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Algorithm 1 Sendingmessagesn the presenceof variables
sleepingtimes.

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

. Letts bethesleepingime of r

: Let Rbethesamplingrateof r

: Add th wastebits to the headof themessagérom stor
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|. INTRODUCTION

We wish to createmoreversatileinformationsystemsy us-
ing adaptve distributed sensornetworks: hundredsof small
sensorsgquippedwith limited memoryand multiple sensing
capabilitieswill autonomouslyorganizeand reorganizethem-
selvesasad-hocnetworksin responseo taskrequirementsind
to triggersfrom the ernvironment. Distributed adaptve sensor
networks arereactive computingsystemsyvell-suitedfor tasks
in extreme environments,especiallywhen the ervironmental
modelandthe taskspeci cationsareuncertainandthe system
hasto adaptto it. A collectionof active sensometworks can
follow the movementof a sourceto be tracked, for examplea
moving vehicle,it canguidethe movementof anobjecton the
ground,for examplea sunweillancerobot,or it canfocusatten-
tion overaspeci c areafor examplea re tolocalizeits source
andtrackits spread.

We build onimportantpreviouswork by [1], [5], [2] andex-
aminein moredetailreactive sensorghatcanadaptto taskand
to the ervironment. We develop: (1) a protocolfor adaptvely
selectingthe active regionin a sensometwork for the tracking
applicationand(2) aprotocolfor distributingtheinformationin
thesensometwork for guidingthe navigationof auserthrough
thenetwork area.We presentlgorithmsfor eachof theseprob-
lems,discussanimplementatiorusingthe Berkeley Mote sen-
sors[3] andpresensomepreliminaryhardwareexperiments.

Il. ADAPTIVE ACTIVATION OF SENSORS FOR TRACKING

The mainreasonfor putting nodesto sleepin a sensomet-
work is to consere powerandextendthenetwork lifetime. De-
ciding how muchto keepa nodeasleepdependsn mary fac-
tors,includingthenatureof theapplicationthedata o w across
the network, andthe ervironment. Sensorglo not receie ary
pacletswhile in the sleepingnode. Thus,the nodehasto wake
up occasionallyin orderto decideits future on/off status.

In the Mote implementation,when a nodewakes up from
its sleepingmode, it listensto its incoming channelto seeif
thereareary incomingbits. It will keepalert(in wakingmode)

whenit senseghereare someincoming bits from the chan-
nel. Supposehatthe sendingMote knows the sleepingtime of

therecipientnode,but it hasno knowledgeof the sleepingpe-

riod. Whenthe sleepingtime is unknowvn, the maximumsleep-
ing time is assumedin the currentMote implementatiorevery

nodein the transmissiorrangeof the sendemwaitstill the end
of eachpaclet sampling,in orderto decidewhetherit is a re-

cipientfor the paclet or not. Let the sleepingtime bets. Since
the sendedoesnot know the whentherecipientwill wake up,

it shouldassumehatthe sleepingperiodhasjust began.In or-

der to ensurethat the recipienthearsthe messagethe sender
shouldtransmitwastebits for ts time. The numberof wastebits

shouldbe ts=R whereR is the samplerate for incoming bits.

Algorithm 1 summarizesheseideas.

Theintuition behindthetrackingprotocolis asfollows. Sup-
posethereis someinformationaboutthe entry point of the ob-
jectto betracked. This canbeasmallareatheboundaryof the
sensometwork, or the entireareacoveredby sensors All the
nodesin this entry areaperiodically sensefor the eventto be
tracked. Sensingnayrangefrom simply detectinghepresence
of theobject,to predictingwherethe objectis headingandhow
fastit is moving. As soonasa sensortriggers, it broadcasts
analertmessag¢o the right nodesin the network. In the sim-
plestcasethebroadcasgoesto all the neighborslf thesensor
canmalke ary predictionsabouthow the nodemoves,it broad-
castgo thenodesn thepredictedarea.This broadcastseshe
communicatiorstratey in Algorithm 1. Thealertingnodealso
wakesupthenodeghatprovidethecommunicatiomouteto the
basestation.

I1l. GUIDING A USER

Sensorgetectinformationaboutthe areathey cover. They
canstorethisinformationlocally or forwardit to a basestation
for furtheranalysisanduse. Sensorganalsousecommunica-
tion to integratetheir sensedralueswith the restof the sensor
landscapeln this sectionwe explore usingsensometworks as
distributedinformationrepositories.We describea methodto
distribute the information aboutthe ernvironmentredundantly
acrosgheentirenetwork. Usersof thenetwork (people robots,
unmanneglanesgtc.) canusethisinformationasthey traverse
thenetwork. We illustratethis propertyof areactve sensonet-
work in the context of a guiding task, wherea moving object
is guidedacrossthe network alonga safepath,away from the
typeof dangetthatcanbe detectedy the sensors.

Theguidingapplicationcanbe formulatedasa roboticsmo-
tion planningproblemin the presenceof obstacles.The dan-
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Fig. 1. Theleft gure shaws atypical setupfor the navigation guiding task.

Thesolid black circlescorrespondo sensorsvhosesensedzalueis “danger”.

Thewhite circlescorrespondo sensorghatdo not sensedanger The dashed
line shavstheguidingpathacrossheareacoveredby thesensonetwork. Note

that the pathtravels from sensorto sensorand preseres a maximal distance
from the dangerareas,while progressingo the exit area. The right picture

shavs someMote sensoraisedfor our experiments.

gerousareaf thesensonetwork arerepresentedsobstacles.
Dangermay includeexcessve heat(volcanoes,re, etc), peo-
ple, etc. We assuméhateachsensorcansensdor thepresence
or absencef suchtype of danger A dangercon guration pro-
tocol run acrossall thenodesof the network createghe danger
map. We do not ervision thatthe network will createanaccu-
rate geometricmap, distributed acrossall the nodes. Instead,
we wish for thenodesin the network to provide someinforma-
tion abouthow far from dangereachnodeis. If the sensorsare
uniformly distributed, the smallesthumberof communication
hopsto a sensorthat triggers“yes” to dangeris a measureof
the distanceto danger Thegoalisto nd a pathfor the mov-
ing objectthatavoidsthe dangerareas We ervision having the
useraskthe network regularly for whereto go next. Thenodes
within broadcastingangefrom the usersupply the next best
step.

Therearenumeroussolutionsto motionplanningin the pres-
enceof obstacleanduncertainty We seeka solutionthatlends
itself naturallyto thediscretenatureof sensometworks. In [4],
Donaldetal. describean optimal solutionfor motion planning
whenthemapof theworld is given. The rst stepof thesolution
is to rasterizethe con guration spaceobstaclesnto a seriesof
bitmapslices. Dynamicprogrammings thenusedto calculate
theoptimalpathin this space Althoughthis methodcannot be
applieddirectly, it canbeadaptedor sensonetworks. Themo-
tion planningalgorithm ts a sensometwork well in two ways.
First,the sensorganberegardedasthe bitmappixels. Second,
the dynamicprogrammingcomponenbf the algorithmcanbe
implementedy usingthe sensolcommunications.

In orderto supply obstacleinformationto the planningal-
gorithmwe usearti cial potential elds asfollows. The “ob-
stacles”(recall they correspondo the dangerareaswill have
repulsingvaluesandthe goalhasanattractingvalueaccording
to somemetric (seeFigurel(Left)). Thepotential eld is com-
putedin the following way. Eachnodewhosesensottriggers
“danger”diffusestheinformationaboutthe dangeto its neigh-
borsin amessagé¢hatincludesits sourcenodeid, the potential

value,andthe numberof hopsfrom the sourceof the message
to the currentnode. Whena noderecevves multiple messages
from the samesourcenode,it keepsonly the messagavith the
smallestnumberof hops. (The leasthopsmessagés keptbe-
causethat messages likely to travel alongthe shortestpath.)
The currentnodecomputesthe new potentialvalue from this
sourcenode. The nodethenbroadcasts: messagevith its po-
tentialvalueandnumberof hopsto its neighbors.

After this con guration procedurenodesmay have several
potentialsffrom multiple sourcesTo computdts currentdanger
level information,eachnodeaddsall the potentials.

Note that the potential eld protocolprovidesa distributed
repositoryof informationaboutthe areacoveredby the sensor
network. It canberun asaninitialization phase continuously
or intermittently The sensometwork canself-recon gureand
updatats distributedinformationcontentby runningthe poten-
tial eld computationprotocolregularly. In this way, the net-
work canadaptto theinsertionof sensoffailure,to theaddition
of new nodesinto the network andto dynamicdangersources,
thatcanmove acrosghe network.

The potential eld information storedat eachnodecanbe
usedto guide an objectequippedwith a sensorthat cantalk
to the network in an on-line fashion. The safestpathto the
goal canbe computedusinga query protocol. The goal node
initiatesa dynamicprogrammingcomputationof this pathus-
ing broadcastingThegoalnodebroadcasta messagevith the
dangerdegreeof the path,which is zerofor the goal. Whena
sensomnoderecevesa message addsits own potentialvalue
to the potentialvalue provided in the messageandbroadcasts
an messagaipdatedwith this new potentialto its neighbors.
If the nodereceivesmultiple messagest selectsthe message
with the smallestpotential(correspondindo the leastdanger)
andremembershe sendeiof themessage.

IV. EXPERIMENTS

We have implementecdthe algorithmsfor variable sleeping
time, trackingandguidingthe navigationof auseracrossa sen-
sornetwork usingthe Mote sensorg3].
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