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Abstract. We considemulti-robot systemghatinclude sensomodesandaerialor ground
robotsnetworked together Suchnetworks aresuitablefor taskssuchaslarge-scaleerviron-

mentalmonitoringor for commandandcontrolin emegeng situations We present sensor
network deploymentmethodusingautonomouserialvehiclesanddescriben detailthealgo-

rithmsusedor deploymentandfor measuringnetwork connectvity andprovide experimental
datacollectedfrom eld trials.A particularfocusis ondetermininggapsin connectvity of the

deployednetwork andgeneratinga planfor repair to completethe connectvity. This project
is theresultof a collaboratiorbetweerthreeroboticslabs(CSIRO, USC,andDartmouth.)

1 Intr oduction

We wish to develop distributed networks of sensorsaandrobotsthat perceve their
environmentandrespondo it. To performsuchtasksthereneeddo exist asynegy
betweernmobility andcommunicationSensometworks provide robotswith faster
and cheaperaccessto data beyond their perceptualhorizon. Conversely robots
canassista sensometwork by deploying it, by localizing network elementspost
deployment[6], by making repairsor extensionsasrequired,and acting as “data
mules”to relayinformationbetweendisconnectedensorclusters.

In this paperwe describeour algorithmsandexperimentgor deplgying sensor
networks usinganautonomouselicopter The staticsensomodesare Mica Motes
andthe mobile nodeis the autonomouselicopter Onceon the ground,the sensors
establishanad-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 deploying sensors

2 RelatedWork

Our work builds on importantprevious work in sensometworks [8, 11,14] and
unmannedaerial vehicles[3, 16]. It bridgesthe two communitiesby integrating
autonomousgontrol of ying vehicleswith multi-hop messageouting in ad-hoc
networks.Autonomouserialvehicleshavebeeranactive areaof researcifior several
years.Autonomousmodel helicoptershave beenusedas testbedsto investicate
problemsranging from control, navigation, path planningto objecttrackingand
following. Flying robot control is a very challengingproblemand our work here
buildsonsuccessesith hoveringandcontrolfor two autonomoukelicopterg3,17].
Several otherteamsareworking on autonomougontrolandothervariedproblems
with helicoptersA goodoverview of thevarioustypesof vehiclesandthealgorithms
usedfor control of thesevehiclescanbefoundin [17] . Recentwork hasincluded
autonomou$anding[16,19], aggressie maneueringof helicopterg9] andpursuit-
evasiongameg21].

Researclin sensonetworkshasbeenveryactivein therecentpast.An excellent
generalntroductiononsensonetworkscanbefoundin [8]. An overview of hardware
andsoftwarerequirement$or sensonetworkscanbefoundin [12] which describes
the Berkeley Mica Motes. Algorithms for positioning a mobile sensornetwork



SensoNetworksandAutonomoud-lying Robots 3

includesavendispersabf sensorérom asourcepointandredeplymentfor network
retuilding [2, 13]. Otherimportantcontributionsinclude[1,4,10,15,18].

In [6] we describea decentralize@ndlocalizedalgorithmcalledrobot-assisted
localizationfor localizingasensonetwork with arobothelicopterin [7] wedescribe
an algorithmcalled network-assistedavigationin which a sensometwork guides
arobothelicopter In [5] we describeanalgorithmandpreliminaryexperimentsor
deploying a sensometwork with a robot helicopter Here we extend this work to
includedeploymentandconnectvity repairanddiscussour eld experimentausing
aautonomouselicopteranda 55-nodesensomnetwork.

3 Approach

Our approachconsistsof three phasesin the rst phase,an initial autonomous
network deplgymentis executed.In the secondphasethe entirenetwork measures
its connectiity topology If this topology doesnot matchthe desiredtopology a
third phases employedin whichwaypointsfor thehelicopterarecomputedatwhich
additionalsensorsredeplo/ed. Thelasttwo phasesanberunatary pointin time
to detectthe potentialfailure of sensonodesandensuresustainedonnectvity.

3.1 DeploymentAlgorithm

Given a desirednetwork topology for the deplo/ed network deployed, and a de-
ploymentscale(usuallytheinter-sensodistancebetweerthenodesn thenetwork),

we embedthe topologyin the 3-dimensionahyperplaneat the givenlocationand
extractdesirechodelocationsfrom theresultingembeddingTheresultinglocations
arethe(x; y; z) co-ordinatesvherethesensorsieedto bedeplo/ed. Thesaregiven

asway-pointinputsto the helicoptercontroller The helicopterthen ies to eachof

theseway-pointsautonomouslyhoversat eachof themandthendeplo/s asensomat

the speci edlocation.

3.2 Connectivity MeasurementAlgorithms

Two methodsvereusedto measurenetwork connecwity: aping-baseaonnec-
tivity measureanda 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.

Forthetokenbasedonnectity measureachnodeassumegs network ID asits
token.All nodesroadcasandtradetokensasdescribedn Algorithm 2. Tokensare
only propag@tedamongstodesin connectedegions. Thus, disconnectedegions
will have differing tokenvalues.This algorithmis run automaticallyat 30 second
intenvals.

Slight differencesn connectvity wereobserned whencomparingthe ping and
token measurementsf connectity andwerefoundto resultfrom the differences
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Algorithm 1 Pingconnectiity algorithmfor grounddeplojed motes.
Wait for experimentcon guration/startmessage
Initialization: Setcon gurationmode= air-to-groundground-to-groundyr ground-to-air
Setcount= numberof pingiterations.
Sendamulti-hopforwardingof startmessagéo othermotes.

Threadl
for i=1 to countdo
if mode= ground-to-groun®R mode= ground-to-aitthen
broadcast pingmessage.
Sleeparandomintenal

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

Termination: broadcastountsof repliespermotelD in responséo dovnloadmessage.

in messagdength. Pings are very short message¢l byte payload)while token
messagesare longer (10 byte payload).The longer messagdength increaseghe
chanceof collisionsandreduceghe probability of receptionof tokenmessages.

3.3 Connectivity Repair Algorithm

Fig. 2. (Left) Twodisconnectedomponenté asensonetwork eld. (Right) A singlenetwork
whichis notfully connected.

Thetokenbasedconnectiity algorithmis alocalizedanddistributedalgorithm
for computingconnectedcomponentsn the deployed network. Eachnodeendsup
with onetokenthatdenoteshegroupto whichit belongsTheseokensarecollected
by thehelicopterduringa sweepof the eld. If morethanonetokenis collectedthe
network is not connectecaindnew sensoideploymentsareneededThelocationsof
thecollectedtokenscanbe usedto determingherepairregions.

We have developedtwo algorithmsfor repairingnetwork connectiity. In the

rst algorithm,the robot helicopterestimateghe location of the gap betweentwo
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disconnecte@omponentdy estimatingthe locationsof the fringe nodes(seeFig-
ure 2(Left)). The repair locationsare interpolatedbetweenthe fringes, basedon
averagesensoicommunicatiorrange whichis knowvn.

Algorithm 2 Distributed algorithm for identifying the connectedcomponentsn
a sensometwork. All the nodesin one connecteccomponentwill have the same
componentvalueasaresultof this protocol.
for eachnodein the sensometwork do
component =id
for eachnodein the sensonetwork do
broadcashodeid.
while listenfor newjq broadcastsio

if recevedid > component then
component = newigq
broadcashewiq
Helicoptercollectsall component values
Helicopterdeterminesiniquecomponent valuesasthenumberof connectedomponents.

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

Forour eld experimentsave usedahandcomputedrersionof the rst algorithm
describedabove, averagingthe fringe locationsto determinea centerand averag-
ing the fringe gap distanceto determineinterpolatedrepairlocationsusedin the
autonomousepairdeploymentphase.

Thegeneraktonnectiity matchingproblemremainsopen.Thisproblemreduces
to computingsubgraphembeddingswhich is intractablefor the optimal case We
hopeto identify agoodapproximation.

4 Experimentsand Results

We have implementedhe deploymentalgorithmson a hardwareplatformthatinte-
grateshardwareandsoftwarefrom threelabs: USC's autonomouselicoptey 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 helicoptey (2) autonomous
andlocalizedcomputationof connectity maps(3) autonomousieterminatiorof
disconnectedietwork componentandautonomousepairof thedisconnections.
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4.1 The Experimental Testbed

The experimentaltestbedconsistsof threeparts(a) An autonomoushelicopter(b)
"Mote" sensorsand (c) Helicoptersensorinterface. The helicopter[20] is a gas-
poweredradio-controlledmodel helicopter tted with a PC-104stackaugmented
with sensorg(Figure 1). Autonomous ight is achiesed using a behaviorbased
controlarchitecturg16]. Our sensometwork platformis the Berkeley Mica Mote
[12]. The operatingsystemsupportfor the Motesis provided by TinyOS,anevent-
basedoperatingsystem.Our testbedconsistsof 50 Mote sensorgdeplojedin the
form of aregular 11 £ 5 grid, seeFigure 4.1. An extra Mote sensoris tted to
the helicopterto allow communicationswith the deployed sensometwork andis
connectedo thehelicopters Linux-baseccomputerFor furtherdetailsthereadeiis
referredto [5]. Severalapplicationsvererun onboardhe helicopter dependingon
theexperiment.Theping applicationsendsa broadcasmessagevith a uniqueid
oncepersecondandlogsall repliesalongwith the associated/ote identi er. This
dataallows us to measureair-ground connectvity. The gps applicationreceies
GPScoordinatewia a network soclet from the helicopternavigation softwareand
broadcastg. Simplealgorithmsn eachMoteareableto usethesepositionmessages
to re ne anestimateof theirlocation[6].
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Fig. 3. (Left) The sensometwork eld with ags markingdesiredsensorocations.(Right)
Thelocationsof asensonetwork deployedautonomouslypy therobothelicopter Thedesired
locationsaredenotedby @ andthey areon agrid. Theactuallocationsaredenotedby o.

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 establishedhaton that
ground,the Mote transmissiorrangewas 2.5 meters We selectedhe grid spacing
at 2 metersso that we would guarantee&eommunicatiorbetweenary neighborsn
the eld.
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4.3 Deploymentand Connectiity Results

Figure3(Right) shawvs the desiredandactuallocationof the deployed sensorsThe
deployment error has multiple causesia) error in releaselocation comparedto
desiredlocation (error dueto inherenterror presentin GPS).(b)errorin location
of markerson groundcomparedo releasdocation(wind, donnwash,andbounce
inducederror)

After being deplgyed the ground sensorsestablishautonomouslyan ad-hoc
network whoseconnectvity topologyis shovnin Figure4(TopLeft). Althoughthere
waserrorin thedeployedlocation,theresultingnetwork is fully connectedWethen
manuallyremoved 7 nodesdown the centerof the network to simulatenodefailure
and createa disconnectionin the network. The network automaticallycomputed
a new token connectity mapasdescribedn Algorithm 2. Figure 4(Top Right)
shavsthedisconnectedomponentascomputedy thetokenalgorithm.Finally the
robothelicopterautonomouslyeplo/ed new nodesto repairconnectiity resulting
in the connectvity mapshowvn in Figure4(Bottom).Note that somenetwork links
werelostin the nal graph.Besidessomenodesfailing dueto beingoutin the hot
sunfor a day theintroductionof new nodesresultsin changesn messageiming
which changegollisionratesandhenceoverall connectvity, evenfor nodesemote
from the areaof repair Mote communications inherentlyunreliableaswell. The
communicatiorrangeis dependenbn relative antennaorientation,shielding (eg.
obstaclebetweertwo Motes),groundmoisture currentreceiver autogin levels, etc.
The communicatiorlinks are asymmetricand congestioris a signi cant concern.
We believe thaterror, uncertaintyandasymmetryaresigni cant factorsthatshould
beexplicitly includedin ary modelandapproactor networkedrobotics.

4.4 Localization Results

During localization the ying robot followed a preprogrammedath, see Fig-
ure 6(Left). The computeronboardthe helicopterobtainedits currentcoordinates
andbroadcasthis via the moteattachedo the helicopteronceevery 100ms.Each
groundmoterecordedall the X,Y broadcast# recevvedandusedthemto compute
a centroid basedlocation for itself. Figure 6(Right) shavs the helicopterheight.
Figure5 shavs thelocationof eachof thethe motesbroadcastseceved. It is clear
thatthe motesdo not receve messageaniformly from all directions.We speculate
that this is dueto the non-sphericabntennagpatternsfor transmitterand recever
motes,aswell asnon-uniformheightof the helicopteritself during ights.

5 Conclusion

We have describedtontrolalgorithmsandexperimentatesultsfrom sensonetwork
deployment,localizationand subsequentepair of the sensometwork with an au-
tonomoudhelicopterBy sprinklingsensonodeswe canreachremoteor dangerous
ervironmentssuchasruggedmountainslopespurningforests,etc. We believe that
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Fig. 4. (Top Left) Connecwity of theinitial deployment.(Top Right) Tokengroupsshaving
connected@omponentafterseveralnodesvereremovedfromthe eld. (Bottom)Connectvity
afterthe deploymentof additionalsensomodesto repairconnecity.

Fig. 5. Locationbroadcastteardby someof the motesin the network.

this kind of autonomouspproachwill enablethe instrumentatiorof remotesites
with communicationsensing,and computationinfrastructure which in turn will
supportnavigation andmonitoringapplications Fromwhatwe've learnedin these
experimentswe plan to develop systemsfor automaticnetwork repair This will
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Fig. 6. (Left) The pathtakenby the helicopterwhile broadcastindgocationmessagegRight)
Theheightof the helicopterduringthe process.

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