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Abstract

Much reseach in mobile networksrelies on the use of
simulationsfor evaluation purposes. While a humberof
powerfulsimulationtoolshavebeendevelopedor this pur-
pose only recentlyhasthe needfor physicalimplementa-
tions of mobile systemsand applicationsbeenwidely ac-
ceptedin the literature. In recaynition of this need,andto
further our reseach objectivesn the area of wirelesssen-
sor networksandmobilecoopegtivesystemsyehavebuilt
the TeamTak mobiletestbedwhich givesusreal-world ex-
periencewith reseach conceptsaswe developthem.Addi-
tionally, resultsfrom outdoor eld testsare usedto further
enhancehe capabilitiesof thetestbedtself.

1 Intr oduction

The study of mobile networks hasbecomevery popu-
lar over the last several years,with an abundanceof pub-
lishedwork in the areaof routing protocols,enegy conser
vation, peerto-peersearchinglgorithms andotherrelated
areas.Most of this researclrelies on the useof modeling
andsimulationfor evaluation. While simulationsarevalu-
ablefor demonstratingoroof of conceptandtesting prop-
ertiessuchasscalability real-word testsoften exposemis-
takenassumptionsTo facilitate evaluationof wirelessnet-
works, we are developing the TeamTak mobile testbed.
Userscarry TeamTak devicesenabledwith varioussensors
andcollectdatawhich is thenusedto improve systemde-
signandimplementation.While currentlyusedfor several
ongoingresearctefforts at the University of Notre Dame,
TeamTak continuesto evolve, andempiricaldatadirectly
contributesto advancingthe platform's capabilities.

TeamTakconsistof aheterogeneousollectionof com-
modity laptopcomputersandPDAs connectedver awire-
lessad hoc network and able to receve positioning data
through portable GPS recevers. Sharingof sensordata,
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to include GPSposition, is a fundamentabpart of the un-
derlying network protocol,so every connectechodein the
systemcan determinethe location of ary otherby exam-
ining routing information,and allows cooperatingusersto
sharedataandnetwork serviceswithoutthebene t of x ed
infrastructure.

2 TeamTrak Components

TeamTak is a standalonapplicationdesignedo build
andrun on multiple platforms. Our goalis to evaluatere-
searchideasin mobile distributed computingwithout spe-
cialized or customfabricatedhardware, so we use inex-
pensve commodity equipmentas much as possible. Our
researchprototype consistsof 32 Lenovo X41 Thinkpad
tabletcomputergunning Windows XP andeight HP iPAQ
hx2795b PDAs running Windows Mobile. A standard
ANSI Z89.1 ClassC safetyhelmetprovidesa corvenient
platformfor mountingmobile sensorequipment.

The communicatiommediumis wirelessethernef|IEEE
802.11b)in ad hoc mode (no basestation). The standard
Windows IP con gurationis used:eachnodedetectsa net-
work, thennegotiatesalink local RFC39271P addressAl-
thoughwirelessetherneis not optimizedfor outdoorpeer
to-peercommunication,it is supportedby standardcon-
sumerelectronicsandthusneedso specializechardware.

Datasharingin TeamTak is accomplishedhroughthe
useof a simpledistance-ectorrouting protocol similar to
RIP [9]. At 1-secondntervals, eachnodebroadcastshe
contentof its routingtable,including sensodatafor each
entry, to all otherconnecteshodes.Theselectiorof aproac-
tive routing protocolis primarily for simplicity andis not
without someconsequencesf which we wereawarewhen
building the prototype.We alsodo notemplgy the multiple
paclet typesfoundin DSDV [11]. Stabilizingthe routing
table initially requiressometime as the data must prop-
agatethroughthe network usinga ood-lik e mechanism.
This furtherimpliesthatclearingstaledatainvolvesdelays
aswell, which leadsto the well-known countingto in nity
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Figure 1. The TeamTrak Hardware Testbed

TeamTak consistsof 32 fully-instrumentedablet kits and 8 lightweightkits. Eacd tablet kit consistsof a Lenovo tablet
connectedo a helmet-mounte@PS,camegr, andcompassanda foot-mountedcceleometer Ead lightweightkit consists
of an HP PDA andBluetoothGPS.Bothrun nearlyidentical softwae andinteroperate via wirelessEthernetand Bluetooth.
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Figure 2. TeamTrak Display Modes

TeamTak hasseveral displaymodeghat presentstateinformationaboutnetwork.Thescopedisplayshowshe currentGPS
locationofthedeviceonamap,its physicalrelationto otherconnecteshodesandthelinksbetweemodes Figures2(a),2(b),
and 2(c) showthe scopedisplay with an active GPSsignal, the last-knownlocation of disconnectedhodes,and physical
locationssetmanually respectivelyFigure 2(d) showstheroutingtable, and 2(e)the currentstatusof thelocal device

problem[7]. Ourapproachio handlingstaledatais to make
it persistentintil clearedfrom memoryby the operator

Augmenting the basic hardware platform are sensors
connectedoy USB or serial port. GPSdataare provided
throughGarminGPS-18USB GPSrecevers,or in thecase
of the PDAs, an HP BluetoothGPSrecever. In addition
to GPS,the platformincludesthe PNI V2Xe digital 2-axis
compassthe Watchport/V2digital camera,and SparkFun
SerAccelv5 digital accelerometerAs we continueto gain
experiencewith sensordevices,we addthemto the overall
systemarchitectureand incorporatethe sensordataof in-
terestinto the communicatiorprotocol. Figure1 shavs the
devicesthatcompriseeachTeamTak node.

TeamTak has several location modes, dependingon
availability of live GPSdataor the speci ¢ application. If

a GPSreceveris connectedndreceving alive signal,the
displayindicatessuchin the lower left corner asshawvn in

Figure 2(a). If the GPSsignalis lost, the display shavs
the node at its most recentknown location, as shavn in

Figure2(b). Similarly, asnodesmove andbecomediscon-
nected,the displaywill continueto shaw their last known

location,but changeshe symbolusedto represeneachand
alsoindicatesthe lengthof time sincea paclet waslastre-
ceived from each. Whereno GPSsignal canbe obtained,
anodemay approximatéts own locationby averaginglive
GPSinformation from its neighborswithin a single hop.
Locationmay alsobe setmanuallyfor testingpurposesor
correctingGPSerrorin casesvherethe exactlocationof a
nodeis known. In this case the displayindicatesthe loca-
tionis x ed,asshavn in Figure2(c). Additionally, the dis-
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Figure 3. Challeng es of Sensors: Obstructed GPS Measurements

Thesegraphsshowthe distribution of positionscomputedoy a GPSdevice onceper secondover three days. The device
hada clear view of the southernsky, but the northernsky wasblodced by a building. Notethat the device computeseveral
“excursions” that deviatefromthe avetage by several hundiedmetes.

play shavs compasseadingfor eachnodeandis capable
of displayinglive videoimageryfrom the digital camera.

3 Experiencewith SensorMeasurements

Whenwe rst embarled on TeamTak, we quickly dis-
coveredthat eachsensomresentedts own setof distinct
problemsin measuremendnd interpretation. In this sec-
tion, we describesomeof the practicaldif culties of using
commoditysensors.

Global Positioning System. While initially testingthe
GPS device by simply walking around campus,we ob-
sened sevreral anecdotaproblems. First, the GPSis very
sensitve to its placementrelative to the body. A signal
could not be obtainedif the device wasplacedin a pocket
or evenheldcloseto thelaptopor handheld Only by plac-
ing the device on the shoulderor on top of the headcould
a signalbe obtained.Secondpecauseearbybuildingsin-
terferewith signalreceptiondespitehaving a clearview of
mostof the sky, anobstructionof partof the horizonwould
causedelaysof 5-10 minutesin obtaininga GPS x. Fi-
nally, while moving aroundcampuswith a GPS x, thede-
vice would occasionally'jump” to locationsasmuchasa
kilometer away, and wanderin that region for secondsor
evenminutesbeforereturningto the properlocation. Each
of theseproblemsoccurredwith boththe GarminGPS-18
andthe HP iPAQ Navigation Systemdesignedor anauto-
mobilewindshield.

To geta more quanti able understandingf GPSvari-
anceundernon-idealconditions,we recordedhe behaior
of a GPS-18unit oncepersecondverthreedays.The unit
wasplacedin thewindow of a building with a clearview of
thesoutherrsky, but, completelyblockedfrom thenorthern
sky; aview thatwould becommonin anurbansetting.

The resultsof this experimentare shovn in Figure 3.
The left graphshaws a scattemlot of every positionmea-

surementaken, centeredon the mean(the absoluteaccu-
ragy of the averagemeasuremeris unknavn). The most
striking featureof this plot is thatthe dataareby no means
distributedevenly. Large sequencesf measurementsrift
acrosgheaverageposition,mostlyin thenorth-southdirec-
tion. In extremecasesmeasuremen@reasmuchas500m
off of the average.Inspectionof the datashows thatthese
are not individual exceptions,but ratherthe measurement
drifts to anextremevalue,thendrifts backto the average.

Thecentergraphin Figure3 shavsthecumulative prob-
ability of ameasuremergdistancdrom themean(theright
graphshows the samedataat extremeranges).As canbe
seen,a wide rangeof measurementare common. About
35% of measurementare within 10 meters,90% within
50m, 98% within 100m, 99% within 150m, and 99.5%
within 200m. Althoughmostmeasurement@rereasonably
accuratethe fraction of seriouslydiverging measurements
is large enoughthatit cannotbe ignored. In a sufciently
large network of devicesin non-idealconditions,we must
assumehatperhapsl-2%reportaninaccuratesPS x.

Accelerometer. Regardlesof theaccurag or priceof a
GPS,it cannotbe usedin locationswith no view of the sky,
suchasvery denseurbanareasor indoors. Previous work
has suggestedhe use of accelerometersnountedon the
surfaceof mobile robots,with the outputintegratedto give
currentvelocity andchangen position,whichis thenused
for ne location. This worksacceptablyon arobot[8, 10],
which hasrelatively consistenticceleratiorpatterns nitial
testingof the accelerometein this fashionfor humanswvas
not encouragingHumanshave no solid platformon which
to mountthe device, leaving an uncertainaxis of motion.
In addition, humanshave “noisy” motionsthatleadto ex-
traordinaryintegrationerrors.Evenin controlledsituations,
computingpositionfrom the accelerometefor morethana
few secondsesultsin errorson theorderof kilometers.

However, the accelerometecanbe usedto detectspe-
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Figure 4. Challeng es of Sensors: Compass and Acceler ometer

Theleft graphshowsthe variation in compasseadingasthe compasss tilted througha range of angleswithout changing
theheading Theright graphshowsthereadingfroman accelepmeteraf xed to the shoeof a personwalking
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Figure 5. Time Lapse Display of a TeamTrak Network
A time-lapsedisplayof a eld testby an undegraduateclass. Each box showsthe systemnstateat 2-minuteintervals. Dots
indicate mobile nodes. Heavylines indicate nodesthat are in direct contactvia wirelessethernet. Lighter lines indicate
campudandmarks. The scaleof each boxis about 1kmon ead side Initially, all nodesare seaching for the “r abbit”
indicatedby a triangle in the upperleft corner By 15:32:00,all havefoundthe rabbit, eitherdirectly or indirectly. At this
point, they attemptto form thelongestunbrokenchain possible extendingsouth.
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ci ¢ motionsof thebody. Attachedto a persons shoelaces
it canbe usedto measurendividual steps.Coupledwith a
compasgnext section),we areoptimisticthataccelerome-
terscanbe usedto provide locationupdatesvhen GPSis
notavailable. Thiswill beexploredin futurework.

Digital Compass. While the GPSdevice providesposi-
tion data,it doesnotdeterminghedirectionaunitis facing.
Using a digital compasswe may determinedirection,and
usethis alongwith the accelerometeto computeposition
changes.In addition, direction datacan be collectedand
usedto infer areasf focus,annotatecameramagesor in-
form wirelesscoverageareas.Unlike the GPSsignal,mag-
neticheadingis detectablen nearlyary indooror outdoor
situation.

Whenheldin astable at positionat variousanglesthe
V2Xe compassvasfoundto have a measuremergrror of
aboutonedegree.Thedif culty comesin the measurement
stability with respectto rolling motionsthat do not affect
heading.A two-axiscompaswill registeranerrorasit is
rolled. Figure4 showvs the magnitudeof this roll whenheld
ata headingof 45 degrees.Rolling motion mustbe keptto
10degreesor less,otherwisetheerroris considerable.

4 Experiencewith Field Tests

Basedon common positive experiencewith wireless
accessausing infrastructurenetworks, we were optimistic
aboutthe possibility of ad hoc networks. In initial tests
with two participants,we achieved rangesof about100m
betweerhosts.However, theserangeswerenot consistent:
sometimes nodescouldcommunicatetadistancearound
the cornerof a building, while sometimeswo nodesstand-
ing togethercouldnotcommunicate.

We conducteda seriesof eld testswith anundegrad-
uatedistributed systemsclass,describedn [6]. Note that
our goalin thesetestsis not a systematicstudyof any one
componentput ratherto gain experiencewith the system,
uncover practicalimplementatiorissuesandsuggesprob-
lemsfor furtherstudy

Figure5 shaws a time-lapsedisplay of a recenttest. In
the gure, eachnodeis shovn asadot, thetargetasatrian-
gle,andactive network connectiongasheavy linesbetween
nodes Lighterlinesindicatebuildingsandroads.We asled
12 participantgo performa simpleactvity: nd a*“rabbit”
nodehiddenon campus,and communicatéts geographic
locationto therestof thegroupvia theroutingprotocol. As
eachparticipantfound the rabbit, they were instructedto
form thelongestunbrolenchainpossible extendingsouth.

15:18:00 - The searcheravere dispatchedfrom the
southeastornerof the mapa few minutesearlier Al-
thoughin arelatively compactgroup,the network has
alreadypartitioned. Someproximatenodesare parti-
tioned,while othersfartherapartcancommunicate.

15:22:00- The network brie y becomeswvhole, then
partitionedagain. The westerngroup hasdiscovered
therabbit,while theeasterrgroupcontinuesortheast.

15:28:00 - Most nodeshave discovered the rabbit,
someindirectly. Note that one nodehasa very long
network connection;in this case,the personin ques-
tion wasactuallycloseto the rabbit, but the GPSwas
reportinganincorrectpositionuntil 15:36:00.

15:34:00- All nodeshave begunformingalongchain.
15:38:00- Thenetwork is very stronglyconnected.

15:44:00- Thenetwork hasstretchednto achain.Var-
ious links in the chainconnectand disconnect.Most
peoplearestandingn placeandturningin eitherdirec-
tion to look attheir peers.Dueto asymmetrimetwork
coverageturningcausedreaksn the network.

Fromthis exercise we maydraw severalobsenations:

Despitethepracticalproblemsof wirelessethernebb-
senedabove, it canbe usedfor a complex network of
afairly largegeographiscale.The nal network state
at15:46:00is about750mlong.

The relationship betweenwireless connectity and
distances nontrivial. Connectionsansometimede
madebetweerwidely separatetiodesandsometimes
cannotbetweeradjacennodeswhich posegroblems
for routing or locationalgorithmsthat assumea rela-
tionshipbetweerconnectiorandlocation.

Network partitionsareevenmorecommonthanwe ex-
pected. Obviously, the network will partition when
a group splits to undertale a search. However, even
whenstandingin a line with the explicit goal of stay-
ing connectedye obsenedrapidpartitionsandrecon-
nectsoccurringin severaldifferentways. Any network
protocolshouldbe highly responsieto changes.

5 Lessond.earnedand Future Work

Basedon our experiencesuilding, testing,anddeploy-
ing TeamTak,weidentify anddiscusghreeareagequiring
furtherstudyanddevelopmentof novel protocolsandtech-
niguesthatgo beyondthe stateof the art.

GPSNeedsAssistancén Urban Environmentat Human
Scale Positioningwith commodity GPS recevers alone
is probablyinadequatdor mosturbanapplicationsdueto
thelimitations of theervironmentandtheinherentcapabil-
ity of commercialrecevers. Our testlocationis a univer
sity campuswith buildings spacedmuchfartherapartthan
one nds in denseurbansettings,andwe found numerous



placesin which obtaininga GPS x waspracticallyimpos-
sible. Attemptingto obtaina x in speci c areasat differ-
enttimesanddaysproducedsimilarly poorresults.Oncea
X wasobtainedpur testersexperiencecho signi cant dif-
culty maintainingit, generallyonly losing signal due to
movementaroundobstructionsor otherephemerafactors.
However, initially acquiringa x may prove unacceptably
lengthyfor mary applications.

Locationawarenesss exploited to improve application
performancereliability, or usability [12, 4, 5] in wireless
andmobilesystemsandGPSis commonlyusedto identify
amobile device's location. The experimentsxecutedwith
theTeamTaktestbedndicatethat GPSinformationis both
unreliableandinaccuratgseeFigure3 in Section3), which
hasbeenaddresseth previouswork onrobustlocationand
navigationsystemgl, 3, 2]. However, we believethatexist-
ing location-avaredevicescanbene t from notonly know-
ing currentposition but also direction and speedof them-
selvesandotherdevices.For example,in military or rescue
operationsusersmight entercritical zones suchasareas
of increasedisk to humansand/ormobile devices. Here,
it maybedesirableo of oad importantinformationfrom a
mobile device to (a) protectinformationfrom captureand
(b) preventlossin caseof device failure.

HumanOpeiators Play an ImportantRole Humanop-
eratorscanpartially compensatéor poor network connec-
tivity for someapplications. In our rabbit chaseexercise,
userstendedto prefermaintainingconnectvity with other
usersandthey frequentlywould move towardsothernodes
to reestablishostconnectionsBehavior suchasthis canbe
exploitedin mobileapplicationgo augmennetwork proto-
cols,althoughmuchwork remainsto bedone.

Sensos Can Compensatéor Poor NetworkConnectiv-
ity. Consisteng of ad hoc network connectvity provedto
be muchworsethanoriginally anticipated.Using standard
wirelessethernetconnectvity betweemodess atbesthap-
hazard.Despitethe network limitations, displayingthe last
known locationsof nodesprovedhelpful whentrying to lo-
catea particularnode. Even a very transientconnection
in which few routing paclets are exchangedis sufcient
for determininglocations. Sinceeachnodepropagatein-
formationfor all nodeswith which it hasconnectedusers
workingin concertcanquickly corvergeon a particularlo-
cation.How long staledatashouldbe maintaineds unclear
but useramayremoveit if thedisplaybecome<luttered.

To accountfor variationsin connectvity and signal
strengths,we needwireless communicationand routing
protocolsthat are aware of the limitations of reducedcov-
erage.Predictorssuchasthe currentpositionandbearing
of usersof mobiledevices,canbeusedto provide coverage
mapsonthe y , whichin turn canadaptcommunication$o
accounfor predictedncreasesr decreasem connectvity.
Additional sensodatacanbe usedto achieve this.

6 Conclusions

The TeamTak mobile testbedis our rst stepin build-
ing cooperatie mobile systemsandresearchindghe useof
various sensordatain suchan ervironment. During the
courseof systemdevelopmentwe have madea numberof
obsenationsaboutthe useof off-the-shelfsensordevices,
software,andhardwareplatformsthatboth posesigni cant
challengegyet offer exciting possibilitiesfor future expan-
sionandintegration.In mary casesempiricalevaluationof
componenthaschangedur assumptionsboutthe capa-
bilities of suchhardwareandthefeasibility of capturingand
sharingmeaningfulsensordatain a mobile ernvironment,
andled usto identify openresearctproblemsandareador
futuredirection.
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