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Abstract. We considemulti-robot systemshatinclude sensomodesandaerialor ground
robots networked together Such networks are suitablefor taskssuchas large-scaleervi-

ronmentalmonitoring or for commandand control in emegeng situations.We presenta
sensometwork deployment methodusing autonomousaerial vehiclesand describein de-
tail thealgorithmsusedfor deploymentandfor measuringnetwork connectiity andprovide
experimentaldatacollectedfrom eld trials. A particularfocusis on determininggapsin

connectiity of the deplged network andgeneratinga planfor repair to completethe con-
nectiity. This projectis the resultof a collaborationbetweenthreeroboticslabs (CSIRO,
USC,andDartmouth.)

1 Intr oduction

We wish to develop distributed networks of sensorsaandrobotsthat perceve their
ernvironmentandrespondo it. To performsuchtasksthereneedgo exist asynegy
betweernmobility andcommunicationSensometworks provide robotswith faster
andcheapeccesgo databeyondtheir perceptuahorizon.Corverselyrobotscan
assistasensonetwork by deployingit, by localizingnetwork elementgostdeploy-
ment[6], by makingrepairsor extensionsasrequired andactingas“datamules”to
relayinformationbetweendisconnectedensorlusters.

In this paperwe describeour algorithmsandexperimentdor deploying sensor
networks usingan autonomoushelicopter The staticsensomnodesare Mica Motes
andthe mobile nodeis the autonomouselicopter Onceon theground,thesensors
establishan ad-hocnetwork andcomputetheir connectvity mapin alocalizedand
distributed way. If the network is disconnecteda localizedalgorithm determines
waypointsfor the helicopterto dropadditionalnodesat.
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Deployed Network

Fig. 1. AVATAR AutonomousHelicopterwith a sensoiinterfacefor deplg/ing sensors

2 RelatedWork

Our work builds on importantprevious work in sensornetworks [8, 11,14] and
unmannedaerial vehicles[3, 16]. It bridgesthe two communitiesby integrating
autonomouscontrol of ying vehicleswith multi-hop messageouting in ad-hoc
networks. Autonomousaerialvehicleshave beenanactive areaof researcHor sev-
eralyears Autonomougnodelhelicoptershave beenusedastestbedgo investigate
problemsangingfrom control,navigation,pathplanningto objecttrackingandfol-
lowing. Flying robotcontrolis avery challengingoroblemandourwork herebuilds
onsuccesseawith hoveringandcontrolfor two autonomouselicopterg3,17]. Ser-
eralotherteamsareworking on autonomousontrolandothervariedproblemswith
helicopters A good overview of the varioustypesof vehiclesandthe algorithms
usedfor control of thesevehiclescanbefoundin [17] . Recentwork hasincluded
autonomou$anding[16,19], aggressiemaneueringof helicopter49] andpursuit-
evasiongameq?21].

Researclin sensometworks hasbeenvery active in the recentpast.An excel-
lent generalintroductionon sensometworks canbe foundin [8]. An overview of
hardwareandsoftwarerequirementsor sensonetworkscanbefoundin [12] which
describesheBerkeley Mica Motes.Algorithmsfor positioninga mobilesensomnet-
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work includesevendispersabf sensordrom a sourcepoint andredeplymentfor
network retuilding [2, 13]. Otherimportantcontritutionsinclude[1,4,10,15,18].

In [6] we describea decentralizedndlocalizedalgorithmcalledrobot-assisted
localizationfor localizing a sensometwork with a robot helicopter In [7] we de-
scribean algorithm called network-assistedavigationin which a sensometwork
guidesa robot helicopter In [5] we describean algorithmand preliminary experi-
mentsfor deploying a sensometwork with a robothelicopter Herewe extendthis
work to include deploymentand connectvity repairanddiscussour eld experi-
mentsusinga autonomouselicopteranda 55-nodesensomnetwork.

3 Approach

Our approactconsistof threephaseslin the rst phaseaninitial autonomouset-
work deploymentis executedIn the secondpohasethe entirenetwork measuregs
connectvity topology If this topologydoesnot matchthe desiredtopology a third
phases employedin whichwaypointsfor the helicopterarecomputedat which ad-
ditional sensors@redeployed. Thelasttwo phasesanberunatary pointin time to
detectthe potentialfailure of sensonodesandensuresustained¢onnecivity.

3.1 DeploymentAlgorithm

Givenadesiredhetwork topologyfor thedeployednetwork deployed,andadeploy-

mentscale(usuallytheinter-sensodistancebetweerthenodesn the network), we

embedthe topologyin the 3-dimensionahypekrplaneat the givenlocationandex-

tract desirednodelocationsfrom the resultingembeddingThe resultinglocations
arethe x y z co-ordinatesvherethe sensorsieedto bedeployed. Thesaregiven

asway-pointinputsto the helicoptercontroller The helicopterthen ies to eachof

theseway-pointsautonomouslyhoversat eachof themandthendeploys a sensor
atthespeci edlocation.

3.2 Connectivity MeasurementAlgorithms

Two methodsvereusedto measurenetwork connectvity: aping-based¢onnec-
tivity measureand a token-passindasedmeasureFor the ping-basedneasurea
Mote sensothathasbeenspeciallymodi ed to addphysicaluserinterfacecontrols
(a potentiometeandswitch)is usedto controlandcon gure the sensoisideof the
ping connectvity testsprior to Algorithm 1 executing.

For thetokenbasedconnectvity measureeachnodeassumedts network ID as
its token. All nodesbroadcastaind tradetokensas describedn Algorithm 2. To-
kensareonly propagatecamongshodesin connectedegions.Thus,disconnected
regionswill have differing tokenvalues.This algorithmis run automaticallyat 30
secondntenals.

Slight differencesn connectvity wereobsenedwhencomparingthe ping and
token measurementsf connectvity andwerefoundto resultfrom the differences
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Algorithm 1 Pingconnectvity algorithmfor grounddeployed motes.
Wait for experimentcon guration/startmessage
Initialization: Setcon guration mode= air-to-ground,ground-to-grounder ground-to-
air. Setcount= numberof pingiterations.
Senda multi-hop forwardingof startmessagéo othermotes.

Threadl
for i=1 to countdo
if mode= ground-to-groun®R mode= ground-to-aitthen
broadcash ping message.
Sleeparandomintenal

Thread2
while Listenfor messagedo
if messagés apingthen
if mode= air-to-groundOR mode= ground-to-groundhen
replyto ping.
elseif Messages apingreply. then
takulatereply.

Termination: broadcastountsof repliespermotelD in responséo dovnloadmessage.

in messagéength.Pingsarevery shortmessagegl byte payload)while tokenmes-
sagesarelonger(10 byte payload). Thelongermessagéengthincreaseshe chance
of collisionsandreduceghe probability of receptionof tokenmessages.

3.3 Connectivity Repair Algorithm

Fig. 2. (Left)Two disconnecte@omponentsn a sensometwork eld. (Right) A singlenet-
work whichis notfully connected.

Thetokenbasedconnectvity algorithmis alocalizedanddistributedalgorithm
for computingconnecteccomponentsn the deployednetwork. Eachnodeendsup
with onetokenthatdenoteshegroupto whichit belongsTheseaokensarecollected
by the helicopterduringa sweepof the eld. If morethanonetokenis collectedthe
network is not connectec&ndnew sensoideploymentsareneededThelocationsof
thecollectedtokenscanbe usedto determineherepairregions.

We have developedtwo algorithmsfor repairingnetwork connectity. In the

rst algorithm,the robot helicopterestimateghe location of the gapbetweentwo



SensoNetworksandAutonomous-lying Robots 5

disconnecte@omponentdy estimatingthe locationsof the fringe nodes(seeFig-
ure 2(Left)). The repair locationsare interpolatedbetweenthe fringes, basedon
averagesensorcommunicatiomange whichis known.

Algorithm 2 Distributed algorithm for identifying the connectedcomponentsn
a sensometwork. All the nodesin one connecteccomponentwill have the same
componert valueasa resultof this protocol.
for eachnodein the sensomnetwork do
componen =id
for eachnodein the sensomnetwork do
broadcashodeid.
while listenfor newiy broadcastslo

if recevedid conmponen then
conmponer  newq
broadcashewig
Helicoptercollectsall componen values
Helicopterdeterminesiniquecomponen valuesasthe numberof connectedcomponents.

In the secondalgorithmthe sensoreld computesa potential eld to regionsof
“dark” sensorgseeFigure2(Right)) discoreredwithin it andguidesthe helicopter
thereusingthe potential eld algorithmin [7]. This secondalgorithmhandlesboth
completedisconnectionandholesin the middle of thesensoreld.

Forour eld experimentsve usedahandcomputedrersionof the rst algorithm
describedhbove, averagingthefringe locationsto determinea centerandaveraging
the fringe gap distanceto determineinterpolatedrepairlocationsusedin the au-
tonomougepairdeploymentphase.

Thegenerakonnectvity matchingproblemremainsopen.Thisproblemreduces
to computingsubgraphembeddingsvhich is intractablefor the optimal case.We
hopeto identify agoodapproximation.

4 Experimentsand Results

We have implementedhe deploymentalgorithmson a hardwareplatformthatinte-
grateshardwareandsoftwarefrom threelabs:USC's autonomouselicopter Dart-
mouth's sensometwork, and CSIRO's interfacebetweena helicopteranda sensor
network. Over January23—-25the three groupsmet at USC and conductedjoint
experimentswhich demonstratefor a desirednetwork topology (1) autonomous
deploymentof a 40 nodesensometwork with a robot helicopter (2) autonomous
andlocalizedcomputationof connectvity maps(3) autonomousieterminatiorof
disconnectesetwork componentsndautonomousepairof thedisconnections.
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4.1 The Experimental Testbed

The experimentaltestbedconsistof threeparts(a) An autonomoushelicopter(b)
"Mote” sensorsand (c) Helicoptersensorinterface.The helicopter[20] is a gas-
poweredradio-controlledmodel helicopter tted with a PC-104stackaugmented
with sensorgFigurel). Autonomousight is achievedusingabehaviorbasedcon-
trol architecturd16]. Our sensonetwork platformis the Berkeley Mica Mote [12].
Theoperatingsystemsupportfor the Motesis providedby TinyOS,anevent-based
operatingsystem Our testbedconsistsof 50 Mote sensorgieployedin the form of
aregularll 5grid, seeFigure4.1.An extraMote sensolis tted to the helicopter
to allow communicationsvith the deployed sensomnetwork andis connectedo the
helicopters Linux-basedcomputer For furtherdetailsthe readeris referredto [5].
Severalapplicationsvererun onboarahe helicopter dependingonthe experiment.
Theping applicationsendsa broadcasmessagavith a uniqueid oncepersecond
andlogsall repliesalongwith theassociated/lote identi er. This dataallows usto
measurair-groundconnectvity. Thegps applicationrecevesGPScoordinatevia
anetwork soclket from the helicoptemavigation softwareandbroadcast#. Simple
algorithmsin eachMote areableto usethesepositionmessaget® re ne anestimate
of theirlocation[6].
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Fig. 3. (Left) The sensometwork eld with ags markingdesiredsensordocations.(Right)
The locationsof a sensometwork deployed autonomoushby the robot helicopter The de-
siredlocationsaredenotecby andthey areon a grid. The actuallocationsare denotedcby
0.

4.2 Experimental Results

Our eld experimentshave beenperformedon a grass eld on the USC campus
(seeFigure3(left)). We markeda 11 5 grid onthegroundwith ags. We usedan
empiricalmethodto determinethe spacingof the grid. We establishedhat on that
ground,the Mote transmissiomangewas2.5 meters We selectedhe grid spacing
at 2 metersso thatwe would guaranteeeommunicatiorbetweenary neighborsin
the eld.
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4.3 Deploymentand Connectiity Results

Figure3(Right) shavs the desiredandactuallocationof the deployedsensorsThe
deploymenterrorhasmultiple causes(a) errorin releasdocationcomparedo de-
siredlocation (error dueto inherenterror presentin GPS).(b)errorin location of
markerson groundcomparedo releasdocation(wind, dowvnwash,andbouncein-
ducederror)

After beingdeployedthegroundsensorgstablisrautonomouslanad-hocnet-
work whoseconnectvity topologyis shawvn in Figure4(Top Left). Althoughthere
waserrorin thedeployedlocation,theresultingnetwork is fully connectedwWe then
manuallyremoved7 nodesdown the centerof the network to simulatenodefailure
and createa disconnectiorin the network. The network automaticallycomputed
a new token connectvity map asdescribedn Algorithm 2. Figure 4(Top Right)
shaws the disconnectedomponentsas computedby the token algorithm. Finally
the robot helicopterautonomouslydeployed new nodesto repairconnectvity re-
sultingin the connectvity mapshown in Figure4(Bottom).Notethatsomenetwork
links werelostin the nal graph.Besidessomenodedailing dueto beingoutin the
hotsunfor aday, theintroductionof new nodegesultsin change$n messagéming
whichchangegollision ratesandhenceoverall connectvity, evenfor nodesemote
from the areaof repair Mote communications inherentlyunreliableaswell. The
communicatiorrangeis dependenbn relatve antenneorientation,shielding (eg.
obstaclebetweertwo Motes),groundmoisture currentreceverautogainevels,etc.
The communicatiorlinks areasymmetricand congestioris a signi cant concern.
We believe thaterror, uncertaintyandasymmetryaresigni cant factorsthatshould
beexplicitly includedin ary modelandapproacHor networkedrobotics.

4.4 Localization Results

Duringlocalizationthe ying robotfollowedapreprogrammegath,seeFigure6(Left).
Thecomputeronboardhehelicopterobtainedts currentcoordinatesindbroadcast
this via the mote attachedo the helicopteronceevery 100ms.Eachgroundmote
recordedall the X,Y broadcastst receved andusedthemto computea centroid
basedocationfor itself. Figure6(Right)shavsthehelicopteheight.Figure5 shavs
the locationof eachof the the motesbroadcastseceved. It is clearthatthe motes
do notreceive messagesaniformly from all directions We speculatehatthisis due

to the non-sphericabntenngpatterndor transmitterandrecever motes,aswell as
non-uniformheightof the helicopteritself during ights.

5 Conclusion

We have describeaontrolalgorithmsandexperimentatesultsfrom sensonetwork
deployment,localizationand subsequentepair of the sensometwork with an au-
tonomoudhelicopterBy sprinklingsensonodeswe canreachremoteor dangerous
ervironmentssuchasruggedmountainslopes burningforests etc. We believe that
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Fig. 4. (Top Left) Connectvity of theinitial deployment.(Top Right) Token groupsshawing
connectedomponentafterseveralnodesvereremovedfrom the eld. (Bottom)Connecti-
ity afterthedeploymentof additionalsensomodesto repairconnectity.

Fig. 5. Locationbroadcastseardby someof the motesin the network.

this kind of autonomouspproachwill enablethe instrumentatiorof remotesites
with communicationsensing,and computationinfrastructure which in turn will
supportnavigationandmonitoringapplicationsFromwhatwe've learnedin these
experimentswe plan to develop systemsfor automaticnetwork repait This will
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Fig. 6. (Left) The pathtakenby the helicoptemwhile broadcastindocationmessagegRight)
Theheightof the helicopterduringthe process.

requirethe groundsensorsandhelicopterto cooperateo identify network discon-
nectionsand guide the helicopterto appropriatdocationsfor autonomousensor
deployment.
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