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[. Introduction

We wish to createmore versatileinformation systemsby

using adaptve distributed sensornetworks: hundredsof

smallsensorsequippedwith limited memoryandmultiple
sensingcapabilitieswill autonomouslyorganizeandreor

ganizethemselesasad-hocnetworksin responseo task
requirementsandto triggersfrom the ervironment. Dis-

tributed adaptive sensometworks are reactive computing
systemswell-suitedfor tasksin extremeervironmentsges-
peciallywhenthe ervironmentalmodelandthe taskspeci-
cations areuncertainandthe systemhasto adaptto it. A

collectionof active sensometworks canfollow the move-
mentof asourceto betracked,for examplea moving vehi-
cle, it canguidethe movementof anobjectontheground,
for examplea sunweillancerobot, or it canfocusattention
overaspeci c areafor examplea re tolocalizeits source
andtrackits spread.

We build onimportantpreviouswork by [1] andexamine
in moredetail reactve sensorghatcanadaptto taskandto
theervironment.We develop: (1) a protocolfor adaptvely
selectingheactiveregionin asensonetwork for thetrack-
ing applicationand(2) a protocolfor distributing theinfor-
mationin the sensometwork for guidingthe navigation of
auserthroughthe network area.We presentlgorithmsfor
eachof theseproblems,discussan implementationusing
theBerkeley Mote sensorg2].

Il. Adaptive Activation of Sensors

for Tracking

Themainreasorfor puttingnodesto sleepin a sensomet-
work is to consere power and extend the network life-
time. Decidinghow muchto keepa nodeasleepdepends
onmary factorsjncludingthenatureof theapplication the
data o w acrossthe network, andthe ervironment. Sen-
sorsdo notreceve ary packetswhile in the sleepingnode.
Thus,the nodehasto wake up occasionallyin orderto de-
cideits futureon/off status.

1: Let (s;r) bethesending/receing pair of sensors

2: Letts bethesleepingime of r

3: Let R bethesamplingrateof r

4: Add % wastebitsto theheadof themessagéromstor

Figure 1. Sendingmessage the presenceof variable
sleepingtimes.

In theMoteimplementationwhenanodewakesupfrom
its sleepingmode, it listensto its incomingchannelto see

if thereareany incominghits. It will keepalert(in waking
mode)whenit sensesherearesomencomingbitsfromthe
channel.Supposehatthesendingviote knowsthesleeping
time of therecipientnode,but it hasno knowledgeof the
sleepingperiod. Whenthe sleepingtime is unknown, the
maximumsleepingtime is assumed.In the currentMote

implementatiorevery nodein thetransmissiomangeof the
sendemwvaitstill the endof eachpaclet sampling,in order
to decidewhetherit is arecipientfor thepacletor not. Let

the sleepingtime be ts. Sincethe senderdoesnot know

the whenthe recipientwill wake up, it shouldassumehat
the sleepingperiod hasjust began. In orderto ensurethat
therecipienthearshe messagehe sendesshouldtransmit
wastebits for t5 time. The numberof wastebits shouldbe
ts=R whereR is the sampleratefor incomingbits. Fig. 1

summarizesheseideas.

The intuition behindthe trackingprotocolis asfollows.
Supposethereis someinformation aboutthe entry point
of the objectto be tracked. This canbe a small area,the
boundaryof the sensometwork, or the entireareacovered
by sensors. All the nodesin this entry areaperiodically
sensdor theeventto betracked. Sensingmayrangefrom
simply detectingthe presenceof the object, to predicting
wherethe objectis headingandhow fastit is moving. As
soonasa sensoitriggers, it broadcastsin alertmessagéo
the right nodesin the network. In the simplestcase,the
broadcasgoesto all theneighborslf the sensocanmake
ary predictionsabouthow the nodemoves, it broadcasts
to thenodesin the predictedarea. This broadcastisesthe
communicatiorstratey in Algorithm 1. Thealertingnode
alsowakes up the nodesthat provide the communication
routeto the basestation.

lll.  Guiding a User

Sensorgletectinformationaboutthe areathey cover. They
canstorethisinformationlocally or forwardit to abasesta-
tion for furtheranalysisanduse.Sensorganalsousecom-
municationto integratetheir sensedralueswith the restof
thesensolandscapeln this sectionwe explore usingsen-
sor networks as distributed information repositories. We
describea methodto distribute the information aboutthe
ervironmentredundantlyacrosshe entirenetwork. Users
of thenetwork (people robots,unmanneglanesgtc.)can
usethis information asthey traversethe network. We il-
lustratethis property of a reactve sensometwork in the
contet of a guidingtask,wherea moving objectis guided
acrosghenetwork alonga safepath,away from thetype of
dangerthatcanbedetectedy the sensors.

The guiding applicationcanbe formulatedasa robotics
motionplanningproblemin the presencef obstaclesThe
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Figure2: Theleft gure shawvsatypical setupfor the nav-
igationguidingtask. The solid blackcirclescorrespondo
sensorsvhosesensedalueis “danger”. Thewhite circles
correspondo sensorshatdo notsensalanger Thedashed
line shaws the guiding pathacrosshe areacoveredby the
sensometwork. Note that the pathtravels from sensorto
sensorand preseresa maximal distancefrom the danger
areaswhile progressindo the exit area.Theright picture
shavs someMote sensoraisedfor our experiments.

dangerousareasof the sensometwork arerepresentecs
obstacles Dangermay include excessie heat(volcanoes,
re, etc), people,etc. We assumethat eachsensorcan
sensefor the presenceor absencef suchtype of danger
A dangercon gurationprotocolrun acrossall the nodesof

the network createshe dangermap. We do not ervision

that the network will createan accurategeometricmap,
distributed acrossall the nodes. Instead,we wish for the

nodesin the network to provide someinformation about
how far from dangereachnodeis. If the sensorsaredis-

tributed denselyenough,the smallestnumberof commu-
nicationhopsto a sensotthattriggers‘yes” to dangeris a

measuref thedistancdo danger Thegoalisto nd apath
for themoving objectthatavoidsthe dangerareas.We en-

vision having the useraskthe network regularly for where
to go next. The nodeswithin broadcastingangefrom the

usersupplythe next beststep.

Therearenumeroussolutionsto motion planningin the
presencef obstaclesanduncertainty We seeka solution
that lendsitself naturally to the discretenatureof sensor
networks. In [3], Donaldetal. describeanoptimalsolution
for motion planningwhenthe map of the world is given.
The rst stepof thesolutionis to rasteriz¢hecon guration
spacebstaclesnto aseriesof bitmapslices.Dynamicpro-
grammingis thenusedto calculatethe optimal pathin this
space Althoughthis methodcannot be applieddirectly, it
canbe adaptedor sensometworks. The motion planning
algorithm ts asensometwork well in two ways. First, the
sensorganbe regardedasthe bitmap pixels. Secondthe
dynamicprogrammingcomponenbf the algorithmcanbe
implementedy usingthe sensolcommunications.

In orderto supplyobstacleinformationto the planning
algorithmwe useatrti cial potential elds asfollows. The
“obstacles’(recallthey correspondo thedangemareasill
have repulsingvaluesandthe goal hasan attractingvalue
accordingto somemetric (seeFigure2(Left)). The poten-
tial eld is computedin the following way. Eachnode
whose sensortriggers “danger” diffusesthe information
aboutthedangetto its neighborsn amessagthatincludes
its sourcenodeid, the potentialvalue,andthe numberof

hopsfrom the sourceof the messagéo the currentnode.
When a nodereceies multiple messagefrom the same
sourcenode,it keepsonly the messagevith the smallest
numberof hops. (The leasthopsmessagés keptbecause
thatmessages likely to travel alongtheshortespath.) The
currentnode computesthe new potentialvalue from this
sourcenode. The nodethenbroadcasts messagavith its
potentialvalueandnumberof hopsto its neighbors.

After this con guration procedurenodesmay have sev-
eral potentialsfrom multiple sources.To computeits cur-
rentdangetevel information,eachnodeaddsall thepoten-
tials.

Note that the potential eld protocol provides a dis-
tributed repositoryof information aboutthe areacovered
by the sensometwork. It canbe run as an initialization
phasecontinuouslyor intermittently The sensometwork
canself-recon gureandupdateits distributedinformation
contentby runningthe potential eld computatiorprotocol
regularly. In this way, the network canadaptto sensoffail-
ure, to the additionof new nodesinto the network andto
dynamicdangersourceghatcanmove acrosghe network.

The potential eld informationstoredat eachnodecan
be usedto guidean objectequippedwith a sensorthatcan
talk to thenetwork in anon-linefashion.The safesfpathto
thegoalcanbe computedusinga queryprotocol. Thegoal
nodeinitiatesa dynamicprogrammingcomputatiorof this
pathusingbroadcastingThe goalnodebroadcasta mes-
sagewith the dangerdeggreeof the path,which is zerofor
the goal. Whena sensomoderecevesa messageit adds
its own potentialvalueto the potentialvalue provided in
the messageandbroadcastan messageipdatedwith this
new potentialto its neighborslf thenoderecevesmultiple
messages} selectsthe messagevith the smallestpoten-
tial (correspondingdo theleastdangerlandremembershe
sendeiwof themessage.

IV. Experiments

We have implementedhe algorithmsfor variablesleeping
time, trackingand guiding the navigation of a useracross
a sensometwork usingthe Mote sensorg2]. Our experi-

mentswith the guidancealgorithmshow thatthe protocol

correctlyadaptgo changesn thedangerzones.
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