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I. Introduction

We wish to createmoreversatileinformationsystemsby
using adaptive distributed sensornetworks: hundredsof
smallsensors,equippedwith limited memoryandmultiple
sensingcapabilitieswill autonomouslyorganizeandreor-
ganizethemselvesasad-hocnetworks in responseto task
requirementsand to triggersfrom the environment. Dis-
tributedadaptive sensornetworks are reactive computing
systems,well-suitedfor tasksin extremeenvironments,es-
peciallywhentheenvironmentalmodelandthetaskspeci-
�cations areuncertainandthesystemhasto adaptto it. A
collectionof active sensornetworkscanfollow themove-
mentof asourceto betracked,for exampleamoving vehi-
cle, it canguidethemovementof anobjecton theground,
for examplea surveillancerobot, or it canfocusattention
overaspeci�c area,for examplea �re to localizeits source
andtrackits spread.

Webuild onimportantpreviousworkby [1] andexamine
in moredetailreactivesensorsthatcanadaptto taskandto
theenvironment.We develop:(1) aprotocolfor adaptively
selectingtheactiveregionin asensornetwork for thetrack-
ing applicationand(2) aprotocolfor distributing theinfor-
mationin thesensornetwork for guidingthenavigationof
auserthroughthenetwork area.Wepresentalgorithmsfor
eachof theseproblems,discussan implementationusing
theBerkeley Motesensors[2].

II. Adaptive Activation of Sensors
for Tracking

Themainreasonfor puttingnodesto sleepin a sensornet-
work is to conserve power and extend the network life-
time. Decidinghow muchto keepa nodeasleepdepends
onmany factors,includingthenatureof theapplication,the
data�o w acrossthe network, and the environment. Sen-
sorsdo not receiveany packetswhile in thesleepingnode.
Thus,thenodehasto wake up occasionallyin orderto de-
cideits futureon/off status.

1: Let (s; r ) bethesending/receiving pair of sensors
2: Let ts bethesleepingtimeof r
3: Let R bethesamplingrateof r
4: Add t s

R wastebits to theheadof themessagefrom s to r

Figure 1: Sendingmessagesin the presenceof variable
sleepingtimes.

In theMoteimplementation,whenanodewakesupfrom
its sleepingmode,it listensto its incomingchannelto see

if thereareany incomingbits. It will keepalert(in waking
mode)whenit sensestherearesomeincomingbitsfrom the
channel.SupposethatthesendingMoteknowsthesleeping
time of the recipientnode,but it hasno knowledgeof the
sleepingperiod. Whenthe sleepingtime is unknown, the
maximumsleepingtime is assumed.In the currentMote
implementationeverynodein thetransmissionrangeof the
senderwaits till theendof eachpacket sampling,in order
to decidewhetherit is a recipientfor thepacketor not. Let
the sleepingtime be ts. Sincethe senderdoesnot know
thewhentherecipientwill wake up, it shouldassumethat
thesleepingperiodhasjust began. In orderto ensurethat
therecipienthearsthemessage,thesendershouldtransmit
wastebits for ts time. Thenumberof wastebits shouldbe
ts=R whereR is thesampleratefor incomingbits. Fig. 1
summarizestheseideas.

The intuition behindthetrackingprotocolis asfollows.
Supposethereis someinformation aboutthe entry point
of the object to be tracked. This canbe a small area,the
boundaryof thesensornetwork, or theentireareacovered
by sensors.All the nodesin this entry areaperiodically
sensefor theeventto betracked. Sensingmayrangefrom
simply detectingthe presenceof the object, to predicting
wheretheobjectis headingandhow fastit is moving. As
soonasa sensortriggers,it broadcastsanalertmessageto
the right nodesin the network. In the simplestcase,the
broadcastgoesto all theneighbors.If thesensorcanmake
any predictionsabouthow the nodemoves, it broadcasts
to thenodesin thepredictedarea.This broadcastusesthe
communicationstrategy in Algorithm 1. Thealertingnode
alsowakesup the nodesthat provide the communication
routeto thebasestation.

III. Guiding a User

Sensorsdetectinformationabouttheareathey cover. They
canstorethisinformationlocally or forwardit to abasesta-
tion for furtheranalysisanduse.Sensorscanalsousecom-
municationto integratetheir sensedvalueswith therestof
thesensorlandscape.In this sectionwe exploreusingsen-
sor networks as distributed information repositories. We
describea methodto distribute the informationaboutthe
environmentredundantlyacrosstheentirenetwork. Users
of thenetwork (people,robots,unmannedplanes,etc.)can
usethis informationas they traversethe network. We il-
lustratethis propertyof a reactive sensornetwork in the
context of a guidingtask,wherea moving objectis guided
acrossthenetwork alongasafepath,awayfrom thetypeof
dangerthatcanbedetectedby thesensors.

Theguidingapplicationcanbeformulatedasa robotics
motionplanningproblemin thepresenceof obstacles.The
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Figure2: Theleft �gure showsa typical setupfor thenav-
igationguidingtask.Thesolid blackcirclescorrespondto
sensorswhosesensedvalueis “danger”. Thewhite circles
correspondto sensorsthatdonotsensedanger. Thedashed
line shows theguidingpathacrosstheareacoveredby the
sensornetwork. Note that the pathtravels from sensorto
sensorandpreservesa maximaldistancefrom the danger
areas,while progressingto theexit area.Theright picture
showssomeMotesensorsusedfor ourexperiments.

dangerousareasof the sensornetwork arerepresentedas
obstacles.Dangermay includeexcessive heat(volcanoes,
�re, etc), people,etc. We assumethat eachsensorcan
sensefor the presenceor absenceof suchtype of danger.
A dangercon�gurationprotocolrunacrossall thenodesof
the network createsthe dangermap. We do not envision
that the network will createan accurategeometricmap,
distributedacrossall the nodes. Instead,we wish for the
nodesin the network to provide someinformation about
how far from dangereachnodeis. If the sensorsaredis-
tributeddenselyenough,the smallestnumberof commu-
nicationhopsto a sensorthat triggers“yes” to dangeris a
measureof thedistanceto danger. Thegoalis to �nd apath
for themoving objectthatavoidsthedangerareas.We en-
vision having theuseraskthenetwork regularly for where
to go next. Thenodeswithin broadcastingrangefrom the
usersupplythenext beststep.

Therearenumeroussolutionsto motionplanningin the
presenceof obstaclesanduncertainty. We seeka solution
that lendsitself naturally to the discretenatureof sensor
networks.In [3], Donaldetal. describeanoptimalsolution
for motion planningwhenthe mapof the world is given.
The�rst stepof thesolutionis to rasterizethecon�guration
spaceobstaclesinto aseriesof bitmapslices.Dynamicpro-
grammingis thenusedto calculatetheoptimalpathin this
space.Althoughthis methodcannot beapplieddirectly, it
canbeadaptedfor sensornetworks. Themotionplanning
algorithm�ts asensornetwork well in two ways.First, the
sensorscanberegardedasthebitmappixels. Second,the
dynamicprogrammingcomponentof thealgorithmcanbe
implementedby usingthesensorcommunications.

In orderto supplyobstacleinformationto the planning
algorithmwe usearti�cial potential�elds asfollows. The
“obstacles”(recallthey correspondto thedangerareas)will
have repulsingvaluesandthegoal hasan attractingvalue
accordingto somemetric(seeFigure2(Left)). Thepoten-
tial �eld is computedin the following way. Each node
whosesensortriggers “danger” diffusesthe information
aboutthedangerto its neighborsin amessagethatincludes
its sourcenodeid, the potentialvalue,andthe numberof

hopsfrom the sourceof the messageto the currentnode.
When a nodereceives multiple messagesfrom the same
sourcenode,it keepsonly the messagewith the smallest
numberof hops. (The leasthopsmessageis keptbecause
thatmessageis likely to travel alongtheshortestpath.)The
currentnodecomputesthe new potentialvalue from this
sourcenode.Thenodethenbroadcastsa messagewith its
potentialvalueandnumberof hopsto its neighbors.

After this con�gurationprocedure,nodesmayhavesev-
eralpotentialsfrom multiple sources.To computeits cur-
rentdangerlevel information,eachnodeaddsall thepoten-
tials.

Note that the potential �eld protocol provides a dis-
tributed repositoryof informationaboutthe areacovered
by the sensornetwork. It can be run as an initialization
phase,continuously, or intermittently. Thesensornetwork
canself-recon�gureandupdateits distributedinformation
contentby runningthepotential�eld computationprotocol
regularly. In this way, thenetwork canadaptto sensorfail-
ure, to the additionof new nodesinto the network andto
dynamicdangersourcesthatcanmoveacrossthenetwork.

The potential�eld informationstoredat eachnodecan
beusedto guideanobjectequippedwith a sensorthatcan
talk to thenetwork in anon-linefashion.Thesafestpathto
thegoalcanbecomputedusingaqueryprotocol.Thegoal
nodeinitiatesa dynamicprogrammingcomputationof this
pathusingbroadcasting.Thegoalnodebroadcastsa mes-
sagewith thedangerdegreeof thepath,which is zerofor
thegoal. Whena sensornodereceivesa message,it adds
its own potentialvalue to the potentialvalueprovided in
themessage,andbroadcastsanmessageupdatedwith this
new potentialto its neighbors.If thenodereceivesmultiple
messages,it selectsthe messagewith the smallestpoten-
tial (correspondingto theleastdanger)andremembersthe
senderof themessage.

IV . Experiments

We have implementedthealgorithmsfor variablesleeping
time, trackingandguiding thenavigation of a useracross
a sensornetwork usingtheMote sensors[2]. Our experi-
mentswith theguidancealgorithmshow that theprotocol
correctlyadaptsto changesin thedangerzones.
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