelNet
can run arbitrary architecturesand operatingsys-
tems.They runnatve IP stacksandfunctionasthey

would in realervironmentswith the exceptionthat
they arecon guredto routelP trafc throughMod-

elNetcores. ModelNetcore nodesrun a modi ed

version of FreeBSDto emulatetopology-speci ¢
hop-by-hopnetwork characteristics.

Tamget applicationsrun on edge nodesas they
would in a real setting. However, to decrease
the numberof client (edge)machinesequiredfor
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 uniquelP address.ModelNetclients
useinternallP addressegl0.*), thusthe numberof
clientsthat can be multiplexed onto an edgenode
is not limited by IP addressspacelimitations, but
rather by the amountof computationalresources
(e.g. threads,memory)that the tamget application
uses. ModelNetcon gures all VNs to routetheir
trafc throughaparticularModelNetcore.

Upon receving a paclet from a client, a core
noderoutesthetrafc throughanemulatechetwork
of pipes,eachof which representareallink in the
talgettopology Eachpipeis associatedvith emu-
lation valuesfor paclet queuesize anddiscipline,
bandwidth,lateny andloss-rate.ModelNetcores
storepipesthroughwhich paclets traversefor ev-
ery source-destinatiopair in ann? matrix. Cores
delay shape,or drop input paclets accordingto
theemulationcharacteristicéor eachpipe,with the
emulationtakingplacein realtime. Hence paclets
traversethe emulatedhetwork with the samerates,
delays,andlossesasthey would in a real network.
When a paclet exits the chain of pipes,the core
transmitsthe paclet to the edgenodehostingthe
destinatioriVN.

A o w diagramof the ModelNetpaclet process-
ing in FreeBSDis shawn in Figure2. The grayed
boxesarenot partof the ModelNetkernelmodule
andrepresensomeof the MobiNet extensionsde-
scribedfurtherbelon. Theroutingmodule(in light
gray)is responsibldor all routing decisionsmade
by thecore.Uponreceving apacletfromaVN, the
coreperformsalookupin theroutematrix to deter
mine the chainof pipesthroughwhich the paclet
shouldtraverse. Oncethe emulationthroughthe
pipesis complete,ip-outputin FreeBSDforwards

the paclet to the edgenodesupportingthe destina-
tion VN.

1.  The MobiNet Framework

This sectiondescribesour MobiNet extensionsto

the ModelNetframework to supportthe evaluation
of wirelessand ad hoc networks. Like Model-

Net, the MobiNet architecturas composedf edge

nodesand core nodes The edgenodessupporta
variety of platformsandoperatingsystems.While

we performour currentexperimenton edgenodes
runningLinux, our edgenodescould be a combi-
nationof differentdeviceslike laptops,PDAs, etc.

runningdifferentoperatingsystems.As in Model-

Net, edgenodesin MobiNet host multiple virtual

nodes(VNSs) to allow for large-scaleemulations.
MobiNet coresemulatewirelessnetwork behaior

at multiple layerswhile eventuallyrouting paclets
to theedgenodehostingthe destinatiorivVN.

Relatve to wide-areaemulation,a mobile sys-
tem emulationmust perform the following addi-
tional critical tasks. First, MobiNet must emu-
latemobility behaior, 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 moduleis re-
sponsiblgfor nding routesto destinatiomodesas
nodesin the topology follow different movement
patterns.Third, MobiNet accountfor MAC layer
collisions. Effectsof pacletlossegiueto collisions
in the MAC layer play an importantrole in wire-
lessnetworks, thus requiring MobiNet to emulate
MAC layerbehaior. Thephysicallayeralsoplays
an importantrole in wirelessnetworks, hencewe
supportfree spacepropagatiorandtwo-ray ground
re ection modelq1]. Supportingotherpropagation
modelsshouldbe straightforvard asthey become
available.

While we implementthe abose modulesin the
core,an alternatedesignchoicewould involve im-
plementinghemin theedgenodes We choseéo in-
corporateheabore modulesn thecoresothatedge
nodescanbeleft unmodi ed to supportmary plat-
forms and operatingsystems. Anotherimportant
consideratioris thatusershave the option of selec-
tively turning off MAC, physicalandrouting layer
emulationsat the core. One candirectly plug in
wirelessdevicessuchasPDAs or laptopswith com-
mercialoff theshelfMAC carddirectlyto thecore.
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Figure2: MobiNet Modules

Thisolviatestheneedfor thecoreto performMAC

layeremulation.For ad hocwirelessnetworks, the
wirelessdevicescouldalsorun aninstanceof anad
hocrouting protocolon the edgehost. This feature
allows userdo evaluaterealphysicalandMAC lay-

erswith thecoresconcentratingpn paclet forward-
ing functionality However, we believe that while

this approachwill be moreaccuratedueto the fact
thatit usesa real MAC layer, it will not offer the
scalabilitythat onewould get by emulatingphysi-
cal, MAC, androuting protocolsat the cores. An-

otherdisadwantageof this approachs its inability

to modelnodemobility. Sincethewirelessdevices
are directly pluggedinto the core, they cannotbe
mobile.

By dividing mobile behaior 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 pluggingin differentrouting
moduleswhile keepingthe mobility andMAC em-
ulation modulesconstant.This providesa fair and
consistentevaluation of the routing protocolsin
guestion. Alternatively, one can comparehow a
particularad-hocrouting protocolperformsor how
muchenegy is consumedor atamgetcommunica-
tion patternwhen using different MAC modules.
This structureenablesdirect performanceevalua-
tion of mobile andwirelesssystemsn a variety of
scenarios.We believe this modularity to be criti-
calto theultimateutility of the MobiNetemulation
infrastructure.

Figure2 depictstheinteractionsbetweerthe dif-
ferentmodulesn MobiNet. We implementhe mo-
bility modelthrougha userlevel applicationthat
downloadsnen nodemovementles into the Mobi-
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Net cores kernel at userspeci ed time intenals.
The routing module usesthis informationto nd
new routesas existing routesbecomestale. Once
a paclet entersthe systemiit is handedup by the
ipfw modulein the FreeBSDkernelto the MobiNet
module.Theroutingmoduleis now responsibldor
nding apathto sendthis paclet to its destination.
The pathis basicallya list of nodesthroughwhich
the paclet hasto traversebeforereachingits desti-
nation. Oncethe pathis obtained,the MAC-layer
moduleemulateghepaclettransmissiormccording
to the speci ed attributesof eachpipein the path.
Thuspipesin MobiNet correspondo the transmis-
sion capacityof their associatethodes.The paclet
traversesevery intermediatenodes pipe, subjectto
gueuingdelaysandcongestiorat every node.Once
the paclet successfullyreacheghe lasthopin the
path,thepacletis thensentto thevirtual nodehost-
ing the paclet's destination.

Thus,transmittinga pacletfrom sourceA to des-
tinationB via nodesC, D, andE will involve send-
ing the paclet through pipesA, C, D andE be-
fore nally relayingit to destinationB. Eachpipe
maintainsa queuefor storing pacletsthat needto
be transmittedfrom that particularnode. Queues
areimplementedn drop-tailfashionandhold upto
50 pacletsfor the experimentshatwe describen
this paperthoughthis valueis con gurable.All at-
tributesof pipessuchasbandwidth,queuesizeand
lossrateareusercon gurable. Theattribute values
for eachnode can be downloadedinto the core’s
kernelusingthe sysctlfunctioncall in FreeBSD.

Runningexperimentsn MobiNet is a threestep
operation: topology creation,assignmenbf VNs
and pipesto hostsand coresrespecirely, and ap-
plication execution. First, a usercreatesa desired
wirelesstopology MobiNet associatepipeswith
eachnodein the wirelesstopologyin orderto per
form the emulation and evenly distributes these
pipesacrosshe coresto distribute emulationload.
Next, MobiNet assignd/Ns in our emulatedopol-
ogyto theedgenodes.It bindseachapplicationin-
stanceo therespecire VN andexecuteghe appli-
cationsin the MobiNet emulationframevork. We
now describeeachof MobiNet's modulesn greater
detail.

ILA.  Mobility

The mobility module is a userlevel application
that generatesvarious node positionsand neigh-
bor lists consistingof all nodeswithin a speci ed



nodes transmissiorrange.The moduledownloads
this information into the kernel of the MobiNet

coresat regular userspeci ed intenals. Alterna-
tively, we couldcalculatethesepositionsandneigh-
bor lists in realtimewithin the cores kernel. Do-

ing so, however, would causesigni cant overhead
since oating point operationswould be required
in the kernel (which are not natively supportedn

FreeBSD)lnstead MobiNet's mobility application
pre-computeshis information,storesthe valuesin

timeindexed les anddownloadsinto thekernelin

realtime,enablingvariousmovementpatternsdur-

ing emulation.

One interestingparametelin MobiNet's emula-
tion is that of the intenal usedto refreshnodepo-
sitions within the core’s kernel. If the intenal is
too high, valuablekernel processings wastedin
readingnewv nodecoordinatedor valuesthat have
changedittle. If thisinterval is too low, nodecoor
dinatesquickly becomestale. Whendownloading
new coordinatesgnary routessuddenlyareinvalid,
leadingto a stormof routingupdatesBoth of these
anomaliesultimatelyleadto inaccurataesults.

MobiNetattemptdo bridgethe gapbetweerker
nelperformancandaccurag by choosinganinter
val valuethatprovidesgoodperformancendaccu-
rateresultsundera wide variety of emulations We
foundthatsettingthe nodepositionrefreshratesto
0.5 secondgprovidesgoodresultsfor our testsce-
narios,with nodevelocitiesup to 20 m/s. While
we candownload new positionsinto the kernelat
amuchlower granularity we foundthatthe results
obtainedat 0.5 secondefreshratecomparedavor-
ablywith lower valuesof refreshintenal, andwith-
outincurringtoo muchoverhead However, there-
freshintenal is usercon gurableandfor highnode
mobility, it isrecommendethatusersspecifyalow
refreshintenal, while in scenariosvherethenodes
move atrelatively low ratestherefreshinterval can
behigher

Ourcurrentmobility applicationsupportgheran-
domwaypointmobility model[1], thoughMobiNet
cansupportarbitrarymovementmodels.In our ap-
plications,usersspecifythe topologysize, the du-
ration of the experiment,the maximum speedof
nodesthemovementpausetime, theintenal of de-
sired output, andthe seedfor the randomnumber
generato(this allows usto recreateexact mobility
les andaverageresultsover variousseeds).The
mobility application createstime-indexed move-
ment les thatincludethe currentpositionsof each
nodeandthe neighborlists for eachnode. These

movementsles canbe readby the MobiNet core
during the execution of the experiment. We also
provide aninterfaceto export the samemovement
les to ns2[10] allowing us to directly compare
MobiNetemulationswith ns2simulationsfor iden-

tical nodemovementpatterns.By default (andfor

ouremulations)ve useatransmissiomangeof 250

metersthoughthis valueis con gurable.

.B. MAC Layer Emulation

Our modularemulationapproachs amenableo a
wide rangeof modelsfor the MAC layer In this
section,we describethe emulated802.11channel
basedon IEEE's 802.11standardspeci cationthat
we implementedn MobiNet. For brevity, we leave
out detailsof 802.11bspeci cationsin this paper
However, we stressthat thereis no perfectly ac-
curateMAC layer model. For instancejt may be
more appropriateto emulatebit errorson a per

paclet basisbasedon measurementsf alive wire-

lessnetwork deployymentasdonein TOSSIM[7].

This approachwould certainly reducethe over-

headof ourcurrentimplementatiorandwould have
somebasisin measurement.However, it would
comewith the downsideof not capturingpotential
radio interferencdrom simultaneougpaclet trans-
mission.

We implemented the MAC model along
802.11bs speci cationsfor RTS-CTS-Data-£K.
Asin thespeci cation,we canturnoff RTS-CTSin
our moduleasnot all operationahetworks usethis
option. In our currentimplementationyve maintain
a globallist for all the nodesin our systemcalled
thein- ight list. Correspondingo eachnodeentry
in the list, we maintainthe currentpaclet being
transmittedby that node along with the startand
calculatedend transmissiortimes (determinedby
the bandwidthof the mediumand the size of the
paclet).

Beforea nodebegins transmittinga nen paclet,
it checksthis list to ensurethat noneof its neigh-
bor nodesaretransmittingat thattime. If noneof
its neighborsaretransmittingand the mediumhas
beenidle for DIFS (DSC Interframe Space)sec-
onds,the nodebgginsits transmissiorandupdates
its statusin the in- ight list. If two entriesin this
list are destinedfor the samerecever at overlap-
ping time intenals or if therecever cannotreceve
the pacletscorrectlydueto collisionwith otheron-
going transmissiongt thattime, we mark the cor
respondingpaclets as captureddependingon the
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power level at which they were receved. More
detailsof ourimplementatiorare describedn [8].
If a paclet wassuccessfullyransmitted,t is then
movedto the queueof the next pipe.

Moving pacletsfrom onepipeto anotheiin Mod-
elNet operatesas follows. We maintain a heap
of pipessortedby earliestdeadline,where each
pipe's deadlineis de ned to be the time that the
rst pacletin its queuewould completeits traver-
sal of thatpipe. The MobiNet schedulerexecutes
onceevery clock tick (currently 10Khz) and runs
atthekernels highestpriority level. The scheduler
traversesthe heapfor all pipe deadlinedaterthan
the currenttime. The descriptorfor the pacletsat
the headof the queuefor eachof thesepipesis re-
movedandeither:i) movedto thetail of thequeue
for thenext pipeonthepaclet's pathfrom sourceto
destinationpr i) the paclet itself is scheduledor
delivery (usingthekernelsip outputroutine)in the
casewherethe paclet hasreachedts destination.

The physical layer plays an important role in
the performanceand enegy consumptionof mo-
bile and wirelesssystems. We implementedthe
free spacemodelandthetwo-ray groundre ection
model that predictthe receved power as a deter
ministic functionof distancd1]. Whena pacletis
receved,beforebeingprocessetty theMAC layer,
we computehepowerlevel atwhichthepacletwas
receved. We comparehisvalueto thecarriersense
thresholdandthereceve threshold.If thereceved
powerlevel is below thecarriersensehresholdwe
discardthepacletasnoise,while if thepowerlevel
is above the carriersensethreshold but belowv the
receve threshold,it is markedin errot In caseof
overlap of two paclets at the recever, we check
the power levelsat which boththe pacletswerere-
ceved. If thepower level of oneof the pacletsis at
least10dB greateithanthepower level of theother
paclet, we assumecaptureandthe wealer paclet
is dropped.Otherwise we assumehatthe paclets
interferewith oneanotheranddropboth.

[.C . Dynamic Routing

As with all other MobiNet modules, we imple-
menttheroutinglayerasa pluggablemodulein the
FreeBSDkernel. TheMobiNetcoremakesacall to
thisroutingmoduleto retrieve pathsfor thepaclets
thatit receves. We have implementedhe Dynamic
SourceRoute(DSR) [3, 4] protocolin the Mobi-
Netcore.DSRusessourceroutingratherthanhop-
by-hoprouting. While we choseDSR in our cur
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rentimplementationDSRcanbereplacedvith ary
otherad-hocrouting protocolsuchasAODV [13],
DSDV [14], or TORA [11, 12]. Our genericde-
signandthefactthateachcomponenin MobiNetis
pluggableandnot dependenbn othercomponents
enableus to implementa broadrangeof routing
modulesin thekernelwith relatve ease.

When a paclet entersthe MobiNet core, Mobi-
Net queriesits pernoderoute cacheto checkif a
route exists for that source-destinatiopair. If so,
it appendshe sourceroute to the paclet and the
pacletis transmittechop-by-hopasdictatedby the
routeandtheoccupang of sendqueuesatinterme-
diatenodesalongthepath.If arouteis notpresent,
MobiNet buffers pacletsreceved for that destina-
tion while it performsthe DSR ROUTE DISCOV-
ERY mechanismas describedin [3, 4]. In our
experiments,we allow nodesto buffer up to 50
paclets while awaiting routes, though the buffer
size is con gurable. Oncethe senderreceves a
ROUTEREPLY toits ROUTEREQUEST, it stores
theroutein its cache,appendghe sourcerouteto
all the pacletsstoredin this buffer for thatdestina-
tion andbeginstransmittingthe paclets. To ensure
thatroutesstoredin the cachearevalid, nodesalso
periodicallyperformROUTE MAINTENANCE as
speci edin the DSRprotocol.

Our DSRimplementatiordoesnotimplementall
of the optimizationsin the DSR speci cationsand
incorporatedn ns2. Speci cally, in salvage-with-
cathe a nodeconsultsits cachefor a routeon a
transmitfailure and sahagesthe paclet usingthe
route from its own cacheif possible. The node
alsomarksthe paclet assahagedto preventa sin-
gle paclet beingsahagedmultiple times. Next, in
use-RAP, anodecanusepromiscuousnodelisten-
ing to overhearpaclets not intendedfor its MAC
addressandthusupdateits cachewith routesfrom
overheardpaclets. Finally, with ring-zeo-seach,
a node rst sendsa non-propagatiniROUTE RE-
QUEST to its neighborsand waits to hear back
from them. The neighborsdo not forward this re-
guestto their neighborspnly replying backif they
have the routein their cache. If the nodehasnot
heardback from ary neighborwithin a timeout,
it transmitsa standardpropagatingROUTE RE-
QUEST. Theabove optimizationsdo notimpactthe
correctnessf the protocol,althoughthey improve
performancefor instance,by lowering the over
headdueto controlpaclets.
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V. Evaluation

In this section,we describeour experiencealising
MobiNet for evaluatingad hoc wirelessapplica-
tions. Our evaluationfocuseson testingMobiNet
for scalabilityaswell asaccurag.

We have written andtesteda simple application
using natve UDP andin the ns2 simulatorto en-
ablecomparisondetweerMobiNet emulationand
ns2simulation. The applicationestablishesimple
constantbit rate (CBR) streamsbetweensenders
andrecevers using UDP. Eachsendersendsdata
to exactly onerecever. Our CBR communications
consistsof 64-byte paclets sentfrom eachnode
(senderat therateof 4 pacletspersecond.While
it isimpossibleo guarante¢hatboththenative and
ns2versionsof the applicationfunctionidentically
its simplicity leadsto the testapplicationexhibit-
ing verysimilarbehaior in bothenvironments.Us-
ing this application we executea numberof exper
imentsto evaluatethe performancescalability and
accuray of thedifferentmodulesin MobiNet. The
goalof ouraccurag androutingoverheadestsare
to reproducdhe experimentgdescribedn [1].

In all of our experiments,MobiNet edgenodes
consistof Pentium4 2.0 GHz PCswith 512 MB
memoryrunninglinux version2.4.2.We useasin-
gle Pentium3 dual processowith 2 GB memory
supportingFreeBSDversion4.5 as our MobiNet
core.We conductour ns2experimenton machines
similar to our edgenodes. MobiNet providesvar
ious paclet statisticsthat enableus to determine
the numberof paclets sent, paclets droppeddue
to MAC collision, andotherusefulmetrics. Like-
wise,we make useof 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 specify a neighbosrefreshintenal of 0.5 sec-
onds.

IV.A. Core Performance

In our rst experiment,we setout to quantify the
numberof paclets per secondthe MobiNet core
router could emulatewithout saturatingthe core.
We ran our experimentson a topology comprising
200nodes.

We emulate200VNs spreadacros® edgenodes.
We disablethe mobility moduleto decreasehe

overheaddueto DSR. Thus DSR is invoked only
oncefor a source-destinatiomombination. Once
a routeto a particulardestinationis found by the
routingmodule,the routedoesnot change . We as-
sociatea senderapplicationwith every VN on one
edgemachine,and a listenerapplicationwith ev-
ery VN on the otheredgemachine.Sendergrans-
mit 64-byteUDP pacletsat a constanbit rateto a
speci c listener therebyaccountingfor 100 o ws
from the senderedge machineto the lister edge
machine. Eachsourcesendspacletsin exactly 1
hop to exactly one destinationwhich is also the
nodes soleneighbor Thus,thereareno paclet col-
lisions. We alsosetthe DIFS and SIFS valuesin
the 802.11bspeci cationsto zeroasthe goalis to
gaugethe maximumnumberof pacletsthat could
be sentthrougha single MobiNet core. The core
runs with a clock resolutionof 10Khz, meaning
thatwe areableto accuratelyemulateeachpaclet
hopto within 0.1 msaccurag. Evenfor end-to-end
pathlengthsof 10 hops,paclettransmissiordelays
are accurateto within 1 ms, sufcient for our tar
getwirelessscenariosespeciallywhenconsidering
end-to-endransmissionpropagationandqueuing
delays.Thisaccurag holdsupto andincludingthe
peakemulationrate becauseMobiNet's emulation
runsatthekernels highestpriority level.

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

utilization | forwarded forwarded forwarded

atcore for Lhop | for 3 | for 5
hops hops

40% 33.5K 18K 8K

50% 43.5K 25K 16K

70% 63.5K 38K 23K

90% 78K 47K 30K

100% 89K 50K 35K

Tablel: Forwardingcapacityatthe Core

We measurethroughputin termsof paclets per
secondand CPU utilization at the corefor varying
paclet transmissiomrates. We ran similar testsbut
with differenttopologies sothateachpaclet from
the sendemusttraverse3 hopsand5 hopsrespec-
tively beforereachingthe destination. Again, we
ensurghattherewereno collisionsandnodeshave
only their communicatiorpartnersas their neigh-
bors. In the casewhereeachpaclet hasto traverse
only 1 hop beforereachingthe destinationvVN, we

nd that the coreis ableto processup to 89,000
paclets per second. As the numberof hopsthat
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Figure 3: Squaretopology usedfor MAC validation.
Nodesl, 2 3 and4 sendpacletsto node5

eachpaclet hasto traverseincreaseswe nd that
the total numberof pacletsthat the core canfor-
ward per seconddecreaseasthe corenow hasto
perform morework per paclet. At maximumca-
pacity whereeachpaclethasto traverseb hops the
paclet processingateat the coredropsto 35,000.
We summarizeour resultsin Tablel.

IV.B. MAC layer accuracy

Validating the behaior of our MAC layer imple-
mentationis dif cult as no known emulationor
simulationtechniquecanaccuratelypredictthe bit
errorratesor radiointerferencaunderarbitraryde-
ploymentscenariosWe believe our architecturdgo
be generalto a wide variety of MAC layer mod-
els. However, to gain somebaselinecon dence
in the accurag of our 802.11bMAC model, we
conductmicro-benchmark$o compareMobiNet's
MAC layer behaior with that of ns2s MAC im-
plementatiorfor a variety of topologiesandpaclet
transmissiorrates. Sincethe paclet transmission
rateis dependentiponthe timing andrate of col-
lisions, we hypothesizethat if MobiNet and ns2
deliver the samepaclet throughputundera range
of conditions,the paclet collision andbacloff be-
havior is likely to be similar. We choosesereral
topologiesand con gure nodesto sendpacletsto
eachotherat differentrates. Sincewe arecompar
ing theperformancef our MAC model,weturn off
DSR andsupply MobiNet with precomputedout-
ing tables. Nodesare stationary hencethe routes
arevalid for the entiredurationof the experiment.
Figure 3 depictsone suchtopology We place
four nodesat the four cornersof a squareof side
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40 pkts/sec 400pkts/sec
Sender| ns MobiNet| ns MobiNet
nodel | 10000| 10000 | 4573 | 4634
node2 | 10000| 10000 | 4603 | 4527
node3 | 10000| 10000 | 4697 | 4594
node4 | 10000| 10000 | 4635 | 4674

Table2: Paclketsreceved by centralnode(node5)
in squardopologyfor ns2andMobiNetfor various
sendingratesof 40 and400pkts/sec

300 meters.We placea fth nodeat the centerof
the square.All thefour nodesat the cornersof the
squaresendpacletsto the centralnode. Thetrans-
missionrangeof the nodesis 250 meters. Each
cornernodesendsa total of 10,000UDP paclets
to the centralnode,whereeachpaclet is 64 bytes
long. We reportthe total numberof paclets that
the centralnoderecevesfrom eachof the senders
in both MobiNet and ns2. We presentresultsfor
paclet transmissiorratesof 400 pkts/secand 40
pkts/sec As the paclet transmissiomateincreases,
the contentionat the centralnodeincreaseslead-
ing to more paclet drops. For lower paclet send-
ing rates,contentions notanissueatthereceving
nodeandhenceit recevesall the pacletsfrom all
sendingnodes. The valuesshavn in Tables2 are
averagedver 3 runsof theexperiment.We seethat
theaveragenumberof pacletsrecevedby the cen-
tral nodefrom the4 sendersn bothns2andMobi-
Netis approximatelythe same.

We run similar experimentsfor differenttopolo-
giesandverify theaccurag of ourMAC implemen-
tation. In all caseswe nd that MobiNet andns2
hadsimilar paclet delivery ratios[8].

IV.C. Routing Accuracy

We validate the emulationaccurag of MobiNet
by comparingexperimentalresultsobtainedfrom
MobiNetto thatfrom ns2for our simpleCBR com-
munication.We usethe802.11bMAC protocoland
DSR implementationsvailablein ns2. Using our
mobility model, we generateidentical movement
les for bothns2andMobiNet.

In our rst accurag experiment,50 nodesmove
accordingto therandomwaypointmodelin arect-
angularstrip of size 1500 metersby 300 meters
with a maximumspeedof 20 m/s. We choosel0
nodesto be the designatedsendersin a random
fashion.Eachsendetransmitsall of its pacletsto a
x edrandomlychosendestinatiorfor the duration
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Figure4: Paclet delivery ratio asa function of pause
time in ns2andMobiNet with identicalsetsof DSR op-
timizationsandmaximumspeecdf 20 m/s.

of the experiment.Becauseur experimentran for
300secondseachCBR sendsl200pacletsfor ato-
tal of 12000pacletssentin aggrgate.We measure
the paclet delivery percentagéor theabove exper
imentin bothns2andMobiNet. We vary the pause
timesfrom 0 secondghigh movement)to 300 sec-
onds(no movement).

Sincewe have yet to implement3 optimizations
of DSRin Mobinet, we comparethe performance
of Mobinetto that of ns2with the 3 optimization
optionsturnedoff. We nd thatMobiNet's paclet
delivery ratio is very similar to the paclet delivery
ratio in ns2without the optimizations. The results
aresummarizedn Figure4. To furthervalidateour
emulatoy we repeatthe previous experimentswith
differentmaximumspeedand nd that MobiNet's
paclet delivery ratio matcheghatof ns2[8].

IV.D. Routing Overhead

We conducfurthertestso determinghenumberof
control pacletstransmittedoy our implementation
of the DSRrouting protocolrelative to the number
of controlpacletstransmittedy thens2implemen-
tation. While we vary the maximumspeedrom 1
to 20m/s,in theinterestof spacewe presentesults
only for maximumspeedf 20 m/sin Figure5. As
in previousexperimentswe turn off the3 DSRop-
timizationsin ns2.

IV.E. Scalability

Giventhe accurag of our emulationexperiments,
we next considerthe scalability of our emulation
environment.Oneof themainbene tsof MobiNet
over using a simulatorsuchas ns2is that experi-
mentscanberunin realtime.Simulatorghatdonot
runin realtimehave theadwantagehatindependent

20000
18000 |-
16000 |-
14000 )
12000 | N\

10000 |
8000 |
6000 |
4000 |-
2000 |

DSR/MobiNet ——
DSR/ns without selective optimizations -—-x-—- e

# of routing packets

0 50 100 150 200 250 300
Pause time (seconds)

Figure5: Routingoverheadn ns2andMobiNet with
identicalsetsof DSR optimizations.Maximumspeeds
20m/s

of experimentcompleity, it eventuallycompletes.
On the other hand,emulatorsthat run in realtime
nd theloadtoo greatat somestage.However, for
typical experimentsasingleMobiNet coreis capa-
ble of forwardingup to 89,000paclets per second
andthushasa distinctadvantageover ns2with re-
spectto time taken to completeexperimentsup to
this capacity The structureof the simulationervi-
ronmentmeansthat simulatinga given con gura-
tion typically proceedslowver thanrealtimefor the
scaleghatwe consider

To quantifythis bene t, we comparehetime re-
quiredto run experimentswith varyingnumbersof
senders.We usea 200 nodetopology with nodes
distributedrandomlyin a 3000meterby 600 meter
rectanglgresultingin the samenodedensityasour
previous experiments).For MobiNet, we distribute
200VNs acros? MobiNetedgenodes We execute
ns2experimenton asinglemachinewith thesame
con gurationasa MobiNet edgenode. We disable
nodemobility in both MobiNet andns2to reduce
the overheadof nding routeswith DSR. Hence,
DSRonly needso nd routesto destination®nce
(atthestartof the experiment).

We vary the numberof CBR sourcesrom 10 to
40, with eachsenderonce againtransmitting64-
byte paclets at the rate of 4 paclets per second.
Eachnodesendsa total of 1200 paclets. Figure6
shaws the computationtime necessaryo execute
theexperimentor MobiNetemulationrandns2sim-
ulation. Thisis takenasthetime it takesfor theex-
perimentto completemultiplied by the numberof
machinesisedin the experiment.In realtime, this
experimenttakes5 minutes,asit takeseachCBR
300 seconddo transmitits shareof paclets. As a
result, MobiNetusing3 machineg2 edgesandone
core),thustakes 15 minutesof total machinetime.
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Figure6: Scalabilityin MobiNetvs. ns2asa function
of time

In contrast,ns2 simulationtime of the experiment
increasedinearly with the numberof CBR nodes.
In the caseof 40 nodestransmitting the ns2simu-
lation lasts134.5minutes,comparedo MobiNet's
15-minuteemulation.

V. Deploying Real Applications

In this sectionwe demonstratehe utility andgen-
erality of our infrastructureby deplo/ing andeval-
uating real unmodi ed code, a video player over
MobiNet. We usedXAnim, a programthat plays
a wide variety of animation,audio andvideo for-
mats. Runningthe sameapplicationon ns2would
bedif cult toimpossibldbecausef theneedo port
theapplicationto ns25s ervironment.Our goalwas
to studythe performanceof the the video playerin
an ad hoc wirelessnetwork as a function of node
movement.

We startedwith awirelesstopologyconsistingof
50nodegmoving accordingo therandomwaypoint
model,wherethe maximumrandomspeedvasset
to 1 m/s. The nodesin our topologywere hosted
on two edgemachinesthus eachedgenodewas
responsibldor 25 VNs. We deplog/ed XAnim on
two randomly chosenVNs, with one hostingthe
streamingplayerandthe otherhostingthe display
Communicatiorbetweerthesetwo nodesran over
thex11 protocol. The VN executingXAnim would
sendits pacletsto the MobiNet core,which would
useDSRto nd arouteto the VN hostingthe dis-
play. Oncetheroutewasfound,MobiNetemulated
eachpaclet in a hop-by-hopfashion,subjectingit
to the contention,available bandwidthand delay
imposedby the MAC layer Due to node move-
ment, if existing routeswent stale,DSR wasused
to nd freshroutesto thedestinatioriVN.

Wereplayedhevideoin acontinuoudashionfor
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Pausetime | 1 m/s 5m/s 20m/s
(s)

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

Table3: x11 pacletsexchangedetweer? VNs in
a2 minuteintenal for variousmaximumspeeds1,
5,and20m/s

2 minutes.Thevideohadatotalof 44framegatthe
rateof 15 framesper second).For lower nodemo-
bility scenariospaclet dropsdueto broken routes
waslow andwe obseredthatthevideoplayedin an
almostcontinuousmanner In a highly mobile en-
vironment,we foundthatthevideoclip would stall
periodicallyasaresultof pacletdrops.Onceroutes
werefound,theclip would startplayingagain.

We recordedthe total numberof XAnim pack-
ets exchangedbetweenthe two VNs for different
valuesof pausetime andmaximumspeed.We av-
eragedthe resultsover several runs of the experi-
mentandpresenthemin Table3. Whennodesare
stationary(300 secondgausetime), we note that
thetotal numberof pacletsexchangedetweernthe
streamingplayer VN and display VN are around
16100for variousvaluesof maximumspeedwhile
this numberfalls to 5490 paclets whenthe maxi-
mum speedof the nodesis setto 20 m/s andthe
pausdimeis 0 seconds.

VI. Related Work

ZhangandLi [19] built aninfrastructuresimilarto
MobiNetfor testingmobileadhocnetworks. How-
ever, theirwork doesnot supportary routingproto-
col. Furthermoretheir schemealoesnotrestrictap-
plication bandwidth, making experimentalresults
inaccuratefor mary deplgyment scenarios. No-
bleandSatyanarayandB@] usetrace-basedetwork
emulationto play back measurednobile network
characteristicgo real applications. Our approach
generalizeshis techniqueallowing usersto gener
atetheir own mobility scenariosNetbed[17, 18] is
anetwork testbedatthe Universityof Utah. Netbed
provides a testbedof real mobile nodesusingreal
mobile hardware and software. In contrastto our
work, Netbedis areal testingervironment,not an
emulationor simulationinfrastructure Emwin [20]
is a network emulatorsimilar to MobiNet. While



Emwin performsMAC emulation,it doesnot im-
plementad hoc routing protocols. Emwin also
mapsemulatedtopologiesasin MobiNet, it does
not, howvever, have separateedgenodesandcores,
somavhatlimiting the operatingsystemandappli-
cationscenarioghatthey maysupport,

JEmu[2] is anotheremulationsystemfor mobile
and ad hoc networks. Its scalabilityis limited as
eachemulatechodemustrun on a dedicateghysi-
cal machine.SeaWnhd [6] enablesvirelessemula-
tion by changingvariousparametesets.However,
they do not provide a test-emironmentfor ad hoc
routingprotocols.

Walsh and Sirer [16] have usedstagedsimula-
tion, a techniqueto improve the scalability and
performanceof network simulators. They have
shavn that ns2tendsto scalepoorly with increas-
ing numberof nodes. By identifying and elimi-
natingredundantomputatiorusingtechniquesike
caching,they have shavn thatit is feasibleto im-
prove simulationtime of large wirelessnetworks.
TOSSIM[7] isasimulatorfor TinyOSwirelesssen-
sor networks. It capturesnetwork behaior by us-
ing aprobabilisticbit errormodel. TOSSIMcannot
capturethe real time paclet collisions that might
take placefor a givenervironment,insteadrelying
on the userto specifythe bit error ratefor a given
deplayment,andenforcingthis error rateindepen-
dentof communicatiortime or location. Juddand
Steenkistg5] describeanapproachor wirelessex-
perimentatiorusingarealMAC layer While using
arealMAC layerhasadwantagesscalabilityis lim-
ited asdiscusse@bore. Comparisorbetweendif-
ferentMAC layersalso becomesnoredif cult to
perform.

VIl. Future Work and Conclusions

The overall goal of our work is to supportcon-
trolled experimentatiorof a variety of communica-
tion patternsroutingprotocolsandMAC layersfor
emeging ad hocwirelessscenariosincluding lap-
tops,andPDAs. Currentapproacheto suchexper
imentationincludesimulationandlive deployment.
While eachclearly hasits relatve bene tsandwill
continueto play an importantrole in mobile sys-
temdesignandevaluation this paperarguesfor the
power of modular real-timeemulationas another
importantpointin this designspace.

To this end,we presenthe designandevaluation
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 researcherso rapidly experimentwith a va-
riety of MAC, routing,andcommunicatior(layers
2-4) protocolsthat may not be easily available in
live deployments. MobiNet also supportsthe de-
ploymentof differentmobility andtrafc models.
It is a framework for researchers performcom-
paratve studiesof applicationsunder a range of
conditions. It enablesrepeatabilityof testsin a
mannerdif cult to achieve with live deployment.
We further show the power of our emulationen-
vironmentby running an unmodi ed video play-
back application communicatingacrossan emu-
lated large-scalemulti-hop 802.11 network using
DSRon stockhardware/softvare.
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