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Abstract

Thispaperintroducestheapplicationof asensornetwork to navigatea�ying robot.Wehavedevelopeddistributed
algorithmsandef�cient geographicroutingtechniquesto incrementallyguideoneor morerobotsto pointsof interest
basedonsensorgradient�elds, or alongpathsde�ned in termsof Cartesiancoordinates.Therobotitself is anintegral
partof thelocalizationprocesswhich establishesthepositionsof sensorswhich arenot known a priori.

We usethis systemin a large-scaleoutdoorexperimentwith Mote sensorsto guidean autonomoushelicopter
alongapathencodedin thenetwork. A simplehandhelddevice,usingthissameenvironmentalinfrastructure,is used
to guidehumans.

1 Intr oduction

We wish to createmoreversatileinformationsystemsby usingnetworked robotsandsensors:thousandsof small
low-costsensorsembeddedin the environment,mobile sensors,robots,andhumansall interactingto cooperatively
achieve tasks. This is in contrastto today's robotswhich arecomplex monolithic engineeredsystemsthat operate
alone.

Recentadvanceshaveshown thepossibilitiesfor low costwirelesssensors,with developmentssuchastheMICA
Mote [10,11] alongthepathto theultimategoalof smartdustrecentlyimplementedona singlechip calledSpec[1].
OthertechnologiessuchasAutoId will soonembedin every manufacturedarticlea wirelessdevice with a globally
uniqueidenti�er. This leadsto a paradigmshift in roboticswhich hastraditionallyuseda smallnumberof expensive
robot-bornesensors.Thenew modelis ubiquitoussensorsembeddedin theenvironmentwith whichtherobotinteracts:
to deploy them,to harvestdatafrom them,andto taskthem.Thesensorsmaybestaticor mobile.

A robot network consistsof a collectionof robotsdistributedover someareathat form an ad-hocnetwork. The
nodesof the network may be heterogeneousand includemobile robots,mobile andstaticsensors.Eachsensoris
equippedwith somelimited memoryandprocessingcapabilities,multiple sensingmodalities,andcommunication
capabilities. Thuswe extendthe notion of sensornetworks which hasbeenstudiedby the networking community
for staticsensorsto networks of robotsthat have naturalmobility. An ad-hocnetwork is a temporarywirelessnet-
work formedwithout theaidof any establishedinfrastructureor centralizedadministration.Thisnetwork cansupport
robot-robotcommunications,or in a �rst responderscenarioalsosupporthuman-humanandhuman-roboticcommu-
nications.Suchsystemsarewell-suitedfor tasksin extremeenvironments,especiallywhenthereis no computation
andcommunicationinfrastructureandtheenvironmentmodelandthetaskspeci�cationsareuncertainanddynamic.

Navigation is an exampleof how simplenodesdistributedover a large geographicalareacanassistwith global
tasks.Thenodessamplethestateof thelocalenvironmentandcommunicatethatto nearbyneighbors,eithercontinu-
ouslyor in theeventof somesigni�cant change.Hopby hopcommunicationis usedto propagatethis informationand
distributeit throughoutthenetwork while alsoproviding a cheapdistancemeasure.For example,considerdispersing
a sensornetwork over a large forest to monitor forest �res. The sensorsaredroppedwith a �ying robot and they
can localizeusingGPSlocationsthat arebeameddown from the robot. Oncelocalized,they senseandpropagate

� CSIRO Manufacturing& InfrastructureTechnology, Australia,(e-mail: peter.corke@csiro.au ).
y DartmouthComputerScienceDepartment,Hanover, NH 03755USA, (e-mail: rapjr@cs.dartmouth.edu ).
z DartmouthComputerScienceDepartment,Hanover, NH 03755USA, (e-mail: rus@cs.dartmouth.edu ).

1



Activated Sensor Area

New Path

�

��

�

�

��

�

�

��

�

�

��

�

�

�	

	





�

�

�

�





�

��

�

�

��

�

�

��

�

�

��

�

�

��

�

���

���

���

��� �

�

�

� �

�

�

�

�

� 

 

!

!"

"

Path Start

Robot Start

Figure1: (Left) Helicopterin theair over thesensornetwork consistingof 54Motes[10,11]. TheMotessit on topof
thedark�o wer pots. (Center)Helicopter. (Right) A sensornetwork with a pathmarkedby sensornodes.In response
to anenvironmenttrigger, thesensornetwork computesanew pathfor thehelicopterandanintermediatepathto guide
thehelicopterto thenew path.

temperaturelevels to computea temperaturegradientfor the region. The occurrenceof a new �re will be signaled
throughoutthenetwork automatically. In addition,thesensornetwork canalsocomputeashortestpathto the�re, and
safepathsto exit for peoplein thearea.Thesensornetwork canusethis informationto guiderobotsto thelocationof
the�re alongthepathcomputedby thenetwork, which maychangedueto environmentalconditionssuchasshifting
winds.Thesameinformationcanbeusedto guidesearchandrescueteamsto thehumansalongdifferentpaths.Thus,
multiple goalsandpathscanco-exist within thesystem.

Robotguidanceis achievedby theinteractionbetweentherobotanda localnodewhichhasaccessto globalstate
via thenetwork. Thereverseis alsopossible,therobotmayinject datainto thenetwork basedon its superiorsensory
or reasoningcapability, for examplecon�guring the network by reprogrammingits nodes,synchronizingclocks,
deploying new sensorsto �ll in communicationgaps,or calibratingsensorsby transmittingreferencevaluessensed
by the robot. The ability to re-taskandrepositionsensorsin a network by sendingstatechangesor uploadingnew
codegreatlyenhancestheutility of sucha network. It allows differentpartsof thenetwork to betailoredto speci�c
tasks,capabilitiesto beaddedor changed,andinformationto bestoredin thenodesin thenetwork. Thecapabilities
of robotsor peopleis extendedthroughinteractionwith thenetwork, extendingtheir sensesandability to actover a
massivearea.

In this paperwe focuson robotnetworks,whereeachnodeis capableof sensingandcommunication,andsome
of thenodesarecapableof actuation.We build on our previouswork in networkedrobots[7,14,15] andcontrolling
�ying robots[6] anddescribethenavigationof a �ying robotwith a massively distributednetwork.

More speci�cally, we build on importantpreviouswork in sensornetworks[2–5,8], ad-hocnetworks[10–12,16,
17], androbotics[7,13] andexaminein moredetail robotnetworksthatprovidedirectionsto a moving user(a robot
or a human).We examinethenetworkedinteractionbetweenthemoving userandtherestof thesystemthatincludes
usingthemobilenodeto localizethesensors,computingdistributedmapsandpathsacrossthenetwork, andusingthe
network to guidea �ying robot. We presentef�cient geographicrouting techniqueswhich minimizenetwork power
consumptionand radio congestion.This requiresnodelocalizationandwe presentfor the �rst time experimental
resultsfor localizationusinga �ying robot.Theseconceptshavebeenexperimentallyvalidatedwith aphysicalsensor
network consistingof 54Motesensors[10,11] andanautonomoushelicopter.

2 Navigating with a SensorNetwork

Sensorssamplelocal stateinformation. They can perform simple local computation,storeinformation locally or
communicateit. We assumethat the sensorshave reliable(not perfect)communicationwith nearbyneighborsand
non-reliablecommunicationwith therestof thenetwork. Thesensorsform anad-hocnetwork. Thenetwork canbe
extendedto includemobilenodessuchas�ying robots,groundrobots,or humans.

We have developedandimplementeda control algorithmthat allows �ying robotsto �y alongpathscomputed
adaptively by a sensornetwork andcommunicatedincrementallyto therobot. Theinformationnecessaryfor naviga-
tion control is distributedbetweentherobotandthenetwork. Thenetwork containslocal dataabouttheenvironment
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andcanusethis datato generateglobalmaps,while therobothasinformationaboutthetask.
Our �ying robot canbe thoughtof asa mobilenodein thesensornetwork. The �ying robot is equippedwith a

sensornodethat allows the robot to be networked to the restof the system.The robot doesnot have direct access
to remotesensordatabecausethecommunicationrangesarelimited andthereis no otherinfrastructureavailableto
therobot. However, by usingad-hocrouting,navigationinformationthat takestheentireregion into accountcanbe
deliveredto therobot. This datadistribution is usefulfor applicationswherethepathof the �ying robotdependson
environmentalconditions.Therobot's accessto datadetectedandcommunicatedby remotesensorsvia networking
allows it to respondquickly to far awayeventsby adjustingits �ying direction.

Theproblemcanbeformulatedasfollows. A sensornetwork is dispersedovera largegeographicalarea.A �ying
robot is tasked to travel alonga pathacrossthis areato reachmultiple goal locationsthatmay changedynamically.
Thesensornetwork computesthegoalsandthebestpaththat visits eachgoaladaptively. Note thatmultiple robots
canbeguidedto differentgoalsat thesametime by thesystem,alongdifferentpaths.Therobot,which is equipped
with a GPSreceiver, is alsousedto initially localizethenodes.

Thealgorithmthatrealizesthis typeof cooperativecontrolof amobilerobotrequiresthreemodules.Thenodesin
thesensornetwork needlocationinformationin orderto supportpathcomputation.Thenodesin thenetwork mustbe
ableto ef�ciently compute,modify, andstorea pathfor themobilerobot. Themobilerobotmustbeableto interact
with thesensornetwork to receive thepathandto respondto changesin thepath. The following sectionsdetail the
algorithmsfor thesethreecapabilities.

2.1 NodeLocalization

A critical aspectof our approachis that thenodesarelocalized— for ef�cient routingandfor knowing the location
of thesensedevents.For a largesensornetwork this requirementcouldbelimiting sinceit would beimpractical(for
reasonsof costandpower consumption)for eachnodeto have GPScapability. Herewe describehow this canbe
achievedby a differentialGPSequipped�ying robot interactingwith the sensornetwork during a post-deployment
initializationphase.

We assumethatthesensorshave beendeployedfrom therobotin a way thatcoverstheareaof interestuniformly
but not necessarilyregularly. The �ying robotcansweepacrosstheareaof thesensornetwork, for examplealonga
randompathor a pathde�ning a grid, beamingdown GPScoordinates.

Thenodelocalizationproblemhasbeenpreviouslydiscussedby others.Simić andSastry[2] presentadistributed
algorithmthat localizesa �eld of nodesin thecasewherea fractionof nodesarealreadylocalized.Bulusuetal. [5]
proposea localizationmethodthatuses�x edbeaconswith known position.Galystyanetal.[9] describeda contraint-
basedmethodwherebyan individual nodere�nes its positionestimatebasedon locationbroadcastsfrom a moving
agent.All resultsreportedto datehave beenbasedon simulationandassumea circularradiocommunicationsregion
which is far from reality.

We have developed� ve simpleapproachesto localizationthatdo not requireinter nodecommunications.Such
constraintsmay improve localizationaccuracy but at theexpenseof increasedpower consumptionandnetwork con-
gestion.In Section3.2we show empiricallythatthesealgorithmsarepracticalandcomparethemusingexperimental
data.

The�ying robotbroadcastsits positionpi = (x i ; yi ) which is receivedwith strengthsi . Eachsensorlistensfor
GPSbroadcastsfrom thehelicopterandimprovesits locationestimateovertimeusingoneof thefollowingalgorithms.

1. Take thestrongestreceivedmessagesofar, asthebestestimateof nodeposition.
if si > smax then

smax = si

p̂ = pi

2. Take themeanof thereceivedpositionastheestimatêpi = � i pi
i

3. Take thesignalstrengthweightedmeanof thereceivedpositionastheestimatêpi = � i si pi
� i si

4. Take themedianof receivedpositionastheestimatêpi = median(p1��� i )

5. Considereachreceivedpositionasa constraint[9] on the nodepositionwhich is consideredto lie within the
rectangularregion Q. Qi = Qi � 1 \ [x i � d; x i + d] � [yi � d; yi + d] At eachstepwe constrainthe node
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to lie in the intersectionof its currentregion,Qi � 1, anda squareregion of sidelength2d centeredon theGPS
transmission.Thepositionestimateof thenodeis takenasthecentroidof theregionQ i . Theparameterd should
re�ect thesizeof theradiocommunicationsregion.

Note that algorithms2, 3 and4 canbe modi�ed so that the estimateis only updatedwhensi > smin which
arti�cially reducesthesizeof theradiocommunicationsregion.

2.2 Path Computation

Algorithm 1 ThePathroutingalgorithm.
NewPathFlag = FALSE
if aPathMessage is receivedthen

// Ignorethemessageif it hasalreadybeenseen.I.e.,we
// areseeingthesamemessageresentfrom anothersensor.
if PathMessage.MessageID ! = oldMessageID then

oldMessageID = PathMessage.MessageID
// Checkif this sensoris on thepath.
while therearePathMessage.PathSegmentsleft in thePathMessagedo

CalculateminimumDistancefrom PathMessage.PathSegmentto this Sensor
if Distance< PathMessage.PathWidth then

// Thissensoris on thePath
First timehere,erasepreviouslystoredpath
NewPathFlag = TRUE
RebroadcastthePathMessage
Activatethis sensorfor robotguidance
StorePathSegment
SegmentCount++

if NewPathFlag == FALSE then
// Thissensoris noton thepath.Checkif it should
// forwardthemessagetowardsthepath.
Computeheading1from Senderto this sensor.
Computeheading2from Senderto startof path.
Computedistancebetweenthis sensorandvectorfrom Senderto startof path.
if (abs(heading1� heading2) < THRESHOLD)&& (distance< SETWIDTH) then

// Thissensoris in thedirectionof thestartof path.
RebroadcastthePathMessage.

A sensornetwork with localizednodescan monitor the environmentandencodea mapof the environmentin
sensorspacesasdescribedin [14]. Areasof thesensornetwork wheresensorshavetriggeredeventscanberepresented
asobstacles.Themapis a distributedrepresentationof theseobstacles.This is not anaccurategeometricmap. The
nodesin thenetwork providesomeinformationabouthow farfrom theeventeachnodeis. If thesensorsareuniformly
distributed,thesmallestnumberof communicationhopsto a sensorthat triggers “yes” to theeventis a measureof
thedistance.Sucha mapcanbeconstructedincrementallyandadaptively asanarti�cial potential�eld usinghop-by-
hopcommunication.The “obstacles”correspondto eventsandhave repulsingvaluesandthegoal hasan attracting
value. The potential�eld is computedin the following way. Eachnodewhosesensortriggersan “event” diffuses
theinformationabouttheeventto its neighborsin a messagethat includesits sourcenodeid, thepotentialvalue,and
thenumberof hopsfrom thesourceof themessageto thecurrentnode.This messageis usedto updatethepotential
valueat thecurrentnode.Thenodethenbroadcastsa messagewith its new potentialvalueandnumberof hopsto its
neighbors.

Therestof thesectiondetailsaprotocolcalledPathrouting,which is aninstanceof geographicroutingtailoredto
navigation[12]. It useshopby hopcommunicationto identify thesensornodeson thepath.A messageis broadcast
which containsa list of coordinates.Eachsensorthat receives it doesa computationto determineif it is within
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pathwidthdistanceof a line connectingthecoordinates,thusthesensorsmusthaveknowledgeof their location.Good
localizationof the sensorshasbene�ts otherthanin routing; it cangreatlyincreasethe valueandusefulnessof the
datasensedandcollectedby the sensors(seesection2.1.) Sensorsthat areon the pathforward the pathmessage;
thosefurther away do not. Sensorson the pathchangean internalstatevariableindicatingthey areon a pathand
storeonly thosesegmentsof thepaththat they areon. This informationcanlaterbequeriedby themobilenodeand
usedfor navigation. Comparedto �ooding protocols,whereall nodesreceive andforward the information,thepath
routing protocolgreatlyreducesthe amountof messagetraf�c, which alsoleadsto reductionsin power use. It has
thedisadvantageof beingsusceptibleto gapsin thesensor�eld, aroundwhich it cannotrouteif thegapcutsacross
thepath.This canbealleviatedto someextentby choosinganappropriatepathwidth or by addingacknowledgment
messagesto assurethe pathmessagereachesits destination.An approachsimilar to Greedyperimeterrouting [12]
couldalsobeusedto routearoundobstacles.Therestof this sectionpresentsthedetails.

A pathis anarrayof X,Y coordinatesdesignatingwaypointsalongaroute.A pathcomprisesoneor moresections,
eachof which is a setof up to 111 straightline segmentsde�ned by way points.To establisha path,a base-stationor
robotsendsa Pathmessage.This messageis 118byteslong andits payloadincludesup to 12 way point coordinates
andapathid.

Therearetwo phasesinvolvedin establishinganactivepath.Oneis to getthePathmessageto theareawherethe
pathstarts,the otheris to activatethepathby storingit in thesensorsthat lay alongthepath(seeFigure1(Right)).
This two phaseroutinganddistributionalgorithmis summarizedin Algorithm 1.

NearbysensorsthathearthePathmessageexamineit andusetheknowledgeof theirown locationandthelocation
of the pathsegments(in the message)to determineif they areon the pathandwithin the pathwidth de�ned in the
message.If they are,they rebroadcastthemessageandsetan internal�ag to indicatethey areon an active path. If
they arenoton thepath,thenthey againusetheknowledgeof their locationandthelocationof thesender(contained
in themessage)to determineif they arein thedirectionof wherethepathstartsandif they arewithin a presetwidth
of thatdirectionvector(seeFigure1(Right)). If they are,they forwardthemessage.If not, they remainsilent. In this
way thePath messageis routedin thegeneraldirectionof the start locationof thepath,without �ooding the entire
sensornetwork with messages.

Whenthemessagereachesthepathit is routedonly alongthepath,activatingthesensorson thepath.To prevent
in�nite loopsof messages(i.e.,amessagebackandforth from onesideof thepathto theotherforeversinceit always
getsforwardedtowardthepath)eachsensorkeepstrackof theuniqueID in thepathmessagefor thelastN messages
it received. If a messageis received that hasalreadybeenprocessedbefore,it is ignored. Note that multiple paths
canbecomputed,stored,andupdatedby thenetwork to matchmultiple robotsandmultiple goals.This canbeeasily
supportedby markingeachrobot,goal,andpathpairwith anid.

A distributedmotionplanningprotocolrunscontinuouslyin parallelwith themapcomputationto compute,store,
andupdatepaths.Differentpathcomputationalgorithmscanberun asdistributedprotocolson top of thedistributed
map.For example,thesafestpathto thegoal(whichmaintainsthelargestpossibledistanceto each“obstacle”)canbe
identi�ed with adistributedprotocolusingdynamicprogramming[14]. Theshortestpathto thegoalcanbecomputed
veryeasilyby following thesensorvaluegradient.Wearecurrentlytestingideasonpathadaptationbasedonchanges
detectedby thesensors.

2.3 Robot Navigation

Thepathstoredin thesensor�eld canbeusedto navigatetherobot.Similarto thewaythepathmessageis propagated,
theprocesshastwo phases,�rstly gettingto wherethepathstarts,andsecondlybeingguidedalongthepath.In some
situationsthe�rst phasemaynot beneeded(e.g.,thepathmayalwaysbecomputedto includetheknown locationof
therobotor therobotcouldalwaysbetold wherethestartof thepathis.) Oneimportantgoal in this �rst phaseis to
avoid �ooding theentirenetwork with messagesin anattemptto discover location.

For therobotto �nd thepath,�rst one(or all) of thesensorsthatknow they arenearthestartof thepathsendout
threemessagesthat containthe locationof thestartof thepath. The messagesalsoeachcontaina heading,set120
degreesapart2, awidth for thevectorthey will travel along,andamaximumrangebeyondwhichthey arenot intended
to travel. Themessagesareforwardedout to that rangein eachof thethreedirections.Thesensorsthat forwardthe

1Limited by Motemessagelength.
2Otherpatternsof radiation(a starpatternof 72 degrees)might increasethe likelihoodof interceptsoccurring,thoughthey alsoincreasethe

numberof sensorsinvolved.
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Algorithm 2 TheQueryPathalgorithmfor robotguidance.
while foreverdo

// Seekpathinformationfrom thesensors
BroadcastaQueryOnPathmessage
Listenfor the�rst sensorto reply
if asensorreplieswith anOnPathAck messagethen

SendaQueryPathmessageto thatsensor
// Thesensorshouldreplywith a list of PathSegmentsit is on
if thatsensorreplieswith a QueryAck messagethen

StorethePathSegmentsfrom theQueryAck messagein orderof precedence.
// Guidetherobot
if RobothasreachedcurrentWaypointthen

Getnext Waypointfrom list in orderof precedence
Headfor next Waypoint

messagesstorethelocationof thestartof thepath.Therobotat somelatertime sendsout thesamesortof messages
in threedirections.If therobotandpathstartarein rangeof eachothersmessages,themessagepathswill cross(due
to usinga120degreedispersalangle.)Thesensor(s)at thecrossingwill haveastoredlocationfor thestartof thepath
anda locationfor therobotandcansenda directionalmessage(perhapswith a graduallyincreasingwidth sincethe
robotmayhave movedslightly) backto therobottelling it wherethestartof thepathis. In this way only thesensors
alongspeci�c linesout to a maxrangecarrymessagesinsteadof theentirenetwork. This might be a goodgeneral
approachto �nding thenearestlocationof any resourcethesensor�eld knows about. After the initialization phase
thatplacestheroboton thepath,thenavigationguidancealgorithmsummarizedasAlgorithm 2 is usedto controlthe
motiondirectionof therobot.

Therobotstartsby sendingout a QueryOnPathmessagewhich includesthesender's id andlocation. If received
by a sensoron thepathit replieswith a QueryAckmessagewhich includesthepathsection,someconsecutive way
points,andan indicationof wheretheseway points�t into the path. By gatheringlists of segmentsfrom multiple
sensorstheentirepathcanbeassembledpieceby pieceastherobotmoves.Pathsthatcrossthemselvesallow for some
fault tolerancein therobotsknowledgeof thepath,sinceif therobot losesthepath,it mayhave a futuresegmentof
it alreadystoredif it haspassedanintersection.Oncetherobothasacquiredpathsegmentsfrom a sensor, it canthen
arrangethemin orderof precedenceandfollow themin order. Thusthepathitself is independentof thesensor'sown
locationandcanbespeci�edto any level of precisionneeded.

3 Experiments

3.1 Experimental setup

The SensorNetwork Hardware Our algorithmsarehardwareindependentbut the messageformatsusedby the
networked systemarehardwaredependent.We usea sensornetwork that consistsof 54 Mica Motes [10,11], see
Figures1 and3(Center). Eachnodecontainsa main processorandsensorboard. The Mote handlesdataprocess-
ing tasks,A/D conversionof sensoroutput,RF transmissionandreception,anduserinterfaceI/O. It consistsof an
Atmel ATMega128microcontroller(with 4 MHz 8 bit CPU,128KB �ash programspace,4K RAM, 4K EEPROM),
a 916 MHz RF transceiver (50Kbits/sec,nominal100ft range),a UART anda 4Mbit serial �ash. A Mote runsfor
approximatelyonemonthon two AA batteries.It includeslight, sound,andtemperaturesensors,but othertypesof
sensorsmaybeadded.EachMote runstheTinyOSoperatingsystem.Thesensorsarecurrentlyprogrammedto react
to suddenincreasesin light andtemperaturebut othersensorymodesarepossible.The sensorsneedto know their
locationcoordinatesandarelocalizedusingtheGPSlocalizationalgorithmin Section2.1,but thecoordinatescanalso
beprovidedto eachsensorfrom a base-station.

The AutonomousRobot The CSIRO helicopter, seeFigure1, is a hobby type (60 class)JR Ergo, which hasa
limited, 5kg, payloadcapability. This helicopterdiffers from other similar projectsin using low-cost sensorsfor
control. Theseincludea custominertial measurementunit, magnetometeranda vision system.The vision system,
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implementedin software,providesheight relative to the groundandspeedfrom optical �o w betweenconsecutive
framesat 5Hz. A �ight computerlocatedin the noseactsas the interfacebetweenthe helicopterand the control
computer, allowing thecomputerto monitoror take overany servo channel.

Thecontrolcomputeris an800MHzP3with solid-statedisksrunningtheLynxOSoperatingsystem.It is respon-
siblefor runningthevisionsoftware,thecontrolloopsanddatalogging.A 1HzdifferentialGPSreceiverandaProxim
radioethernetcardarealso�tted. A Mote is �tted to thenoseof thehelicopter(visible in Figure1) andfunctionsasa
base-station.It communicatesovera seriallink with thecontrolcomputerwhich runsapplicationsoftwareto interact
with thesensornetwork on theground.

Experimental site In March2003weconductedoutdoorexperimentswith arobothelicopter(equippedwith aMote)
and54 Mica Motes(seeFigures1 and3) at the CSIRO site in Brisbane.The Moteswereplacedat the nodesof a
6m grid on a gentleslope. Thegrid wasestablishedusingtapemeasuresandthecornerpointsweresurveyedusing
differentialGPS,andthecoordinatesof theotherpointswereinterpolated.

Experimentsshowedthattheradiorangeof theMoteswasdramaticallyreducedwhenthey wereplacedon damp
soil. Subsequentlywe placedthemon inverted�o wer potswhich kept themonewavelengthabove groundandim-
proved the signal quality signi�cantly. A base-stationMote connectedto a laptop was usedto control the Mote
network.

3.2 Localization Results

In this sectionwe compareempirically the performanceof the � ve differentapproachesto localizationintroduced
in Section2.1 usingdataacquiredduringexperiments.Theerror betweenestimatedandactualmotecoordinatefor
eachof the algorithmsis shown in Figure2(Left). The resultshave beencomputedof�ine usingGPScoordinates
obtainedfrom theactualhelicopterpathshown in Figure2(Right)Theparametersusedwered = 20andsmin = 470.
We canseethat the meanandweightedmeanarebiased,particularin the Eastingdirection,dueto the pathtaken
by the helicopteror the lobe shapeof the Mote antenna.The method,'best', is simplebut hashigh residualerror.
Themediandoesnotperformsigni�cantly betterthanthemeanestimates,andwouldbeproblematicto computewith
smallamountsof memory. Theconstraintbasedmethodis arguablythebestperformerandis computationallycheap,
thoughit is sensitive to the choiceof d. The error shouldbe consideredwith respectto theaccuracy of differential
GPSitself which is of theorderof severalmetres.

We notethatthemethodsdonot requirea rangeestimatederivedfrom signalstrength,adif�cult inverseproblem,
normakeany assumptionaboutthesizeor shapeof theradiocommunicationsregion.

3.3 Path Computation Results

In orderto measurethesensornetwork responseto computing,updatingandpropagatingpathinformationwe have
implementedthealgorithmsdescribedin Section2.2on thedeployedsensornetwork. Severaldifferenttypesof path
have beentried. Figure3 shows the resultsfrom � ve differentruns. Eachpathconsistsof 17 intermediatepoints,
arrangedin a U shapearoundtheexterior of the Mote grid. The spacingbetweeneachtwo Moteswas6 metersso
thetotalpathlengthwas96meters.Theaveragepathpropagationtime is 1.7secondswhich translatesinto aspeedof
56 m/sec.This propagationtime is very fastascomparedto themoving speedof the �ying robot. We concludethat
thepathcomputationis practicalfor controllingthenavigationof a �ying robotthatneedsto adaptits pathto changes
in theenvironment.

For our geographicroutingwe observed2 to 6 messagespersensoralongthepath,whereasfor �ooding all the
sensorsbecomeinvolved in messageforwarding,eachof themreceiving between14 to 17 messages.This vector
style of routing is muchmoreef�cient in numberof messages,andthe percentageof sensorsinvolved in message
forwardingbecomeslessandlessasthesizeof theentirenetwork grows.

3.4 Navigation Results

Ourexperimentshavedemonstratedthattherobothelicoptercanhoverandfollow apath.Wecancon�gure thesensor
�eld with arbitrarypathsandchangethemdynamically. Thehelicoptercaninteractwith thesensor�eld andretrieve
pathsegmentinformation.A secondjoint �eld experiment,targetedfor June2003,will beusedto collectnavigation
data.
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3.4.1 LessonsLearned

Wehavegainedseveralinsightsinto networkedrobots.Datalossis notrarein sensornetworks.This is dueto network
congestion,transmissioninterference,andgarbledmessages.Weobservedthatthetransmissionrangeof onedirection
maybequitedifferentfrom thatof theoppositedirection.Thus,theassumptionthat if a nodereceivesa packet from
anothernode,it cansendbacka packet is too idealistic. Network congestionis very likely whenthemessagerateis
high. This is aggravatedwhenthenodesin proximity of eachothertry to sendpacketsat thesametime. For a sensor
network, becauseof its small memoryandsimpli�ed protocolstack,congestionis a big problem. The uncertainty
introducedby dataloss,asymmetry, congestion,andtransientlinks is fundamentalin sensornetworksandshouldbe
carefullyconsideredin developingmodelsandalgorithmsfor systemsthatinvolvesensornetworks.

3.4.2 Extensionto Guiding Humans

The ideasbehindguiding the navigation of robotscanbe extendedto guiding humansaugmentedby a hand-held
device. It is basedon themetaphorof a �ashlight andis calledasensoryFlashlight, seeFigure3(Right). It comprises
ananalogcompass,alertLED, pagervibrator, andaBerkeley Mote [11].

Whenpointedin a speci�c direction,the Flashlightcollectsinformationfrom all the sensorslocatedin that di-
rectionandprovidesits userwith feedback.For the navigation taskthis feedbackconsistsof a vibration whenthe
�ashlight is pointedin thedirectionof travel computedby thenetwork. Thedevice canalsoissuecommandsto the
sensorsin thedirectionit is pointing.

We have deployed12 Mote sensorsalongcorridorsin our building andusedtheFlashlightandthepathguidance
approachpresentedhereto guidea humanuserout of thebuilding. Figure3(Right)shows themap. TheFlashlight
interactedwith sensorsto computethe next directionof movementtoward the exit. For eachinteraction,the user
did a rotationscanuntil the Flashlightwaspointedin the directioncomputedfrom the sensordata. The userthen
walked in that directionto the next sensor. Eachtime we recordedthe correctdirectionandthe directiondetected
by the Flashlight. The directionalerror was 8% (or 30 degrees)on average. However, becausethe corridorsand
of�ce doorwaysarewide, andthesensorssuf�ciently dense,theexit wasidenti�ed successfully. Theuserwasnever
directedtowarda blockedor wrongcon�guration. An interestingquestionis how denseshouldthesensorsbe,given
thefeedbackaccuracy.

4 Conclusions

We have describeda sensornetwork anddevelopednovel algorithmsthat provide guidanceinformationto robot or
humanusers.Suchanetwork greatlyextendsthesensoryreachof anindividualrobotor humanandprovidesfor many
differentmodesof navigation. The interactionis alsobidirectional. The robot is ableto provide informationto the
network andwehavedemonstratedthepowerof this in thetaskof nodelocalization.

We have implementedthenavigationprotocolson a network of 54 Mote sensorsin a large-scaleoutdoorsetting,
andtestedaspectsof helicopterandsensornetwork interaction. Experimentshave shown the effectivenessof geo-
graphicor vectorrouting,andtheef�cacy of usingthe�ying robotto localizenodes.Variouslocalizationalgorithms
werecomparedusingexperimentaldata.We wereableto loadpathsinto thedeployedsensor�eld andmanuallytest
therobotandhumannavigationalgorithms.Futurework will focusongatheringdatafrom robotnavigationtrialsand
demonstratingsensor-basedpathadaptation.
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