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Abstract. We considermulti­robotsystemsthat includesensornodesandaerialor ground
robotsnetworkedtogether. Suchnetworksaresuitablefor taskssuchaslarge­scaleenviron­
mentalmonitoringor for commandandcontrolin emergency situations.Wepresentasensor
network deploymentmethodusingautonomousaerialvehiclesanddescribein detailthealgo­
rithmsusedfor deploymentandfor measuringnetworkconnectivity andprovideexperimental
datacollectedfrom �eld trials.A particularfocusis ondetermininggapsin connectivity of the
deployednetwork andgeneratingaplanfor repair, to completetheconnectivity. Thisproject
is theresultof acollaborationbetweenthreeroboticslabs(CSIRO, USC,andDartmouth.)

1 Intr oduction

We wish to develop distributednetworks of sensorsandrobotsthat perceive their
environmentandrespondto it. To performsuchtasksthereneedsto exist asynergy
betweenmobility andcommunication.Sensornetworksprovide robotswith faster
and cheaperaccessto data beyond their perceptualhorizon. Conversely robots
canassista sensornetwork by deploying it, by localizing network elementspost
deployment [6], by makingrepairsor extensionsasrequired,andactingas“data
mules”to relayinformationbetweendisconnectedsensorclusters.

In this paperwe describeour algorithmsandexperimentsfor deploying sensor
networksusinganautonomoushelicopter. ThestaticsensornodesareMica Motes
andthemobilenodeis theautonomoushelicopter. Onceon theground,thesensors
establishanad­hocnetwork andcomputetheir connectivity mapin a localizedand
distributedway. If the network is disconnected,a localizedalgorithmdetermines
waypointsfor thehelicopterto dropadditionalnodesat.
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Fig.1. AVATAR AutonomousHelicopterwith asensorinterfacefor deploying 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 multi­hop messagerouting in ad­hoc
networks.Autonomousaerialvehicleshavebeenanactiveareaof researchfor several
years.Autonomousmodel helicoptershave beenusedas testbedsto investigate
problemsrangingfrom control, navigation, path planningto object tracking and
following. Flying robot control is a very challengingproblemandour work here
buildsonsuccesseswith hoveringandcontrolfor twoautonomoushelicopters[3,17].
Severalotherteamsareworking on autonomouscontrolandothervariedproblems
with helicopters.A goodoverview of thevarioustypesof vehiclesandthealgorithms
usedfor controlof thesevehiclescanbefound in [17] . Recentwork hasincluded
autonomouslanding[16,19],aggressivemaneuveringof helicopters[9] andpursuit­
evasiongames[21].

Researchin sensornetworkshasbeenveryactivein therecentpast.An excellent
generalintroductiononsensornetworkscanbefoundin [8]. An overview of hardware
andsoftwarerequirementsfor sensornetworkscanbefoundin [12] whichdescribes
the Berkeley Mica Motes. Algorithms for positioning a mobile sensornetwork
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includesevendispersalof sensorsfromasourcepointandredeploymentfor network
rebuilding [2,13]. Otherimportantcontributionsinclude[1,4,10,15,18].

In [6] we describea decentralizedandlocalizedalgorithmcalledrobot­assisted
localizationfor localizingasensornetworkwith arobothelicopter. In [7] wedescribe
analgorithmcallednetwork­assistednavigationin which a sensornetwork guides
a robothelicopter. In [5] we describeanalgorithmandpreliminaryexperimentsfor
deploying a sensornetwork with a robot helicopter. Herewe extendthis work to
includedeploymentandconnectivity repairanddiscussour �eld experimentsusing
aautonomoushelicopteranda55­nodesensornetwork.

3 Approach

Our approachconsistsof threephases.In the �rst phase,an initial autonomous
network deploymentis executed.In thesecondphase,theentirenetwork measures
its connectivity topology. If this topologydoesnot matchthe desiredtopology, a
thirdphaseisemployedin whichwaypointsfor thehelicopterarecomputedatwhich
additionalsensorsaredeployed.Thelasttwo phasescanberunatany point in time
to detectthepotentialfailureof sensornodesandensuresustainedconnectivity.

3.1 DeploymentAlgorithm

Given a desirednetwork topology for the deployed network deployed, anda de­
ploymentscale(usuallytheinter­sensordistancebetweenthenodesin thenetwork),
we embedthetopologyin the3­dimensionalhyper­planeat thegiven locationand
extractdesirednodelocationsfrom theresultingembedding.Theresultinglocations
arethe(x; y; z) co­ordinateswherethesensorsneedto bedeployed.Thesearegiven
asway­pointinputsto thehelicoptercontroller. Thehelicopterthen�ies to eachof
theseway­pointsautonomously, hoversateachof themandthendeploysasensorat
thespeci�edlocation.

3.2 Connectivity MeasurementAlgorithms

Two methodswereusedto measurenetwork connectivity: aping­basedconnec­
tivity measureanda token­passingbasedmeasure.For the ping­basedmeasure,a
Motesensorthathasbeenspeciallymodi�ed to addphysicaluserinterfacecontrols
(a potentiometerandswitch) is usedto controlandcon�gure thesensorsideof the
pingconnectivity testsprior to Algorithm 1 executing.

For thetokenbasedconnectivity measureeachnodeassumesitsnetwork ID asits
token.All nodesbroadcastandtradetokensasdescribedin Algorithm 2. Tokensare
only propagatedamongstnodesin connectedregions.Thus,disconnectedregions
will have differing token values.This algorithmis run automaticallyat 30 second
intervals.

Slight differencesin connectivity wereobservedwhencomparingtheping and
tokenmeasurementsof connectivity andwerefound to resultfrom thedifferences
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Algorithm 1 Pingconnectivity algorithmfor grounddeployedmotes.
Wait for experimentcon�guration/startmessage
Initialization: Setcon�gurationmode= air­to­ground,ground­to­ground,orground­to­air.
Setcount= numberof ping iterations.
Sendamulti­hopforwardingof startmessageto othermotes.

Thr ead1
for i=1 to countdo

if mode= ground­to­groundORmode= ground­to­airthen
broadcastapingmessage.

Sleepa randominterval

Thr ead2
while Listenfor messagesdo

if messageis aping then
if mode= air­to­groundORmode= ground­to­groundthen

reply to ping.
elseif Messageis aping reply. then

tabulatereply.

Termination: broadcastcountsof repliespermoteID in responseto downloadmessage.

in messagelength. Pingsare very short messages(1 byte payload)while token
messagesare longer (10 byte payload).The longer messagelength increasesthe
chanceof collisionsandreducestheprobabilityof receptionof tokenmessages.

3.3 Connectivity Repair Algorithm

Fig.2.(Left)Twodisconnectedcomponentsin asensornetwork�eld. (Right)A singlenetwork
which is not fully connected.

Thetokenbasedconnectivity algorithmis a localizedanddistributedalgorithm
for computingconnectedcomponentsin thedeployednetwork. Eachnodeendsup
with onetokenthatdenotesthegroupto whichit belongs.Thesetokensarecollected
by thehelicopterduringasweepof the�eld. If morethanonetokenis collected,the
network is notconnectedandnew sensordeploymentsareneeded.Thelocationsof
thecollectedtokenscanbeusedto determinetherepairregions.

We have developedtwo algorithmsfor repairingnetwork connectivity. In the
�rst algorithm,the robot helicopterestimatesthe locationof the gap betweentwo
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disconnectedcomponentsby estimatingthe locationsof the fringe nodes(seeFig­
ure 2(Left)). The repair locationsare interpolatedbetweenthe fringes,basedon
averagesensorcommunicationrange,which is known.

Algorithm 2 Distributed algorithm for identifying the connectedcomponentsin
a sensornetwork. All the nodesin oneconnectedcomponentwill have the same
componentvalueasa resultof thisprotocol.

for eachnodein thesensornetwork do
component = id

for eachnodein thesensornetwork do
broadcastnodeid.
while listenfor newid broadcastsdo

if receivedid > component then
component = newid

broadcastnewid

Helicoptercollectsall component values
Helicopterdeterminesuniquecomponent valuesasthenumberof connectedcomponents.

In thesecondalgorithmthesensor�eld computesa potential�eld to regionsof
“dark” sensors(seeFigure2(Right))discoveredwithin it andguidesthehelicopter
thereusingthepotential�eld algorithmin [7]. This secondalgorithmhandlesboth
completedisconnectionsandholesin themiddleof thesensor�eld.

For our�eld experimentsweusedahandcomputedversionof the�rst algorithm
describedabove, averagingthe fringe locationsto determinea centerandaverag­
ing the fringe gap distanceto determineinterpolatedrepair locationsusedin the
autonomousrepairdeploymentphase.

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

4 Experimentsand Results

We have implementedthedeploymentalgorithmsonahardwareplatformthatinte­
grateshardwareandsoftwarefrom threelabs:USC's autonomoushelicopter, Dart­
mouth's sensornetwork, andCSIRO's interfacebetweena helicopteranda sensor
network. Over January23–25the threegroupsmet at USC and conductedjoint
experimentswhich demonstrate,for a desirednetwork topology, (1) autonomous
deploymentof a 40 nodesensornetwork with a robot helicopter, (2) autonomous
andlocalizedcomputationof connectivity maps(3) autonomousdeterminationof
disconnectednetwork componentsandautonomousrepairof thedisconnections.
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4.1 The Experimental Testbed

Theexperimentaltestbedconsistsof threeparts(a) An autonomoushelicopter(b)
"Mote" sensorsand (c) Helicopter­sensorinterface.The helicopter[20] is a gas­
poweredradio­controlledmodelhelicopter�tted with a PC­104stackaugmented
with sensors(Figure 1). Autonomous�ight is achieved using a behavior­based
controlarchitecture[16]. Our sensornetwork platform is theBerkeley Mica Mote
[12]. Theoperatingsystemsupportfor theMotesis providedby TinyOS,anevent­
basedoperatingsystem.Our testbedconsistsof 50 Mote sensorsdeployed in the
form of a regular 11 £ 5 grid, seeFigure 4.1. An extra Mote sensoris �tted to
the helicopterto allow communicationswith the deployed sensornetwork and is
connectedto thehelicopter'sLinux­basedcomputer. For furtherdetailsthereaderis
referredto [5]. Severalapplicationswererunonboardthehelicopter, dependingon
theexperiment.Theping applicationsendsa broadcastmessagewith a uniqueid
oncepersecondandlogsall repliesalongwith theassociatedMote identi�er. This
dataallows us to measureair­groundconnectivity. The gps applicationreceives
GPScoordinatesvia a network socket from thehelicopternavigationsoftwareand
broadcastsit. Simplealgorithmsin eachMoteareabletousethesepositionmessages
to re�ne anestimateof their location[6].
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Fig.3. (Left) The sensornetwork �eld with �ags markingdesiredsensorlocations.(Right)
Thelocationsof asensornetworkdeployedautonomouslyby therobothelicopter. Thedesired
locationsaredenotedby ¤ andthey areonagrid. Theactuallocationsaredenotedby o.

4.2 Experimental Results

Our �eld experimentshave beenperformedon a grass�eld on the USC campus
(seeFigure3(left)). We markeda 11£ 5 grid on thegroundwith �ags. We usedan
empiricalmethodto determinethespacingof thegrid. We establishedthaton that
ground,theMote transmissionrangewas2.5 meters.We selectedthegrid spacing
at 2 metersso that we would guaranteecommunicationbetweenany neighborsin
the�eld.
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4.3 Deploymentand Connectivity Results

Figure3(Right)shows thedesiredandactuallocationof thedeployedsensors.The
deployment error hasmultiple causes:(a) error in releaselocation comparedto
desiredlocation (error due to inherenterror presentin GPS).(b)error in location
of markerson groundcomparedto releaselocation(wind, downwash,andbounce
inducederror.)

After being deployed the ground sensorsestablishautonomouslyan ad­hoc
networkwhoseconnectivity topologyisshownin Figure4(TopLeft). Althoughthere
waserrorin thedeployedlocation,theresultingnetwork is fully connected.Wethen
manuallyremoved7 nodesdown thecenterof thenetwork to simulatenodefailure
and createa disconnectionin the network. The network automaticallycomputed
a new token connectivity mapasdescribedin Algorithm 2. Figure4(Top Right)
showsthedisconnectedcomponentsascomputedby thetokenalgorithm.Finally the
robothelicopterautonomouslydeployednew nodesto repairconnectivity resulting
in theconnectivity mapshown in Figure4(Bottom).Note thatsomenetwork links
werelost in the�nal graph.Besidessomenodesfailing dueto beingout in thehot
sunfor a day, the introductionof new nodesresultsin changesin messagetiming
whichchangescollisionratesandhenceoverall connectivity, evenfor nodesremote
from theareaof repair. Mote communicationis inherentlyunreliableaswell. The
communicationrangeis dependenton relative antennaorientation,shielding(eg.
obstaclebetweentwo Motes),groundmoisture,currentreceiverautogainlevels,etc.
The communicationlinks areasymmetricandcongestionis a signi�cant concern.
Webelieve thaterror, uncertainty, andasymmetryaresigni�cant factorsthatshould
beexplicitly includedin any modelandapproachfor networkedrobotics.

4.4 Localization Results

During localization the �ying robot followed a preprogrammedpath, see Fig­
ure 6(Left). The computeronboardthe helicopterobtainedits currentcoordinates
andbroadcastthis via themoteattachedto thehelicopteronceevery 100ms.Each
groundmoterecordedall theX,Y broadcastsit receivedandusedthemto compute
a centroidbasedlocation for itself. Figure 6(Right) shows the helicopterheight.
Figure5 shows thelocationof eachof thethemotesbroadcastsreceived.It is clear
thatthemotesdo not receive messagesuniformly from all directions.We speculate
that this is due to the non­sphericalantennapatternsfor transmitterand receiver
motes,aswell asnon­uniformheightof thehelicopteritself during�ights.

5 Conclusion

Wehavedescribedcontrolalgorithmsandexperimentalresultsfrom sensornetwork
deployment,localizationandsubsequentrepairof the sensornetwork with an au­
tonomoushelicopter. By sprinklingsensornodes,wecanreachremoteor dangerous
environmentssuchasruggedmountainslopes,burningforests,etc.We believe that
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Fig.4. (Top Left) Connectivity of theinitial deployment.(Top Right) Tokengroupsshowing
connectedcomponentsafterseveralnodeswereremovedfromthe�eld. (Bottom)Connectivity
afterthedeploymentof additionalsensornodesto repairconnectivity.

Fig.5. Locationbroadcastsheardby someof themotesin thenetwork.

this kind of autonomousapproachwill enablethe instrumentationof remotesites
with communication,sensing,and computationinfrastructure,which in turn will
supportnavigationandmonitoringapplications.Fromwhatwe've learnedin these
experimentswe plan to develop systemsfor automaticnetwork repair. This will
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Fig.6. (Left) Thepathtakenby thehelicopterwhile broadcastinglocationmessages.(Right)
Theheightof thehelicopterduringtheprocess.

requirethegroundsensorsandhelicopterto cooperateto identify network discon­
nectionsandguide the helicopterto appropriatelocationsfor autonomoussensor
deployment.
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