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ABSTRACT

Thesuccessf nshighlightstheimportanceof aninfrastructurehat
enablesefficient experimentation. Similarly, Netbeds automatic
configurationand control of emulatedand live network erviron-
mentsminimizesthe effort spentconfiguringand running experi-
ments.Learningfrom the evolution of thesesystemsjn this paper
we amguethata live wirelessand mobile experimentalfacility fo-
cusingon easeof useandaccessibilitywill not only greatlylower
thebarrierto researchn theseareasput thatthe primarytechnical
challengesanbeovercome.

Theflexibility of Netbeds commonabstractionor diversenode
andlink typeshasenabledits developmentfrom strictly an emu-
lation platform to onethatintegratessimulationandlive network
experimentationlt canbefurtherextendedo incorporatewnireless
andmobile devices. To reducethe tediumof wirelessand mobile
experimentationye proposeautomaticallyallocatingandmapping
a subsetof a densemeshof devicesto matcha specifiednetwork
topology To achiere low-overhead,coarserepeatabilityfor mo-
bile experimentswe outline how to leveragethe predictability of
passie couriers,suchasPDA-equippedstudentsandPC-equipped
busses.

1. INTRODUCTION

Instrumentsancatalyzeanentirefield. In thehardscienceshe
right instrumentsarecrucial,andarefrequentlyobjectsof research
in their own right. Closerto home,we've seenthe broadimpact
of thenssimulator[1], whichis usedin a high fraction of network
researchThebenefitsto the networking communityof acommon
experimentalervironmenthave beendiscussedn the simulation
contet [1]. Theseincludeimproved protocolvalidation,arich in-
frastructurefor developingandtestingnew protocols,a controlled
experimentalervironment,andeasiercomparisorof experimental
results.Mary of thesebenefitsarethe byproductof a community-
endorsecervironmentandarenot unigueto a simulationerviron-
ment.

We have alreadyseenimpressve resultswith Netbed[23], an
infrastructuresupportingemulation,simulation,and live network
experimentation.However, the natureof mobile andwirelessde-
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vices both exacerbategxisting problemsof soundnetwork eval-
uation and raisesnewv challengeso testbeddesign. We believe
that community-accessibl@irelessandmobile testbedswill have
evengreateimpactthanawiredtestbedandthatthetechnicalkchal-
lengescanbeovercome.

This paperaddressethe following limitations of mostwireless
andmobile experimentalervironments:

Lack of validation: Simulations abstractiorof low-level detail
may comeat the expenseof accurayg. Thetradeof betweeraccu-
ragy andefficiengy is particularlyacutein a wirelessnetwork. For
example,network simulators[1, 9, 24] typically incorporatedeal-
izedradiopropagatiormodelswhichareinadequatéo modelinter-
estingindoor scenarios.Unfortunately an experimenteris forced
to malke thetradeof betweenaccurag andefficiengy without any
systematianeansf validatingthe choiceof abstractiori5].

Tediousexperimental setup: Wherelive network experimen-
tationis burdenedby an experimenters needto obtainremoteac-
countsandconfigurenodesmobileexperimentatioris furthercom-
plicatedby nodeplacemenandmovement.A numberof past[18]
andproposed19] mobile network testbedsysingautomobilesre-
quire expensve and non-scalablemanualcontrol. In fact, a lack
of driversproved a significantlimitation [17]. Evenstaticdomains
presentonfigurationheadachesKabaandRaichleinterfacewire-
lessdevicesto awired network with inducedattenuatiorio curbthe
irreproducibility causedoy multi-path effectsfrom nearbypeople
andobjectg10]. Thisapproachequiresphysicallyconfiguringthe
attenuatorsvithin thewired network.

Lack of realistic mobile scenarios: Simulationenvironments
introducerandomizedmobility models[3] that successfullystress
network protocols put male little attemptto capturereal-world dy-
namics. Johanssomt al. simulateda numberof differentscenar
ios includinga conferenceeventcoverage anda disasterarea[7].
However, theseremaininaccessibleo live experimentationyhich
is relegatedto the artificial motion patternsof the abore mobile
testbedsAnotherapproach25] skirtsthe issueof realisticmobil-
ity patternsby requiring that the experimenterspecify a scenario
describingnode movement. This informationis usedto emulate
movementon a wired network topologyby affectingthe “connec-
tivity” of wired hosts. Interferenceeffects are modeledoff-line
(e.g.,by the Monarchprojects nsextensiong9]) andarereflected
in thescenario.

Lack of scaleand availability: Unlikedesktopmachineswhich
aboundhroughouindustryandacademiamobileandwirelessde-
vicesaremore exotic and henceavailablein lesserquantitiesand
to much smaller communities. This limits the scaleof existing
testbedssuchasMIT’ s 30-nodewireless‘Grid” testbed16].

Thoughmobileandwirelesscommunicatioimposeuniquecon-
straintson anexperimentainfrastructuremary of theabo/eissues
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are not specificto thesedomains. We believe that mary of the
benefitsNetbedhasbroughtto emulation simulation,andlive net-
work experimentatiorwill betransferabléo a mobileandwireless
testbed.Section2 describedow Netbedleveragesharedabstrac-
tions despitediverseunderlyinghardwareandimplementationslt

outlineshow thesetechniquespriginally designedfor an emula-
tion ervironment,have beensuccessfullyemplo/edin the simula-
tion andlive network context andhow they might similarly impact
wirelessandmobile experimentation.

The barriersto experimentalevaluationin the wirelessandmo-
bile domainsaremuchhigherthanin typical wired networks. This
paperexplorestestbediesignghatshoulddramaticallylowerthese
barriers.Section3 discussefow interestingwirelessscenariogan
be realizedby a densemeshof wirelessdevicesdeplo/ed indoors
andoutdoors.An automatedanappingalgorithmwill selecthesub-
setof nodesthat bestmatchan experimenters specifiednetwork
topologyandrelieve theexperimenteof strateically andpainstak-
ingly placingwirelessdevices.

Section4 presentghe notion of passie couriers: PDA- or PC-
equippednobileagentssuchasstudentr bussesexhibiting pre-
dictablemotion patterns While their motion patternsarenot com-
pletelyreproducible the dictatesof their schedulesneanthatpas-
sive courierscapturerealistic mobile scenarioswith coarse-grain
repeatability(e.g.,within a few minutesanda few meters)at pre-
dictabletimes (e.g.,every morningat 8 AM) without the manual
tediumthatis typical of mobileexperimentationScenariosuchas
classrooninteractionare exactly thosethathave motivatedad hoc
networks. Finally, section5 concludes.

2. NETBED

Netbedis a direct outgravth of Emulab,a network experimen-
tation platformthatfocusedon efficient setupandcontrolover em-
ulatedtopologies. Key goalswereto malke the facility both uni-
versallyavailableto ary externalresearcheandextremelyeasyto
use,withoutadministratve, technical,or otherobstacleslt pushes
automationof testbedconfigurationand control to a qualitatively
new level, allowing bothinteractve andprogrammatiexploration
of alarge spaceof experimentalkconditions.

Netbedextendsthe original platform by introducingsimulated
and distributed nodesand allowing their simultaneousisealong-
sideemulatedhodesin mixed, virtual topologies.Netbeds design
generalizesesourcesand mechanismsnto commonabstractions
applicableacrosghe diverserealizationsf emulation simulation,
andlive network experimentation.

Netbedconfiguresa setof distributed, emulated,or simulated
nodesto realizea virtual topology specifiedeither graphicallyor
via an ns script. An experimentis definedby its configuration
andary run-time dynamics(e.g., traffic generation)specifiedvia
the general-purposedTcl interface. Netheds automatedtonfigu-
rationincludesmanagingexperimentermccountssettingemulated
link characteristicanappingthevirtual nodesandlinks to physical
resourcesgownloadingcleandisk imageson emulatechodes set-
ting up network interfacesandIP addressesndoptionally config-
uring aprimitive virtual machineto “jail” [11] eachuserof ashared
machine.Oncean experimentis configured,an experimentermay
interactively log into emulatedbr distributednodes.

A Netbed experimentmay last from a few minutesto mary
weeks giving researchersme to make multiple runs,changetheir
softwareandparametersor do long-termdatagathering.Netbeds
Web interface allows experimentergo create,pause,and termi-
nateexperimentsremotely All aspectf the experimentcanbe
controlledvia the web interface. Whenusedin conjunctionwith
Netbeds batchexperimentsystem,a researcheis ableto submit
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annsfile over theweb and,whenenoughhardwareresourcede-
comeavailableto run the experiment,the useris notified thatthe
experimenthasstarted.

2.1 Supporting HeterogeneousResources

Links in theuserspecifiedyirtual topologymaybe emulatedy
traffic-shapingDummynetnodesinterposingexperimentalnodes,
maybesimulatedvians or mayberealizedby wide-aredinks. nss
emulationfacility, nse actsastransducefor pacletscrossingthe
simulation/live network boundary An importantfeatureof Netbed
is the consistentinterfaceit providesto control nodesand links
regardlessof their realization. For example, the samecommand
usesa distributed event systemto startandstoptraffic generators
onary typeof node,beit distributed,emulatedpr simulated.

The integration of heterogeneousesourcess largely enabled
by a database.The databasesenes as a level of indirection be-
tween front-end, general-purpos¢ools and interfacesand back-
end,domain-specifitmplementationsit presents consistentib-
stractionof heterogeneouwsource$o higherlayersof Netbedand
to experimentersFor example the databaseepresentationsf dis-
tributed and emulatednodesdiffer only in a type tag. Thus, in
mary casesgxperimentercaninteractwith themusingthe same
commandstools, and namingcorventionsregardlessof their im-
plementation.As an example,nodesof ary type canhosttraffic
generatorsdespitethe fact that traffic may flow over links simu-
latedby ns emulatedby delaynodes,or provided by a distributed
testbed.

2.2 Improving Wirelessand Mobile Experi-
mentation

JustasNetbeds notionof nodesandlinks hasevolvedto encom-
passdistributedand simulatednodesandlinks, we believe thein-
frastructureis sufficiently flexible to incorporatewirelessandmo-
bile virtual nodeandlink types.Thiswill bringimportantpractical
benefitsto experimentationin this domain,including: automated
and efficient realizationof virtual topologies,efficient use of re-
sourceghroughtime- andspace-sharingncreasedault-tolerance
throughresourcevirtualization,anability to leverageexistingtools,
andeasienalidationacrossexperimentakechniques.

Easeof useand automationare not a mere cornvenience;they
enablequalitatvely new approachesOur userexperimentsshav
thatafterlearningandrehearsinghe taskof manuallyconfiguring
a6-node‘dumbbell” network, a studentwith significantLinux sys-
temadministratiorexperienceiook 3.25hoursto accomplishwhat
Netbedaccomplishedn lessthan3 minutes.This factorof 70im-
provementandthesubsequergrogrammaticontroloverlinks and
nodesencourageéwhat if” experimentsthat were previously too
time- andlaborintensize to even consider Experimentsetupcost
is evenmoreacutein wirelessandmobile domains which require
carefulmeasuringof interferenceeffects and “walk-through” ex-
periments.Thus,the savings affordedby automatednappingof a
virtual topologyto physicaldevicesremoresa significantexperi-
mentationbarriet

Efficientuseof scarceandexpensve infrastructuras alsoimpor-
tantanda sophisticatedestbedsystemcanmarkedly improve uti-
lization. For example,analysisof 12 monthsof thewired Netbeds
historical logs gave quantitatve estimatesof the value of time-
sharing(i.e., “swappingout” idle experiments)and space-sharing
(i.e.,isolatingmultiple active experiments) Althoughthe behaior
of bothusersandfacility managemenwould changewithout such
features,the estimateis still revealing. Without Netbeds ability
to time-sharets 168 nodes,a testbedof 1064 nodeswould have
beenrequiredto provide equivalent service. Similarly, without
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space-sharingl 9.1 yearswould be required. Theseare orderof-
magnitudeimprovements. The importanceof resourceefficiency
is heightenedor wirelessand mobile devices sincethey areless
prevalentthancommodityPCs.

NetbedvirtualizesnodenamesandIP addressesuchthatnodes
and links form equvalenceclasses. For example, when an ex-
perimentis “swappedin” (i.e., reconstitutedn physicalresources
from databaseatate),it neednot executeon the samesetof physi-
cal nodes.Any nodesexhibiting the samepropertiesandintercon-
nectioncharacteristicaresuitablecandidatesWhile virtual nodes
may be explicitly boundto specificphysicalhosts,the flexibility
to allocatefrom anequialenceclassaddsa measuref fault toler-
ance.If anodeor link fails, anexperimenteneednotwait until the
nodeor link partitionis healed but mayinsteadre-mapthe exper
imentto anequivalentsetof machines.This approachs valuable
wherever nodeor link failuresareanticipatediarge-scaleclusters,
wide-areanetworks, or unstablewirelesservironments.

Incorporatingwirelessandmobiledevicesunderthe Netbedum-
brella brings a maturesetof tools andfeaturesto thesedomains.
For example,oncedomain-specificesourcemappingis provided,
experimenterswill usethe existing ns or graphicalinterfacesto
allocatewirelessand mobile nodes. This ensureghat ary topol-
ogy generatothatproducesis syntaxmay be usedto configurean
experiment,while ns virtualization tools may be usedto view it.
The infrastructurewill extend consistentontrol andspecification
of traffic generatorsacrossall experimentalmethodologies.The
familiar useraccountmanagementincluding hierarchicalautho-
rization, key distribution, andaccountestablishmentill translate
directly to thesenew domains. Applicationsrunning on wireless
nodeswill be controllablevia the currentevent systemand stan-
dardcommands.

Thecommonnsinterfacemalesit easieito comparesxperimen-
tal ervironments,therebyfacilitating and encouragingvalidation.
Extendingthis capabilityto wirelessandmobilenodeswill provide
an automaticway to comparesimulatedradio propagatiormodels
with real devices. The samens script could then be usedto in-
stantiateeither an ns simulationor a live experiment,leadingto
anapproachn which the simulatedmodelis iteratively refinedac-
cordingto empiricalresults.

We believe a new hybrid style of experimentationincorporating
resourcegrom multiple experimentalervironments,can simulta-
neouslyleveragetheparticularstrengthof each.More specifically
an experimentercanleveragethe greaterscalability of simulation
without surrenderingconfidencan the accurag of the results. A
radio propagatiormodelis sufficiently accuratefor a givenappli-
cation if the simulationit drivesis indistinguishablegrom thein-
teractionbetweenlive, wirelessnodes. To this end, we suggest
replacinga small“island” of simulatednodeswith physicalnodes.
Thissubsebdbf nodeswill uselive,wirelesscommunicatioramongst
themseles and simultaneouslytransmitpaclets within the simu-
latedworld. This allows an experimenterto apply an emulation
“microscope”to achiere highly accurateintrospectionof an “is-
land” of nodes.Moving or removing this “island” from the experi-
mentwill yield similarresultsif theanalyticmodelof thesimulator
andthereal instantiationof thosemodelsareequialent. Further
if setsof nodesexhibit symmetricaiinteractionsthe behaior of a
clusterof interactingsimulatechodesmaybe comparedo a corre-
spondingsetof live wirelessnodes.

Such close interactionbetweenlive traffic and simulationre-
quires careful synchronizatiorbetweensimulatedand real time.
We intend to leveragethe work of Ke et al. [12] to reducetim-
ing discrepancied®etweenthe two worlds. The relative expense
of wirelesssimulationexacerbatesuchconcerns A parallelizable
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Figure 1: WirelessVirtual to Physical Mapping

simulationarchitecture suchas GloMoSim, would be more effi-
cientin amultiprocessoernvironment,andis worth exploring. We
have alreadydonesomework in this area,including cutting CPU
usagen half by makingsomemodestcthangedo nsés scheduler

3. WIRELESS TESTBED

Broadcastndinterferenceeffectsaredifficult or impossibleto
emulateon a wired testbed,although centralizedsimulation of
all links [12] canprovide somedegreeof realism. However, the
lack of goodpropagatiormodels,particularlyfor indoor environ-
ments,severely limits the accurag of this approach.Tracemodu-
lation[20] finessexoncernover broadcasandinterferencassues
asit capturegheir effect within a trace. However, the tracesare
boundto the sampledervironment;if the scenariochangesnew
tracesmustbe collected.

Our approaclis to overcomethesedifficulties with a large pool
of physicallydistributedtestnodeshathave realRFdevices.When
the numberof nodesundertestis significantlyfewer thanthe total
numberof availablenodes,it shouldbe possibleto provide a rea-
sonableapproximatiorof the intendedvirtual environment. Given
the costsof the devices involved, the benefitto researchersand
the multi-institutional stale of the facility, we believe that suffi-
cientdevice densitywill becomeavailable. As an exampleof the
scaleunderconsiderationwe areconsideringg00deviceswithin a
four-storybuilding.

The wirelessNetbedwill include a densedeploymentof wire-
lessdevicesthroughoutoneor morecampusbuildings.® Devices
will typically be attachedo control machinege.g.,low-end PCs
or similar; UCLA is using PC-104“Octopus” machineseachof
which controls8 RF devices),enablingindependentreliable con-
trol by Netbedtools. Many deviceswill have permanent—antb
the degreeeconomicalcontrollable—sourcesf power andpower
monitoringhardware. This avoidsthe maintenanc@roblemof bat-
tery replacementvhile facilitating studiesof powver-relatedissues.

For anindoor wirelessmesh,900 Mhz devices have the appro-
priate rangeand popularity We will selectdevices with a pro-
grammableMAC layer, suchas“motes” [6] from Crossbav/Intel/-
Berkeley, giving experimenterdlexibility in thatimportantdimen-
sion. The penasivenesf 802.11bmalesit an olbvious choiceto
populatetheindoormesh.The higherdataratesandlargernumber
of frequeny channelsalsomalke 802.11aan attractve option. To
allow closerpacking,we will reducethetransmitpower of thede-
vices[10]. Bluetoothdevicescould be deplo/ed very densely but
their long-termimportanceand popularity are uncertain.Sensors,
includingthosefor temperaturdijght, andprobablymotion,will be
includedon nodesdueto theirlow maginal costandimportanceo
real-timeapplications.

YIn a wild possibility for researchersr others, Aerie Networks
acquiredMetricom’s Ricochet900 Mhz system,but has “aban-
donedin place” hugenumbersof operationatransceiersandac-
cesspointsin mary U.S.cities.[4].
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Thesucces®sf anautomatedwirelesstestbechingeson two pri-
mary challenges:providing a high fidelity mappingof a virtual
topologyto wirelessnodesandensuringthatinterferencedoesnot
pollute experimentakesults.Theseconsiderationgreexaminedin
thefollowing subsections.

3.1 Mapping WirelessResources

Our experiencemappingcomplex virtual requirementso phys-
ical resourcesn Netbedshaved thatapproachesasedon combi-
natorial optimizationcan be practicalwith sufficient attentionto
abstractiondatarepresentatioand,sometimeslocal search.Cur-
rently, arandomizecheuristicalgorithm, simulatedannealing[8],
underliesallocationof Netbeds local resourcegnodes links, and
switches),efficiently tameting the NP-hardproblem of mapping
virtual resourcego physicalones.We improvedits computational
behaior by groupingphysicalresourcesnto equivalenceclasses
basedon their physicalattributes; it finds solutionsin a few sec-
onds.

Whereaghe specificationof a wired topologyis fairly straight-
forward, a faithful mappingof anexperimentess intentto wireless
resourcess highly dependenon thelevel of detailprovidedby the
configurationinterface.Suchaninterfacemustavoid a circularde-
pendenyg: if Netbedwereto rely on an existing simulationmodel
to map a virtual topologyto physicalresourcesthe systems re-
liance on modelsincorporateghe potentialinaccuracieghat live
experimentatiorseeksto avoid! It may be possibleto useoffline
analysishatwould beintolerablyslow in asimulation.Otherpos-
sibilities, outlined belaw, avoid analytic modelsin favor of more
intuitive andefficientinterfaces.

Configurablewirelessexperimentatiorwill allow manualor au-
tomaticselectiorof asubsebf thewirelessnodeschoserto match
certaincharacteristicsasrepresentedh Figurel. We planthree
different userinterfaces. First, and simplestto develop, we will
provide an annotated3-D map of the building, with nodescol-
oredgreen,yellow, or red, indicatingwhetherthey are available,
assignedo an idle experiment(“swappable”),or busy Experi-
menterssimply selectthe nodesthey prefer inferring link char
acteristicfrom themapandits annotations.

Next, wewill developamoreabstractnterfacethatallowsauser
to specifya scenariographically basedon spatialarrangementas
in Figurel. Themappingcodewill selectthesetof physicalnodes
thatbestmatch.Ouralgorithmicapproachs uncertainatthis stage,
but seemdo have anintuitive mappingto subgraptisomorphism.
Graphedgescorrespondo someabstracteatharacterizatioof the
configurationthat affectsattenuationsuchasdistance numberof
obstructingwalls, their orientation—Ioit not to ary concretemetric
suchas attenuationitself. However, this still implies estimating
a propagatiommodel, with all its assumptions A betterapproach
may be simply to matchthe spatiallayoutascloselyaspossible.

Experimentatesultsfrom thesefirst two approachesareclearly
dependenbn the RF idiosyncrasie®f the particularbuilding and
ervironment. However, this downsideis outweighedby the build-
ing’s becominga “referenceplatform” acrosanultiple experiments
andbetweenrexperimenters—whiclmhasheretoforenot beenavail-
able.

Lastly, the experimentercould supplya desiredconfigurationof
noderadio connectvities or higherlevel propertiessuchasbit er
ror rateandthe systemwould choosehesetof realnodeghatmost
closelymatchthat configuration. This will requireprior measure-
mentsof the Nz N inter-nodesignal strengthor link characteris-
tics, ideally while selecteccombinationsof othertraffic is flowing.
Solving this problemin discreteoptimizationshouldbe feasible.
This approacloffersbetterhopeof precision but hasthedravback
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Figure 2: Time taken by geneticalgorithm to map a variety of wide-
areatopologies

thatexperimentersypically don't know the connectity character
isticsof their targetervironment.

This last approachis analogougo the way we currently map
wide-areaesourcesln our systemwhenanexperimenterequests
actualwide-areanodesandspecifiesdesiredinter-nodepathchar
acteristicswe useageneticalgorithmto find thebest-matchinget
of physicalnodesandtheir correspondindnternetpaths. Input to
this algorithmconsistof NN lateny andlossdata,updatedre-
quently Thewirelessresourceallocationproblemis similar to this
wide-areadP-path-matchingroblem,sincethe broadcastmedium
fully connectsall nodes(in principle). Our experiencewith the
wide-areaalgorithm suggestshat the wireless problem will be
challenging but—with appropriateoptimizations—tractableyell
into thehundredf nodes.

Our resultson a simulatedphysicaltopology of 256 nodesare
shawvn in Figure 2. All experimentswith 32 nodes,as well as
all sparsetopologies,mappedin a few minutes. For larger and
more densetopologies,up to 256 nodesand approximately40
edges/nodenappingtime rangedfrom 10 minutesto 2 hours.

We expectto improve that by an order of magnitudeusingthe
following techniques:lessstringentand more clever termination
conditions;standardptimizationtechniquesin particularmemo-
izing; andparallelizingthe algorithm,which is practicalin eithera
sharedmemorymultiprocessoor on a cluster[21]. In the“Island
Model; mutationsandcrosseerscanbe donein parallel,sharing
the bestsolutionsperiodically; we estimatesynchronizingevery
few secondgo exchangel—-2KB of data. Other algorithmic ap-
proachesnay alsobe relevant. For example,constraintprogram-
ming [22], a methodguaranteedo find a feasiblesolutionif one
exists or reportotherwise,shouldproducebetterresultsfor prob-
lemstightly constrainedy heavy utilization of physicalresources.

Finally, we expectmajor additionalimprovementto comefrom
“binning” the nodesandlinks into groupswith similar character
istics, which will dramaticallyreducethe searchspace.Theresult
shouldbe an algorithmthat canmap hundredsof nodesandlinks
in afew minutes.

3.2 Interference

To retainNetbeds efficient useof spaceandresourceswireless
experimentsshouldbe isolatedfrom oneanotherandfrom the en-
vironmentto the greatesextent possible. Interferencerom unre-
lated“production”traffic or from devicessuchasmicrowvave ovens,
Bluetoothand cordlessphonesin the 2.4 GHz bandmay lead to
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anomalougxperimentabehaior. Unfortunatelythereis aninher
ent conflict in the unlicensedspectrum:populartechnologiesare
themostinterestingo study but alsothemostlikely to beinciden-
tally presentn the environment. Therearethreerecoursesusing
buildings or areaghatarenot usedfor suchtraffic, negotiatingfor
a subsetof channelso be unusedfor production,or studyingde-
vicesthat arestill on the upswingin popularity All of theseare
reasonablapproaches.

One of thesetechniquesthe useof multiple channels should
also alleviate potentialinterferencecausedwhen multiple exper
iments occupy intersectingtransmissionrangesor collision do-
mains. Wirelessdevices with overlappingcollision domainscan
retain separatecorversationsby occugying non-overlapping fre-
quencies.To enforceisolation, Netbedwould take this additional
constraintinto accountduringthe mappingphase.

In the wired emulatedarena,NetbedleveragesVLAN (Virtual
LAN) switch technologyto enforceisolation of experimentsbe-
tweenseparatsetwork partitions. While eachexperimentmay be
readilymappedo adistinctVLAN, thenumberof non-oserlapping
frequencieswithin 802.11bs$ available spectrumis more limited.
Givenits channelwidth of 22MHz, only 3 of the 11 channelswvail-
able(in theUnited Statesprenon-overlapping[14]. Since802.11a
supports8 independentnon-overlappingchanneld13], it maybe
amoresuitabletechnologyto supporta densemesh.

An alternateapproacho achiezing greatedensityreducegrans-
mission power; this effectively decreasedoth the rangeand at-
tendantcollision domain. In an analogyto graph coloring, be-
causetherearefewer overlappingdomainsfewer “colors” or non-
overlappingchannelsare requiredfor isolation. This technique
avoids a large physicalfootprint by simultaneouslyscalingdown
both the transmissiorpower and inter-nodedistance. Thereis a
caveat; reducedtransmissiorpowver may not be indicative of real
scenarioandmay suffer somelossof realism.

An activechannemaybeassignedo anew experimentf theex-
perimentsn questiondo not shareoverlappingcollision domains.
To preventan overly aggressie channelreusestrateyy thatwould
leadto co-channeinterferencethewirelessdeviceswill beplaced
accordingto a network planthataimsto reduceinterferencenhile
retaining high density After placementthe rangesof eachde-
vice will be carefully measuredo be usedlater by the mapping
algorithmto determinecollision domains.Onlinewirelesschannel
monitoringwill be emplg/edin all the nodesand madeavailable
to experimentersothatresultsfrom experimentakunswith unac-
ceptablyhigh interferencdevels could be discardedor dealtwith
in asuitablemannerby the experimenter

4. MOBILITY

Configurablemobile ervironmentsare critical in the evaluation
of mary wirelesssystemssincecopingwith mobility is oftenthe
hardestpart in the designof, for example, ad-hocrouting algo-
rithms. To extendNetbedto provide actualmobile nodeswe will
deploy a large, densesetof wirelessdevicesvia passie couriers
thatmove predictablyin time andspace We will usetwo typesof
couriers:studentamoving from classto classwith radio-equipped
PDAs, andcity andcampudhussewith wirelessPCs.Both exhibit
predictablenovementpatterns We expectthatit is thegeneraldy-
namicsof a scenarioratherthanthe tracking of individual nodes
that male it interesting. Therefore,experimenterswill specifya
desiredscenaride.g.,studentsvanderinghehalls, studentsating
in the cafeteriagtc.) andthedensityof its constituennodes.

For thoseexperimentsvherethe preciserelative motionsof each
nodeis significant,the Netbedsoftware could manageautomated
couriersin the form of GPS-equippedadio-controlledcarsthat
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navigatealarge openspace Differential GPSwith RTK canlocal-
izeto 1 cmwhena correctionsignalis providedevery second17].

Courierswill present previously unavailablesourceof live, re-
alistic scenariosThey will offer thefollowing advancesover cur
rentapproaches:

e Couriersremove the dependenc®n inaccuratesimulation
models.

e Couriers by definition,will provide scenarioshatarerepre-
sentatve of realworld behaior. An understandingf their
behaior canguideadhocprotocolsin thesamemannetthat
file accesharacterizationg2] influencefile systemdesign.
By trackingthe location of the courierswe will be ableto
developmodelsor tracesof their behaior to beusedin sim-
ulation.

e Sincethey aregovernedby bus or classschedulesgouriers
will provide regular behaior, thoughnot completerepeata-
bility. Movement“noise” that deviates from the intended
schedulewill enableanaccuratestudyof predictablemobil-
ity becausef its consisteng with realworld behaior. Such
coarsepredictive capabilitiesveresuggestedsanextension
to Grid’s locationservice(GLS)[16].

Experimentersvill have the optionof selectingrom a subsebf
studentssittingin classroomswanderinghehalls,or eatinglunch,
which constitutea broadrangeof mobility. Experimentatodewill
executeonthestudentsPDAs. Repeatabilitywill beapproximated
by running experimentsto coincide with defining periodsin the
schedule for examplewhen studentsdisembarkfrom the bus in
themorningor every hourwhenthey leave their classroomsSuch
scenariogaptureproposeddhocnetwork activities, suchasclass-
roominteraction.Further their breadthof movementpatternswill
provide an opportunityto studya protocol’s steady-statéehaior
andto examineits agility in thefaceof transientopologychanges.

Thepassie courierapproactdoesnotafford theperfectrepeata-
bility of simulation.Neverthelessexperiencandicateghatrealism
and easeof setupare invaluable,even without completerepeata-
bility. In addition, experimentscanbe run mary times, sincethe
processs fully automatedandcanberunin batchmode. Simple
statisticaltechniquegread“the average”)canhelp compensatéor
lack of perfectrepeatability

City bussesfollow a unique mobility patternthat suggestsal-
ternateclasseof protocols. Unlike classroomor randommotion
settings,the numberof neighborsreachabléby a particularnode
in a bus transitscenariowill changedramaticallyover time. For
example,therearetypically 20 busseswithin a half mile radiusof
downtown SaltLake City; more denselypopulatedcities presum-
ably have greaterbus density A cursoryglanceat bus schedules
similarly indicatesthe potentialfor interestingmulti-hop topolo-
gies,assumingintennasiredeplo/edto reinforcearadio’snominal
range.After leaving downtown, bus densitydecreasegreatly

This patternis conducve to a cooperatie long-termstoreand
forward approactbasedon prediction. The resultingnetwork is a
hybrid sinceit exhibits thedynamismof anadhocnetwork andthe
known (future) topology of a wired network. A bus nodemight
selectvely transmitdatato a passingbus basedon its destination.
In sucha scenario sparinglytransmittingdataprevents pollution
of theradio spectrum.For example,busseanight engagen high-
way congestionmonitoring [19], whereinan outboundbus only
forwardsdowntown traffic updatego thosebussedik ely to experi-
encecongestion.

A network composedf studentcouriersriding on schoolbus
couriersprovides levels of coordination,or an ad hoc hierarchy
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While riding on the bus, studentsare largely stationaryand their

motionis uninteresting.During this time, a bus nodemight actas

arouterfor studentraffic, perhapgperformingaggreation. When

studentsarrive at schoolandleave thebus,they onceagainassume
therole of first-classpeers.Sucha scenarichasmilitary parallels
in which mobile divisionsmay needto coordinatewith upperech-

elons[15].

5. CONCLUSION

Sharedwirelessand mobile testbedsvould dramaticallylower
the costsand barriersto emulationand live network experimen-
tation. They will bring the easeof use, configurability ns
compatibility andtranspareng of the existing Netbedinfrastruc-
ture to the wirelessand mobile domains. By facilitating and au-
tomatinglarge-scalemobile andwirelessexperimentationwe ex-
pectsuchtestbeddo gainwidespreadadoption,leadingto setsof
community-accessibleeferenceplatforms. Such platforms pro-
mote comparableesults,encouragevalidation, and will advance
the stateof theartin experimentaldesign setup,andexecution.
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