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Abstract

Much research in mobilenetworksrelieson the useof
simulationsfor evaluation purposes. While a numberof
powerfulsimulationtoolshavebeendevelopedfor thispur-
pose, only recentlyhas the needfor physicalimplementa-
tions of mobile systemsand applicationsbeenwidely ac-
ceptedin the literature. In recognition of this need,and to
further our research objectivesin theareaof wirelesssen-
sornetworksandmobilecooperativesystems,wehavebuilt
theTeamTrakmobiletestbed,which givesusreal-worldex-
periencewith research conceptsaswedevelopthem.Addi-
tionally, resultsfromoutdoor�eld testsare usedto further
enhancethecapabilitiesof thetestbeditself.

1 Intr oduction

The study of mobile networks hasbecomevery popu-
lar over the last several years,with an abundanceof pub-
lishedwork in theareaof routingprotocols,energy conser-
vation,peer-to-peersearchingalgorithms,andotherrelated
areas.Most of this researchrelieson the useof modeling
andsimulationfor evaluation.While simulationsarevalu-
able for demonstratingproof of conceptandtestingprop-
ertiessuchasscalability, real-word testsoftenexposemis-
takenassumptions.To facilitateevaluationof wirelessnet-
works, we are developing the TeamTrak mobile testbed.
UserscarryTeamTrakdevicesenabledwith varioussensors
andcollectdatawhich is thenusedto improve systemde-
signandimplementation.While currentlyusedfor several
ongoingresearchefforts at the Universityof Notre Dame,
TeamTrak continuesto evolve, andempiricaldatadirectly
contributesto advancingtheplatform'scapabilities.

TeamTrakconsistsof aheterogeneouscollectionof com-
modity laptopcomputersandPDAs connectedovera wire-
lessad hoc network and able to receive positioningdata
throughportableGPS receivers. Sharingof sensordata,
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to include GPSposition, is a fundamentalpart of the un-
derlyingnetwork protocol,soevery connectednodein the
systemcan determinethe location of any other by exam-
ining routing information,andallows cooperatingusersto
sharedataandnetwork serviceswithout thebene�t of �x ed
infrastructure.

2 TeamTrak Components

TeamTrak is a standaloneapplicationdesignedto build
andrun on multiple platforms. Our goal is to evaluatere-
searchideasin mobile distributedcomputingwithout spe-
cialized or customfabricatedhardware, so we use inex-
pensive commodityequipmentas much as possible. Our
researchprototypeconsistsof 32 Lenovo X41 Thinkpad
tabletcomputersrunningWindows XP andeightHP iPAQ
hx2795b PDAs running Windows Mobile. A standard
ANSI Z89.1 ClassC safetyhelmetprovidesa convenient
platformfor mountingmobilesensorequipment.

Thecommunicationmediumis wirelessethernet(IEEE
802.11b)in ad hoc mode(no basestation). The standard
WindowsIP con�guration is used:eachnodedetectsa net-
work, thennegotiatesalink localRFC3927IP address.Al-
thoughwirelessethernetis not optimizedfor outdoorpeer-
to-peercommunication,it is supportedby standardcon-
sumerelectronics,andthusneedsnospecializedhardware.

Datasharingin TeamTrak is accomplishedthroughthe
useof a simpledistance-vectorrouting protocolsimilar to
RIP [9]. At 1-secondintervals, eachnodebroadcaststhe
contentsof its routingtable,includingsensordatafor each
entry, to all otherconnectednodes.Theselectionof aproac-
tive routing protocol is primarily for simplicity and is not
without someconsequencesof which we wereawarewhen
building theprototype.We alsodonotemploy themultiple
packet typesfound in DSDV [11]. Stabilizingthe routing
table initially requiressometime as the datamust prop-
agatethroughthe network using a �ood-lik e mechanism.
This further impliesthatclearingstaledatainvolvesdelays
aswell, which leadsto thewell-known countingto in�nity



32 tablets:
Lenovo X41

OnHelmet:
GarminGPS-18
WatchportCamera
PNI V2Xe Compass

OnFoot:
SparkFunv5
Accelerometer

8 handhelds:
HP iPAQ
hx2795b

In Pocket:
HP Bluetooth
Nav System

Figure 1. The TeamTrak Hardware Testbed

TeamTrak consistsof 32 fully-instrumentedtablet kits and 8 lightweightkits. Each tablet kit consistsof a Lenovo tablet
connectedto a helmet-mountedGPS,camera, andcompass,anda foot-mountedaccelerometer. Each lightweightkit consists
of anHP PDA andBluetoothGPS.Bothrun nearlyidenticalsoftware andinteroperatevia wirelessEthernetandBluetooth.

(a) Active GPS (b) LastKnown (c) FixedLocation (d) Routing (e)Status

Figure 2. TeamTrak Displa y Modes

TeamTrakhasseveral displaymodesthatpresentstateinformationaboutnetwork.ThescopedisplayshowsthecurrentGPS
locationof thedeviceonamap,itsphysicalrelationto otherconnectednodes,andthelinksbetweennodes.Figures2(a),2(b),
and 2(c) showthe scopedisplaywith an activeGPSsignal, the last-knownlocation of disconnectednodes,and physical
locationssetmanually, respectively. Figure2(d)showstheroutingtable, and 2(e)thecurrentstatusof thelocal device.

problem[7]. Ourapproachto handlingstaledatais to make
it persistentuntil clearedfrom memoryby theoperator.

Augmenting the basic hardware platform are sensors
connectedby USB or serial port. GPSdataareprovided
throughGarminGPS-18USBGPSreceivers,or in thecase
of the PDAs, an HP BluetoothGPSreceiver. In addition
to GPS,theplatform includesthePNI V2Xe digital 2-axis
compass,the Watchport/V2digital camera,andSparkFun
SerAccelv5 digital accelerometer. As we continueto gain
experiencewith sensordevices,we addthemto theoverall
systemarchitectureand incorporatethe sensordataof in-
terestinto thecommunicationprotocol.Figure1 shows the
devicesthatcompriseeachTeamTraknode.

TeamTrak has several location modes, dependingon
availability of live GPSdataor the speci�c application. If

a GPSreceiver is connectedandreceiving a live signal,the
displayindicatessuchin the lower left corner, asshown in
Figure 2(a). If the GPSsignal is lost, the display shows
the nodeat its most recentknown location, as shown in
Figure2(b). Similarly, asnodesmove andbecomediscon-
nected,the displaywill continueto show their last known
location,but changesthesymbolusedto representeachand
alsoindicatesthe lengthof time sincea packet waslastre-
ceived from each. Whereno GPSsignalcanbe obtained,
a nodemayapproximateits own locationby averaginglive
GPSinformation from its neighborswithin a single hop.
Locationmay alsobe setmanuallyfor testingpurposesor
correctingGPSerror in caseswheretheexact locationof a
nodeis known. In this case,thedisplayindicatesthe loca-
tion is �x ed,asshown in Figure2(c). Additionally, thedis-
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Figure 3. Challeng es of Sensor s: Obstructed GPS Measurements

Thesegraphsshowthe distribution of positionscomputedby a GPSdevice onceper secondover threedays. Thedevice
hada clear view of thesouthernsky, but thenorthernsky wasblockedby a building. Notethat thedevicecomputesseveral
“excursions” thatdeviatefromtheaveragebyseveral hundredmeters.

play shows compassheadingfor eachnodeandis capable
of displayinglivevideoimageryfrom thedigital camera.

3 Experiencewith SensorMeasurements

Whenwe �rst embarkedon TeamTrak, we quickly dis-
coveredthat eachsensorpresentedits own set of distinct
problemsin measurementand interpretation. In this sec-
tion, we describesomeof thepracticaldif�culties of using
commoditysensors.

Global Positioning System. While initially testingthe
GPS device by simply walking aroundcampus,we ob-
served several anecdotalproblems. First, the GPSis very
sensitive to its placementrelative to the body. A signal
couldnot be obtainedif thedevice wasplacedin a pocket
or evenheldcloseto thelaptopor handheld.Only by plac-
ing thedevice on theshoulderor on top of theheadcould
a signalbeobtained.Second,becausenearbybuildingsin-
terferewith signalreceptiondespitehaving a clearview of
mostof thesky, anobstructionof partof thehorizonwould
causedelaysof 5-10 minutesin obtaininga GPS�x. Fi-
nally, while moving aroundcampuswith a GPS�x, thede-
vice would occasionally“jump” to locationsasmuchasa
kilometeraway, andwanderin that region for secondsor
evenminutesbeforereturningto theproperlocation. Each
of theseproblemsoccurredwith both the GarminGPS-18
andtheHP iPAQ NavigationSystemdesignedfor anauto-
mobilewindshield.

To get a morequanti�able understandingof GPSvari-
anceundernon-idealconditions,we recordedthebehavior
of aGPS-18unit oncepersecondover threedays.Theunit
wasplacedin thewindow of abuilding with aclearview of
thesouthernsky, but, completelyblockedfrom thenorthern
sky; aview thatwould becommonin anurbansetting.

The resultsof this experimentare shown in Figure 3.
The left graphshows a scatterplot of every positionmea-

surementtaken, centeredon the mean(the absoluteaccu-
racy of the averagemeasurementis unknown). The most
striking featureof this plot is that thedataareby no means
distributedevenly. Largesequencesof measurementsdrift
acrosstheaverageposition,mostlyin thenorth-southdirec-
tion. In extremecases,measurementsareasmuchas500m
off of theaverage.Inspectionof the datashows that these
arenot individual exceptions,but ratherthe measurement
drifts to anextremevalue,thendrifts backto theaverage.

Thecentergraphin Figure3 showsthecumulativeprob-
ability of ameasurement'sdistancefrom themean(theright
graphshows the samedataat extremeranges).As canbe
seen,a wide rangeof measurementsarecommon. About
35% of measurementsare within 10 meters,90% within
50m, 98% within 100m, 99% within 150m, and 99.5%
within 200m.Althoughmostmeasurementsarereasonably
accurate,the fractionof seriouslydiverging measurements
is large enoughthat it cannotbe ignored. In a suf�ciently
large network of devicesin non-idealconditions,we must
assumethatperhaps1-2%reportaninaccurateGPS�x.

Accelerometer. Regardlessof theaccuracy or priceof a
GPS,it cannotbeusedin locationswith noview of thesky,
suchasvery denseurbanareasor indoors. Previous work
hassuggestedthe useof accelerometersmountedon the
surfaceof mobilerobots,with theoutputintegratedto give
currentvelocity andchangein position,which is thenused
for �ne location.This worksacceptablyon a robot[8, 10],
whichhasrelatively consistentaccelerationpatterns.Initial
testingof theaccelerometerin this fashionfor humanswas
not encouraging.Humanshave no solid platformon which
to mount the device, leaving an uncertainaxis of motion.
In addition,humanshave “noisy” motionsthat leadto ex-
traordinaryintegrationerrors.Evenin controlledsituations,
computingpositionfrom theaccelerometerfor morethana
few secondsresultsin errorson theorderof kilometers.

However, the accelerometercanbe usedto detectspe-
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Figure 4. Challeng es of Sensor s: Compass and Acceler ometer

Theleft graphshowsthevariation in compassreadingasthecompassis tilted througha range of angleswithoutchanging
theheading. Theright graphshowsthereadingfromanaccelerometeraf�xed to theshoeof a personwalking.

15:18:00 15:20:00 15:22:00 15:24:00 15:26:00

15:28:00 15:30:00 15:32:00 15:34:00 15:36:00

15:38:00 15:40:00 15:42:00 15:44:00 15:46:00

Figure 5. Time Lapse Displa y of a TeamTrak Network
A time-lapsedisplayof a �eld testby an undergraduateclass.Each boxshowsthesystemstateat 2-minuteintervals. Dots
indicatemobilenodes. Heavylines indicatenodesthat are in direct contactvia wirelessethernet. Lighter lines indicate
campuslandmarks. Thescaleof each box is about1kmon each side. Initially, all nodesare searching for the “r abbit”
indicatedby a triangle in theupperleft corner. By 15:32:00,all havefoundtherabbit, eitherdirectlyor indirectly. At this
point, they attemptto formthelongestunbrokenchainpossible, extendingsouth.



ci�c motionsof thebody. Attachedto a person'sshoelaces
it canbeusedto measureindividual steps.Coupledwith a
compass(next section),we areoptimistic thataccelerome-
terscanbe usedto provide locationupdateswhenGPSis
notavailable.Thiswill beexploredin futurework.

Digital Compass.While theGPSdeviceprovidesposi-
tion data,it doesnotdeterminethedirectionaunit is facing.
Using a digital compass,we maydeterminedirection,and
usethis alongwith the accelerometerto computeposition
changes.In addition, directiondatacan be collectedand
usedto infer areasof focus,annotatecameraimages,or in-
form wirelesscoverageareas.Unlike theGPSsignal,mag-
neticheadingis detectablein nearlyany indooror outdoor
situation.

Whenheldin a stable�at positionat variousangles,the
V2Xe compasswasfound to have a measurementerror of
aboutonedegree.Thedif�culty comesin themeasurement
stability with respectto rolling motionsthat do not affect
heading.A two-axiscompasswill registeranerror asit is
rolled. Figure4 showsthemagnitudeof this roll whenheld
at a headingof 45 degrees.Rolling motionmustbekeptto
10degreesor less,otherwisetheerroris considerable.

4 Experiencewith Field Tests

Basedon common positive experiencewith wireless
accessusing infrastructurenetworks, we were optimistic
about the possibility of ad hoc networks. In initial tests
with two participants,we achieved rangesof about100m
betweenhosts.However, theserangeswerenot consistent:
sometimesanodescouldcommunicateatadistancearound
thecornerof a building, while sometimestwo nodesstand-
ing togethercouldnotcommunicate.

We conducteda seriesof �eld testswith an undergrad-
uatedistributedsystemsclass,describedin [6]. Note that
our goal in thesetestsis not a systematicstudyof any one
component,but ratherto gain experiencewith the system,
uncoverpracticalimplementationissues,andsuggestprob-
lemsfor furtherstudy.

Figure5 shows a time-lapsedisplayof a recenttest. In
the�gure, eachnodeis shown asadot, thetargetasa trian-
gle,andactivenetwork connectionsasheavy linesbetween
nodes.Lighter linesindicatebuildingsandroads.Weasked
12 participantsto performa simpleactivity: �nd a “rabbit”
nodehiddenon campus,andcommunicateits geographic
locationto therestof thegroupvia theroutingprotocol.As
eachparticipantfound the rabbit, they were instructedto
form thelongestunbrokenchainpossible,extendingsouth.

� 15:18:00 - The searcherswere dispatchedfrom the
southeastcornerof themapa few minutesearlier. Al-
thoughin a relatively compactgroup,thenetwork has
alreadypartitioned. Someproximatenodesareparti-
tioned,while othersfartherapartcancommunicate.

� 15:22:00- The network brie�y becomeswhole, then
partitionedagain. The westerngrouphasdiscovered
therabbit,while theeasterngroupcontinuesnortheast.

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

� 15:34:00- All nodeshavebegunformingalongchain.

� 15:38:00- Thenetwork is verystronglyconnected.

� 15:44:00- Thenetworkhasstretchedintoachain.Var-
ious links in the chainconnectanddisconnect.Most
peoplearestandingin placeandturningin eitherdirec-
tion to look at their peers.Dueto asymmetricnetwork
coverage,turningcausesbreaksin thenetwork.

Fromthis exercise,wemaydraw severalobservations:

� Despitethepracticalproblemsof wirelessethernetob-
servedabove, it canbeusedfor a complex network of
a fairly largegeographicscale.The�nal network state
at 15:46:00is about750mlong.

� The relationshipbetweenwireless connectivity and
distanceis nontrivial. Connectionscansometimesbe
madebetweenwidely separatednodes,andsometimes
cannotbetweenadjacentnodes,whichposesproblems
for routing or locationalgorithmsthat assumea rela-
tionshipbetweenconnectionandlocation.

� Network partitionsareevenmorecommonthanweex-
pected. Obviously, the network will partition when
a groupsplits to undertake a search. However, even
whenstandingin a line with theexplicit goalof stay-
ing connected,weobservedrapidpartitionsandrecon-
nectsoccurringin severaldifferentways.Any network
protocolshouldbehighly responsiveto changes.

5 LessonsLearned and Future Work

Basedon our experiencesbuilding, testing,anddeploy-
ing TeamTrak,we identify anddiscussthreeareasrequiring
furtherstudyanddevelopmentof novel protocolsandtech-
niquesthatgobeyondthestateof theart.

GPSNeedsAssistancein UrbanEnvironmentsat Human
Scale. Positioningwith commodityGPSreceivers alone
is probablyinadequatefor mosturbanapplicationsdueto
thelimitationsof theenvironmentandtheinherentcapabil-
ity of commercialreceivers. Our test locationis a univer-
sity campuswith buildingsspacedmuchfartherapartthan
one�nds in denseurbansettings,andwe foundnumerous



placesin whichobtaininga GPS�x waspracticallyimpos-
sible. Attemptingto obtaina �x in speci�c areasat differ-
enttimesanddaysproducedsimilarly poorresults.Oncea
�x wasobtained,our testersexperiencedno signi�cant dif-
�culty maintainingit, generallyonly losing signal due to
movementaroundobstructionsor otherephemeralfactors.
However, initially acquiringa �x may prove unacceptably
lengthyfor many applications.

Locationawarenessis exploited to improve application
performance,reliability, or usability [12, 4, 5] in wireless
andmobilesystems,andGPSis commonlyusedto identify
a mobiledevice's location.Theexperimentsexecutedwith
theTeamTraktestbedindicatethatGPSinformationis both
unreliableandinaccurate(seeFigure3 in Section3), which
hasbeenaddressedin previouswork onrobustlocationand
navigationsystems[1, 3, 2]. However, webelievethatexist-
ing location-awaredevicescanbene�t from notonly know-
ing currentpositionbut alsodirectionandspeedof them-
selvesandotherdevices.For example,in military or rescue
operations,usersmight entercritical zones, suchasareas
of increasedrisk to humansand/ormobile devices. Here,
it maybedesirableto of�oad importantinformationfrom a
mobile device to (a) protectinformationfrom captureand
(b) preventlossin caseof device failure.

HumanOperators Play an ImportantRole. Humanop-
eratorscanpartially compensatefor poornetwork connec-
tivity for someapplications. In our rabbit chaseexercise,
userstendedto prefermaintainingconnectivity with other
users,andthey frequentlywouldmovetowardsothernodes
to reestablishlostconnections.Behavior suchasthiscanbe
exploitedin mobileapplicationsto augmentnetwork proto-
cols,althoughmuchwork remainsto bedone.

Sensors Can Compensatefor Poor NetworkConnectiv-
ity. Consistency of adhocnetwork connectivity provedto
bemuchworsethanoriginally anticipated.Usingstandard
wirelessethernet,connectivity betweennodesis atbesthap-
hazard.Despitethenetwork limitations,displayingthelast
known locationsof nodesprovedhelpfulwhentrying to lo-
catea particularnode. Even a very transientconnection
in which few routing packets are exchangedis suf�cient
for determininglocations. Sinceeachnodepropagatesin-
formationfor all nodeswith which it hasconnected,users
working in concertcanquickly convergeon a particularlo-
cation.How longstaledatashouldbemaintainedis unclear,
but usersmayremoveit if thedisplaybecomescluttered.

To account for variations in connectivity and signal
strengths,we need wireless communicationand routing
protocolsthatareawareof the limitations of reducedcov-
erage.Predictors,suchasthecurrentpositionandbearing
of usersof mobiledevices,canbeusedto providecoverage
mapson the�y , which in turncanadaptcommunicationsto
accountfor predictedincreasesor decreasesin connectivity.
Additional sensordatacanbeusedto achievethis.

6 Conclusions

The TeamTrak mobile testbedis our �rst stepin build-
ing cooperative mobilesystemsandresearchingtheuseof
varioussensordata in suchan environment. During the
courseof systemdevelopment,we have madea numberof
observationsaboutthe useof off-the-shelfsensordevices,
software,andhardwareplatformsthatbothposesigni�cant
challengesyet offer exciting possibilitiesfor futureexpan-
sionandintegration.In many cases,empiricalevaluationof
componentshaschangedour assumptionsaboutthe capa-
bilities of suchhardwareandthefeasibilityof capturingand
sharingmeaningfulsensordatain a mobile environment,
andled usto identify openresearchproblemsandareasfor
futuredirection.
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