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Abstract

Thispaperfintroducegheapplicationof asensonetwork to navigatea ying robot. We have developeddistributed
algorithmsandef cient geographigoutingtechniquego incrementallyguideoneor morerobotsto pointsof interest
basednsensogradientelds, or alongpathsde nedin termsof CartesiarcoordinatesTherobotitselfis anintegral
partof thelocalizationprocesavhich establisheshe positionsof sensorsvhich arenotknown a priori.

We usethis systemin a large-scaleoutdoorexperimentwith Mote sensorgo guide an autonomoushelicopter
alongapathencodedn thenetwork. A simplehandhelddevice, usingthis sameervironmentalinfrastructurejs used
to guidehumans.

1 Intr oduction

We wish to createmore versatileinformation systemsby using networked robotsand sensors:thousandof small
low-costsensorembeddedn the ervironment,mobile sensorsrobots,andhumansall interactingto cooperatiely
achieve tasks. This is in contrastto today's robotswhich are comple< monolithic engineeredgystemsthat operate
alone.

Recentadvancesare shavn the possibilitiesfor low costwirelesssensorswith developmentsuchasthe MICA
Mote [10,11] alongthe pathto the ultimategoal of smartdustrecentlyimplementedn a singlechip calledSpec[1].
OthertechnologiesuchasAutold will soonembedin every manuficturedarticle a wirelessdevice with a globally
uniqueidenti er. This leadsto a paradigmshift in roboticswhich hastraditionally useda smallnumberof expensve
robot-bornesensorsThenew modelis ubiquitoussensore@mbeddedh theenvironmentwith whichtherobotinteracts:
to deploy them,to harwestdatafrom them,andto taskthem.The sensorsnaybe staticor mobile.

A robotnetwork consistsof a collectionof robotsdistributed over someareathat form an ad-hocnetwork. The
nodesof the network may be heterogeneouand include mobile robots, mobile and static sensors.Eachsensoris
equippedwith somelimited memoryand processingcapabilities,multiple sensingmodalities,and communication
capabilities. Thuswe extendthe notion of sensometworks which hasbeenstudiedby the networking community
for staticsensorgo networks of robotsthat have naturalmobility. An ad-hocnetwork is a temporarywirelessnet-
work formedwithout the aid of any establishedhfrastructureor centralizedadministration.This network cansupport
robot-robotcommunicationsor in a rst respondescenaricalsosupporthuman-humamndhuman-roboticommu-
nications. Suchsystemsarewell-suitedfor tasksin extremeervironments especiallywhenthereis no computation
andcommunicationinfrastructureandthe ernvironmentmodelandthetaskspeci cationsareuncertairanddynamic.

Navigationis an exampleof how simple nodesdistributed over a large geographicabreacanassistwith global
tasks.The nodessamplethe stateof thelocal environmentandcommunicateéhatto nearbyneighborsgithercontinu-
ouslyorin theeventof somesigni cant change Hop by hopcommunications usedto propagatehisinformationand
distributeit throughouthe network while alsoproviding a cheapdistancemeasureFor example,considerispersing
a sensometwork over a large forestto monitor forest res. The sensorsare droppedwith a ying robotandthey
canlocalize using GPSlocationsthat are beameddown from the robot. Oncelocalized,they senseand propagate
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Figurel: (Left) Helicopterin theair overthe sensometwork consistingof 54 Motes[10,11]. The Motessit on top of
thedark o wer pots. (Center)Helicopter(Right) A sensometwork with a pathmarked by sensomodes.In response
to anervironmenttrigger, thesensomnetwork computesanew pathfor the helicopterandanintermediatgathto guide
thehelicopterto the new path.

temperaturdevelsto computea temperaturgyradientfor the region. The occurrenceof anew re will be signaled
throughouthenetwork automatically In addition,the sensomnetwork canalsocomputea shortespathto the re, and
safepathsto exit for peoplein thearea.The sensomnetwork canusethis informationto guiderobotsto thelocationof
the re alongthe pathcomputedoy the network, which may changedueto ervironmentalconditionssuchasshifting
winds. Thesameinformationcanbeusedto guidesearchandrescugeamsto thehumansalongdifferentpaths.Thus,
multiple goalsandpathscanco-exist within the system.

Robotguidancds achievedby the interactionbetweerthe robotanda local nodewhich hasaccesgo globalstate
via thenetwork. Thereverseis alsopossibletherobotmayinject datainto the network basedn its superiorsensory
or reasoningcapability for example con guring the network by reprogrammingts nodes,synchronizingclocks,
deploying new sensordo Il in communicatiorgaps,or calibratingsensorsdy transmittingreferencevaluessensed
by the robot. The ability to re-taskandrepositionsensorsn a network by sendingstatechangesr uploadingnew
codegreatlyenhanceshe utility of sucha network. It allows differentpartsof the network to be tailoredto speci ¢
tasks,capabilitiesto be addedor changedandinformationto be storedin the nodesin the network. The capabilities
of robotsor peopleis extendedthroughinteractionwith the network, extendingtheir sensesndability to actovera
massie area.

In this paperwe focuson robot networks, whereeachnodeis capableof sensingandcommunicationandsome
of the nodesare capableof actuation.We build on our previouswork in networkedrobots[7, 14,15] andcontrolling
ying robots[6] anddescribethe navigationof a ying robotwith a massiely distributednetwork.

More speci cally, we build on importantpreviouswork in sensometworks[2-5, 8], ad-hocnetworks[10-12,16,
17], androbotics[7, 13] andexaminein moredetail robot networksthat provide directionsto a moving user(a robot
or ahuman).We examinethe networkedinteractionbetweerthe moving userandtherestof the systemthatincludes
usingthemobilenodeto localizethe sensorsgomputingdistributedmapsandpathsacrosghe network, andusingthe
network to guidea ying robot. We presentf cient geographiaoutingtechniquesvhich minimize network power
consumptionand radio congestion. This requiresnodelocalizationand we presentfor the rst time experimental
resultsfor localizationusinga ying robot. Theseconcepthiave beenexperimentallyvalidatedwith a physicalsensor
network consistingof 54 Mote sensorg10,11] andanautonomouselicopter

2 Navigating with a SensorNetwork

Sensorssamplelocal stateinformation. They can perform simple local computation,storeinformation locally or
communicatat. We assumehat the sensorshave reliable (not perfect)communicatiorwith nearbyneighborsand
non-reliablecommunicatiorwith the restof the network. The sensordorm anad-hocnetwork. The network canbe
extendedo includemobilenodessuchas ying robots,groundrobots,or humans.

We have developedandimplementeda control algorithmthat allows ying robotsto y alongpathscomputed
adaptvely by a sensometwork andcommunicatedncrementallyto therobot. Theinformationnecessaryor naviga-
tion controlis distributedbetweerthe robotandthe network. The network containdocal dataaboutthe ervironment



andcanusethis datato generatglobalmaps while therobothasinformationaboutthe task.

Our ying robotcanbethoughtof asa mobile nodein the sensometwork. The ying robotis equippedwith a
sensomodethat allows the robot to be networked to the rest of the system. The robot doesnot have directaccess
to remotesensordatabecauséhe communicatiorrangesarelimited andthereis no otherinfrastructureavailableto
therobot. However, by usingad-hocrouting, navigationinformationthattakesthe entireregion into accountcanbe
deliveredto therobot. This datadistribution is usefulfor applicationsvherethe pathof the ying robotdependsn
ervironmentalconditions. The robot's accesgo datadetectecandcommunicatedy remotesensorsia networking
allowsit to respondjuickly to far away eventsby adjustingits ying direction.

Theproblemcanbeformulatedasfollows. A sensonetwork is disperseaver alargegeographicaarea.A ying
robotis taskedto travel alonga pathacrosshis areato reachmultiple goal locationsthat may changedynamically
The sensometwork computeghe goalsandthe bestpaththat visits eachgoal adaptively. Note that multiple robots
canbe guidedto differentgoalsat the sametime by the system alongdifferentpaths. Therobot, whichis equipped
with a GPSrecever, is alsousedto initially localizethenodes.

Thealgorithmthatrealizeshis typeof cooperatre controlof a mobilerobotrequireshreemodules.Thenodesn
thesensonetwork needlocationinformationin orderto supportpathcomputationThenodesn the network mustbe
ableto ef ciently computemodify, andstorea pathfor the mobile robot. The mobile robotmustbe ableto interact
with the sensometwork to receve the pathandto respondo changesn the path. The following sectionsdetail the
algorithmsfor thesethreecapabilities.

2.1 Nodelocalization

A critical aspectof our approachs thatthe nodesarelocalized— for ef cient routingandfor knowing the location
of the sensedvents. For a large sensometwork this requirementould belimiting sinceit would beimpractical(for
reasonof costand power consumption¥or eachnodeto have GPScapability Herewe describehow this canbe
achieved by a differential GPSequippedying robotinteractingwith the sensometwork during a post-deplgment
initialization phase.

We assumehatthe sensorsiave beendeployedfrom therobotin a way thatcoversthe areaof interestuniformly
but not necessarilyegularly. The ying robotcansweepacrosghe areaof the sensometwork, for examplealonga
randompathor a pathde ning agrid, beamingdown GPScoordinates.

Thenodelocalizationproblemhasbeenpreviously discussedby others.Simi¢ andSastry{2] presentdistributed
algorithmthatlocalizesa eld of nodesin the casewherea fraction of nodesarealreadylocalized. Bulusuetal. [5]
proposea localizationmethodthatuses x edbeaconsvith known position. Galystyanetal.[9] describedh contraint-
basedmethodwherebyan individual nodere nes its positionestimatebasedon locationbroadcastérom a maoving
agent.All resultsreportedto datehave beenbasedn simulationandassumea circular radiocommunicationsegion
whichis farfrom reality.

We have developed ve simpleapproacheso localizationthatdo not requireinter nodecommunications.Such
constraintamay improve localizationaccurag but at the expenseof increasegower consumptiorandnetwork con-
gestion.In Section3.2 we shov empiricallythatthesealgorithmsarepracticalandcompareghemusingexperimental
data.

The ying robotbroadcastis positionp; = (X;; yi) whichis recevedwith strengths;. Eachsensotistensfor
GPSbroadcastfrom thehelicopterandimprovesits locationestimateovertime usingoneof thefollowing algorithms.

1. Takethestrongestecevedmessagsofar, asthe bestestimateof nodeposition.
if Sj > Smax then

Smax = Si
P=pi
2. Takethemeanof therecevedpositionastheestimated; = —2-
3. Takethesignalstrengthweightedmeanof therecevedpositionastheestimatgy; = —S.Bu

i Si
4. Takethemedianof recevedpositionastheestimated; = mediarfp; i)

5. Considereachreceved positionasa constraint9] on the nodepositionwhich is consideredo lie within the
rectangularegionQ. Qi = Q; 1\ [x; d;xj+d] [y; d;y; + d] At eachstepwe constrainthe node



to lie in the intersectiorof its currentregion, Q; 1, anda squareregion of sidelength2d centerecbn the GPS
transmissionThepositionestimateof thenodeis takenasthecentroidof theregion Q; . Theparameted should
re ect thesizeof theradiocommunicationsegion.

Note that algorithms2, 3 and4 canbe modi ed so that the estimateis only updatedwhens; > smin which
arti cially reduceghesizeof theradiocommunicationsegion.

2.2 Path Computation

Algorithm 1 ThePathroutingalgorithm.
NewPathFlag = FALSE
if aPathMessgeis recevedthen
/I lgnorethe messagé# it hasalreadybeenseen.l.e.,we
/I areseeingthe samemessageesentrom anothersensor
if PathMessge.MessagelD! = oldMessgelD then
oldMessagelD = PathMessge.MessagelD
/I Checkif this sensoiis onthepath.
while therearePathMessge.PathSgmensleft in the PathMessge do
Calculateminimum Distancefrom PathMessge.PathSgmentto this Sensor
if Distance< PathMessge.PathWdth then
I/l This sensotis onthe Path
Firsttime here,erasepreviously storedpath
NewPathFlag = TRUE
Rebroadcaghe PathMessge
Activatethis sensoifor robotguidance
StorePathSgment
SgmentCount+
if NewPathFlag == FALSE then
/I This sensoiis not onthe path. Checkif it should
/I forwardthe messag¢éowardsthe path.
Computeheadinglfrom Sendeto this sensar
Computeheading2from Sendeto startof path.
Computedistancebetweerthis sensormndvectorfrom Sendetto startof path.
if (absfeadingl headingd < THRESHOLD)&& (distance< SETWIDTH)then
I/l This sensoitis in the directionof the startof path.
Rebroadcaghe PathMessge.

A sensometwork with localizednodescan monitor the ervironmentand encodea map of the ervironmentin
sensospacessdescribedn [14]. Areasof thesensonetwork wheresensordavetriggeredeventscanberepresented
asobstaclesThe mapis a distributedrepresentatioof theseobstacles.This is not an accurateggeometricmap. The
nodesn thenetwork provide someinformationabouthow farfrom theeventeachnodeis. If thesensorsreuniformly
distributed, the smallestnumberof communicatiorhopsto a sensorthat triggers “yes” to the eventis a measureof
thedistance Sucha mapcanbe constructedncrementallyandadaptvely asanarti cial potential eld usinghop-by-
hop communication.The “obstacles”correspondo eventsandhave repulsingvaluesandthe goal hasan attracting
value. The potential eld is computedin the following way. Eachnodewhosesensortriggersan “event” diffuses
theinformationaboutthe eventto its neighbordn a messagé¢hatincludesits sourcenodeid, the potentialvalue,and
the numberof hopsfrom the sourceof the messagéo the currentnode. This messagés usedto updatethe potential
valueatthe currentnode. The nodethenbroadcasta messagevith its new potentialvalueandnumberof hopsto its
neighbors.

Therestof thesectiondetailsa protocolcalledPathrouting,which is aninstanceof geographicoutingtailoredto
navigation[12]. It useshop by hopcommunicatiorto identify the sensomodeson the path. A messagés broadcast
which containsa list of coordinates. Eachsensorthat recevesit doesa computationto determineif it is within



pathwidthdistanceof aline connectinghe coordinatesthusthe sensorsnusthave knowledgeof theirlocation. Good
localizationof the sensorshasbene ts otherthanin routing; it cangreatlyincreasethe valueandusefulnes®of the
datasensedand collectedby the sensorgseesection2.1.) Sensorghat are on the pathforward the pathmessage;
thosefurther away do not. Sensoroon the path changean internal statevariableindicatingthey are on a pathand
storeonly thoseseggmentsof the paththatthey areon. This informationcanlater be queriedby the mobile nodeand
usedfor navigation. Comparedo ooding protocols,whereall nodesreceve andforward the information,the path
routing protocolgreatly reduceshe amountof messagéraf ¢, which alsoleadsto reductionsin power use. It has
the disadwantageof beingsusceptibléo gapsin the sensoreld, aroundwhich it cannotrouteif the gapcutsacross
the path. This canbe alleviatedto someextentby choosingan appropriatgpathwidth or by addingacknavledgment
message®o assureghe pathmessageeachests destination.An approactsimilar to Greedyperimeterrouting [12]
couldalsobe usedto routearoundobstaclesTherestof this sectionpresentshe details.

A pathisanarrayof X,Y coordinateslesignatingvay pointsalongaroute.A pathcompriseoneor moresections,
eachof whichis asetof up to 11! straightline segmentsde ned by way points. To establisha path,a base-statiomr
robotsendsa PathmessageThis messagés 118byteslong andits payloadincludesup to 12 way point coordinates
anda pathid.

Therearetwo phasesnvolvedin establishinganactive path. Oneis to getthe Pathmessagé¢o the areawherethe
pathstarts,the otheris to activatethe pathby storingit in the sensorghat lay alongthe path (seeFigure 1(Right)).
Thistwo phaseroutinganddistribution algorithmis summarizedn Algorithm 1.

Nearbysensorshathearthe Pathmessagexamineit andusetheknowledgeof their own locationandthelocation
of the pathsegments(in the messagejo determineif they areon the pathandwithin the pathwidth de ned in the
messagelf they are,they rebroadcasthe messagendsetaninternal ag to indicatethey areon an active path. If
they arenoton thepath,thenthey againusethe knowledgeof theirlocationandthelocationof the sender(contained
in the messagedo determinef they arein the directionof wherethe pathstartsandif they arewithin a presetwidth
of thatdirectionvector(seeFigure1(Right)). If they are,they forwardthe messagelf not,they remainsilent. In this
way the Path messageés routedin the generaldirectionof the startlocationof the path,without ooding the entire
sensometwork with messages.

Whenthe messageeacheshe pathit is routedonly alongthe path,activatingthe sensoron the path. To prevent
in nite loopsof messageé.e.,amessag®ackandforth from onesideof the pathto the otherforeversinceit always
getsforwardedtowardthe path)eachsensoikeepsrackof theuniquelD in the pathmessagéor thelastN messages
it receved. If a messagés receivedthathasalreadybeenprocessedbefore,it is ignored. Note that multiple paths
canbe computedstored,andupdatedy the network to matchmultiple robotsandmultiple goals. This canbe easily
supportedy markingeachrobot,goal,andpathpair with anid.

A distributedmotion planningprotocolrunscontinuouslyin parallelwith the mapcomputatiorto compute store,
andupdatepaths.Differentpathcomputatioralgorithmscanbe run asdistributed protocolson top of thedistributed
map.For example the safesfpathto thegoal (which maintainghelargestpossibledistanceo each‘obstacle”)canbe
identi ed with adistributedprotocolusingdynamicprogramming14]. Theshortespathto thegoalcanbe computed
very easilyby following the sensowaluegradient.We arecurrentlytestingideason pathadaptatiorbasedn changes
detectedvy thesensors.

2.3 Robot Navigation

Thepathstoredin thesensoreld canbeusedto navigatetherobot. Similarto thewaythe pathmessagés propagated,
theprocessastwo phasesrstly gettingto wherethe pathstarts,andsecondlybeingguidedalongthe path.In some
situationsthe rst phasemaynotbe needede.g.,the pathmayalwaysbe computedo includethe known locationof
therobotor the robot could alwaysbe told wherethe startof the pathis.) Oneimportantgoalin this rst phasds to
avoid ooding the entirenetwork with messagem anattemptto discoverlocation.

For therobotto nd thepath, rst one(or all) of thesensorghatknow they arenearthe startof the pathsendout
threemessagethat containthe locationof the startof the path. The messagealsoeachcontaina heading,set120
degreesapart, awidth for thevectorthey will travel along,andamaximumrangebeyondwhichthey arenotintended
to travel. The messageareforwardedout to thatrangein eachof the threedirections. The sensorghat forward the

1Limited by Mote messagéength.
20therpatternsof radiation(a star patternof 72 degrees)might increasethe likelihood of interceptsoccurring,thoughthey alsoincreasethe
numberof sensorsnvolved.



Algorithm 2 The QueryRathalgorithmfor robotguidance.
while foreverdo

/I Seekpathinformationfrom the sensors

Broadcasta QueryOnRth message

Listenfor the rst sensotto reply

if asensorreplieswith anOnPathAk messagé¢hen
Senda QueryRith messagéo thatsensor
/I Thesensoshouldreply with alist of PathSgmentst is on
if thatsensorreplieswith a QueryA& messagéhen

Storethe PathSgmentsrom the QueryA& messagén orderof precedence.

/I Guidetherobot

if RobothasreachecturrentWaypointthen
Getnext Waypointfrom list in orderof precedence
Headfor next Waypoint

messagestorethelocationof the startof the path. The robotat somelatertime sendsout the samesortof messages
in threedirections.If therobotandpathstartarein rangeof eachothersmessageshe messag@athswill cross(due
to usinga 120degreedispersahngle.)Thesensor(satthe crossingwill have a storedocationfor the startof the path
anda locationfor therobotandcansenda directionalmessagéperhapswith a graduallyincreasingwidth sincethe
robotmay have movedslightly) backto therobottelling it wherethe startof the pathis. In this way only the sensors
alongspeci ¢ linesout to a maxrangecarry messagemsteadof the entirenetwork. This might be a goodgeneral
approachto nding the nearestocationof ary resourcehe sensoreld knows about. After theinitialization phase
thatplacesheroboton the path,the navigationguidancealgorithmsummarizedsAlgorithm 2 is usedto controlthe
motiondirectionof therobot.

Therobotstartsby sendingout a QueryOnRthmessagevhich includesthe sendersid andlocation. If receved
by a sensormon the pathit replieswith a QueryAckmessageavhich includesthe pathsection,someconsecutie way
points,andan indication of wheretheseway points t into the path. By gatheringlists of sggmentsfrom multiple
sensorsheentirepathcanbeassemblegieceby pieceastherobotmoves.Pathsthatcrossthemselesallow for some
fault tolerancen the robotsknowledgeof the path,sinceif therobotlosesthe path,it may have a future segmentof
it alreadystoredif it haspassednintersection.Oncetherobothasacquiredpathsegmentsfrom a sensorit canthen
arrangethemin orderof precedencandfollow themin order Thusthe pathitself is independentf the sensors own
locationandcanbe speci edto ary level of precisionneeded.

3 Experiments

3.1 Experimental setup

The SensorNetwork Hardware Our algorithmsare hardwareindependenbut the messagdormatsusedby the

networked systemare hardware dependent.We usea sensometwork that consistsof 54 Mica Motes[10,11], see
Figures1 and 3(Center). Eachnodecontainsa main processorlnd sensomoard. The Mote handlesdataprocess-
ing tasks,A/D corversionof sensoroutput, RF transmissiorandreception,anduserinterfacel/O. It consistsof an

Atmel ATMegal28microcontroller(with 4 MHz 8 bit CPU,128KB ash programspace4K RAM, 4K EEPROM),

a 916 MHz RF transcever (50Kbits/secnominal 100ft range),a UART anda 4Mbit serial ash. A Mote runsfor

approximatelyonemonthon two AA batteries.It includeslight, sound,andtemperaturesensorsbut othertypesof

sensorsnay be added.EachMote runsthe TinyOS operatingsystem.The sensorarecurrentlyprogrammedo react
to suddenincreasesn light andtemperaturédout othersensorymodesare possible. The sensorsieedto know their

locationcoordinatesndarelocalizedusingthe GPSlocalizationalgorithmin Section2.1,but thecoordinateganalso
be providedto eachsensoifrom a base-station.

The AutonomousRobot The CSIRO helicopter seeFigure 1, is a hobbytype (60 class)JR Ergo, which hasa
limited, 5kg, payloadcapability This helicopterdiffers from other similar projectsin using low-cost sensorsfor
control. Theseincludea custominertial measurementnit, magnetometeanda vision system. The vision system,



implementedn software, provides heightrelative to the groundand speedfrom optical o w betweenconsecutie
framesat 5SHz. A ight computerlocatedin the noseactsasthe interfacebetweenthe helicopterandthe control
computerallowing the computerto monitoror take over any seno channel.

The controlcomputeris an800MHz P3with solid-statedisksrunningthe LynxOSoperatingsystem.lt is respon-
siblefor runningthevision software,thecontrolloopsanddatalogging. A 1Hz differentialGPSreceveranda Proxim
radioethernetardarealso tted. A Moteis tted to the noseof the helicopter(visible in Figurel) andfunctionsasa
base-stationlt communicatesveraseriallink with the controlcomputemhich runsapplicationsoftwareto interact
with the sensometwork ontheground.

Experimental site  In March2003we conductedutdoorexperimentavith arobothelicopterequippedvith aMote)
and 54 Mica Motes (seeFiguresl and 3) at the CSIRO site in Brisbane. The Moteswere placedat the nodesof a
6m grid on a gentleslope. The grid wasestablishedisingtapemeasuresndthe cornerpointswere surveyed using
differential GPS,andthe coordinate®f the otherpointswereinterpolated.

Experimentshavedthattheradiorangeof the Moteswasdramaticallyreducedvhenthey wereplacedon damp
soil. Subsequentlyve placedthemon inverted o wer potswhich keptthemonewavelengthaborve groundandim-
proved the signal quality signi cantly. A base-statiorMote connectedo a laptop was usedto control the Mote
network.

3.2 Localization Results

In this sectionwe compareempirically the performanceof the ve differentapproacheso localizationintroduced
in Section2.1 usingdataacquiredduring experiments.The error betweenestimatedand actualmote coordinatefor
eachof the algorithmsis showvn in Figure 2(Left). The resultshave beencomputedofine using GPScoordinates
obtainedrom theactualhelicoptempathshavn in Figure2(Right) Theparametersisedwered = 20andsmin = 470
We canseethat the meanand weightedmeanare biased,particularin the Eastingdirection, dueto the pathtaken
by the helicopteror the lobe shapeof the Mote antenna.The method,'best’, is simple but hashigh residualerror.
Themediandoesnot performsigni cantly betterthanthe meanestimatesandwould be problematido computewith
smallamountsof memory The constraintbasedmethodis arguablythe bestperformerandis computationallycheap,
thoughit is sensitve to the choiceof d. The error shouldbe consideredvith respecto the accurag of differential
GPSitself whichis of the orderof severalmetres.

We notethatthe methodsdo not requirea rangeestimatederivedfrom signalstrengtha dif cult inverseproblem,
nor make ary assumptioraboutthe sizeor shapeof the radiocommunicationsegion.

3.3 Path Computation Results

In orderto measurghe sensometwork responséo computing,updatingand propagatingpathinformationwe have
implementedhe algorithmsdescribedn Section2.2 onthe deployed sensometwork. Severaldifferenttypesof path
have beentried. Figure3 shows the resultsfrom ve differentruns. Eachpath consistsof 17 intermediatepoints,
arrangedn a U shapearoundthe exterior of the Mote grid. The spacingbetweeneachtwo Moteswas6 metersso
thetotal pathlengthwas96 meters.The averagepathpropagatiortime is 1.7 secondsvhich translatesnto a speedf
56 m/sec.This propagatiortime is very fastascomparedo the moving speedof the ying robot. We concludethat
the pathcomputationis practicalfor controllingthe navigationof a ying robotthatneedso adaptits pathto changes
in theenvironment.

For our geographiaouting we obsened 2 to 6 messageper sensoralongthe path,whereador ooding all the
sensordecomeinvolved in messagdorwarding, eachof themreceving betweenl4 to 17 messagesThis vector
style of routingis much more ef cient in numberof messagesandthe percentagef sensordnvolvedin message
forwardingbecomedessandlessasthesizeof theentirenetwork grows.

3.4 Navigation Results

Ourexperimenthave demonstratethattherobothelicoptercanhoverandfollow a path. We cancon gure thesensor

eld with arbitrarypathsandchangehemdynamically The helicoptercaninteractwith thesensoreld andretrieve
pathseggmentinformation. A secondoint eld experimenttargetedfor June2003,will beusedto collectnavigation
data.
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3.4.1 Lessons.earned

We have gainedsereralinsightsinto networkedrobots.Datalossis notrarein sensonetworks. Thisis dueto network
congestiontransmissiorinterferenceandgarbledmessage3ie obseredthatthetransmissiomangeof onedirection
may be quite differentfrom thatof the oppositedirection. Thus,the assumptiorthatif a nodereceivesa paclket from
anothemode,it cansendbacka pacletis too idealistic. Network congestioris very likely whenthe messageateis
high. Thisis aggraatedwhenthe nodesin proximity of eachothertry to sendpaclketsat the sametime. For asensor
network, becausef its small memoryandsimpli ed protocolstack,congestionis a big problem. The uncertainty
introducedby dataloss,asymmetrycongestionandtransientinks is fundamentaln sensometworksandshouldbe
carefully consideredn developingmodelsandalgorithmsfor systemghatinvolve sensonetworks.

3.4.2 Extensionto Guiding Humans

The ideasbehindguiding the navigation of robotscan be extendedto guiding humansaugmentedy a hand-held
device. It is basedn themetaphowof a ashlight andis calleda sensoryFlashlight, seeFigure3(Right). It comprises
ananalogcompassalertLED, pagetrvibrator, anda Berkeley Mote [11].

When pointedin a speci c direction, the Flashlightcollectsinformationfrom all the sensordocatedin that di-
rectionand providesits userwith feedback. For the navigation task this feedbackconsistsof a vibration whenthe

ashlight is pointedin the directionof travel computedby the network. The device canalsoissuecommandsgo the
sensorsn thedirectionit is pointing.

We have deployed 12 Mote sensorglongcorridorsin our building andusedthe Flashlightandthe pathguidance
approaclpresentedhereto guidea humanuserout of the building. Figure 3(Right) shavs the map. The Flashlight
interactedwith sensordo computethe next direction of movementtoward the exit. For eachinteraction,the user
did a rotation scanuntil the Flashlightwas pointedin the directioncomputedfrom the sensordata. The userthen
walked in that directionto the next sensor Eachtime we recordedthe correctdirection andthe direction detected
by the Flashlight. The directionalerror was 8% (or 30 degrees)on average. However, becausehe corridorsand
of ce doorwaysarewide, andthe sensorsufciently densethe exit wasidenti ed successfully The userwasnever
directedtoward a blocked or wrongcon guration. An interestinggquestionis how denseshouldthe sensorde, given
thefeedbaclaccurag.

4 Conclusions

We have describeda sensometwork and developednovel algorithmsthat provide guidanceinformationto robot or
humanusers.Suchanetwork greatlyextendsthe sensoryeachof anindividualrobotor humanandprovidesfor mary
differentmodesof navigation. The interactionis alsobidirectional. The robotis ableto provide informationto the
network andwe have demonstratethe power of thisin thetaskof nodelocalization.

We have implementedhe navigation protocolson a network of 54 Mote sensorsn a large-scaleoutdoorsetting,
andtestedaspectf helicopterand sensometwork interaction. Experimentshave shovn the effectivenessof geo-
graphicor vectorrouting,andtheef cacy of usingthe ying robotto localizenodes.Variouslocalizationalgorithms
werecomparedisingexperimentaldata. We wereableto load pathsinto the deployedsensoreld andmanuallytest
therobotandhumannavigationalgorithms.Futurework will focuson gatheringdatafrom robotnavigationtrials and
demonstratingensotbasedpathadaptation.
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