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Algorithm 1 Sendingmessagesin the presenceof variables
sleepingtimes.

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

r wastebits to theheadof themessagefrom s to r

I . INTRODUCTION

We wish to createmoreversatileinformationsystemsby us-
ing adaptive distributed sensornetworks: hundredsof small
sensors,equippedwith limited memoryand multiple sensing
capabilitieswill autonomouslyorganizeandreorganizethem-
selvesasad-hocnetworksin responseto taskrequirementsand
to triggersfrom the environment. Distributedadaptive sensor
networksarereactivecomputingsystems,well-suitedfor tasks
in extremeenvironments,especiallywhen the environmental
modelandthe taskspeci�cationsareuncertainandthesystem
hasto adaptto it. A collectionof active sensornetworks can
follow the movementof a sourceto be tracked, for examplea
moving vehicle,it canguidethemovementof anobjecton the
ground,for examplea surveillancerobot,or it canfocusatten-
tion overaspeci�c area,for examplea�re to localizeits source
andtrackits spread.

We build on importantpreviouswork by [1], [5], [2] andex-
aminein moredetailreactivesensorsthatcanadaptto taskand
to theenvironment. We develop: (1) a protocolfor adaptively
selectingtheactive region in a sensornetwork for thetracking
applicationand(2) aprotocolfor distributingtheinformationin
thesensornetwork for guidingthenavigationof auserthrough
thenetwork area.Wepresentalgorithmsfor eachof theseprob-
lems,discussan implementationusingtheBerkeley Mote sen-
sors[3] andpresentsomepreliminaryhardwareexperiments.

I I . ADAPTIVE ACTIVATION OF SENSORS FOR TRACKING

The main reasonfor putting nodesto sleepin a sensornet-
work is to conservepowerandextendthenetwork lifetime. De-
ciding how muchto keepa nodeasleepdependson many fac-
tors,includingthenatureof theapplication,thedata�o w across
thenetwork, andtheenvironment.Sensorsdo not receive any
packetswhile in thesleepingnode.Thus,thenodehasto wake
upoccasionallyin orderto decideits futureon/off status.

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

when it sensesthereare someincoming bits from the chan-
nel. SupposethatthesendingMote knowsthesleepingtime of
therecipientnode,but it hasno knowledgeof thesleepingpe-
riod. Whenthesleepingtime is unknown, themaximumsleep-
ing time is assumed.In thecurrentMote implementationevery
nodein the transmissionrangeof thesenderwaits till theend
of eachpacket sampling,in orderto decidewhetherit is a re-
cipientfor thepacket or not. Let thesleepingtime bets. Since
thesenderdoesnot know thewhentherecipientwill wake up,
it shouldassumethatthesleepingperiodhasjust began.In or-
der to ensurethat the recipienthearsthe message,the sender
shouldtransmitwastebits for ts time. Thenumberof wastebits
shouldbe ts=R whereR is the samplerate for incomingbits.
Algorithm 1 summarizestheseideas.

Theintuition behindthetrackingprotocolis asfollows. Sup-
posethereis someinformationabouttheentrypoint of theob-
ject to betracked.Thiscanbeasmallarea,theboundaryof the
sensornetwork, or theentireareacoveredby sensors.All the
nodesin this entry areaperiodicallysensefor the event to be
tracked.Sensingmayrangefrom simplydetectingthepresence
of theobject,to predictingwheretheobjectis headingandhow
fast it is moving. As soonasa sensortriggers,it broadcasts
analertmessageto theright nodesin thenetwork. In thesim-
plestcase,thebroadcastgoesto all theneighbors.If thesensor
canmake any predictionsabouthow thenodemoves,it broad-
caststo thenodesin thepredictedarea.Thisbroadcastusesthe
communicationstrategy in Algorithm 1. Thealertingnodealso
wakesupthenodesthatprovidethecommunicationrouteto the
basestation.

I I I . GUIDING A USER

Sensorsdetectinformationaboutthe areathey cover. They
canstorethis informationlocally or forwardit to a basestation
for furtheranalysisanduse.Sensorscanalsousecommunica-
tion to integratetheir sensedvalueswith the restof thesensor
landscape.In this sectionwe exploreusingsensornetworksas
distributedinformationrepositories.We describea methodto
distribute the information aboutthe environmentredundantly
acrosstheentirenetwork. Usersof thenetwork (people,robots,
unmannedplanes,etc.)canusethisinformationasthey traverse
thenetwork. Weillustratethispropertyof areactivesensornet-
work in the context of a guiding task,wherea moving object
is guidedacrossthenetwork alonga safepath,away from the
typeof dangerthatcanbedetectedby thesensors.

Theguidingapplicationcanbeformulatedasa roboticsmo-
tion planningproblemin the presenceof obstacles.The dan-



2

Fig. 1. The left �gure shows a typical setupfor the navigationguiding task.
Thesolid blackcirclescorrespondto sensorswhosesensedvalueis “danger”.
Thewhite circlescorrespondto sensorsthatdo not sensedanger. The dashed
line showstheguidingpathacrosstheareacoveredby thesensornetwork. Note
that the path travels from sensorto sensorandpreservesa maximaldistance
from the dangerareas,while progressingto the exit area. The right picture
shows someMote sensorsusedfor ourexperiments.

gerousareasof thesensornetwork arerepresentedasobstacles.
Dangermay includeexcessive heat(volcanoes,�re, etc),peo-
ple,etc.We assumethateachsensorcansensefor thepresence
or absenceof suchtypeof danger. A dangercon�gurationpro-
tocol runacrossall thenodesof thenetwork createsthedanger
map. We do not envision that thenetwork will createanaccu-
rategeometricmap,distributedacrossall the nodes. Instead,
wewish for thenodesin thenetwork to providesomeinforma-
tion abouthow far from dangereachnodeis. If thesensorsare
uniformly distributed,the smallestnumberof communication
hopsto a sensorthat triggers“yes” to dangeris a measureof
thedistanceto danger. Thegoal is to �nd a pathfor themov-
ing objectthatavoidsthedangerareas.We envisionhaving the
useraskthenetwork regularly for whereto gonext. Thenodes
within broadcastingrangefrom the usersupply the next best
step.

Therearenumeroussolutionsto motionplanningin thepres-
enceof obstaclesanduncertainty. Weseekasolutionthatlends
itself naturallyto thediscretenatureof sensornetworks. In [4],
Donaldet al. describeanoptimalsolutionfor motionplanning
whenthemapof theworld isgiven.The�rst stepof thesolution
is to rasterizethecon�gurationspaceobstaclesinto a seriesof
bitmapslices.Dynamicprogrammingis thenusedto calculate
theoptimalpathin thisspace.Althoughthismethodcannotbe
applieddirectly, it canbeadaptedfor sensornetworks.Themo-
tion planningalgorithm�ts a sensornetwork well in two ways.
First, thesensorscanberegardedasthebitmappixels.Second,
thedynamicprogrammingcomponentof thealgorithmcanbe
implementedby usingthesensorcommunications.

In order to supply obstacleinformation to the planningal-
gorithm we usearti�cial potential�elds asfollows. The “ob-
stacles”(recall they correspondto the dangerareas)will have
repulsingvaluesandthegoalhasanattractingvalueaccording
to somemetric(seeFigure1(Left)). Thepotential�eld is com-
putedin the following way. Eachnodewhosesensortriggers
“danger”diffusestheinformationaboutthedangerto its neigh-
borsin amessagethatincludesits sourcenodeid, thepotential

value,andthenumberof hopsfrom thesourceof themessage
to thecurrentnode. Whena nodereceivesmultiple messages
from thesamesourcenode,it keepsonly themessagewith the
smallestnumberof hops. (The leasthopsmessageis keptbe-
causethat messageis likely to travel alongthe shortestpath.)
The currentnodecomputesthe new potentialvalue from this
sourcenode.Thenodethenbroadcastsa messagewith its po-
tentialvalueandnumberof hopsto its neighbors.

After this con�guration procedure,nodesmay have several
potentialsfrom multiplesources.To computeits currentdanger
level information,eachnodeaddsall thepotentials.

Note that the potential�eld protocolprovidesa distributed
repositoryof informationabouttheareacoveredby thesensor
network. It canberun asaninitialization phase,continuously,
or intermittently. Thesensornetwork canself-recon�gureand
updateits distributedinformationcontentby runningthepoten-
tial �eld computationprotocolregularly. In this way, the net-
work canadaptto theinsertionof sensorfailure,to theaddition
of new nodesinto thenetwork andto dynamicdangersources,
thatcanmoveacrossthenetwork.

The potential �eld information storedat eachnodecan be
usedto guide an object equippedwith a sensorthat can talk
to the network in an on-line fashion. The safestpath to the
goal canbe computedusinga queryprotocol. The goal node
initiatesa dynamicprogrammingcomputationof this pathus-
ing broadcasting.Thegoalnodebroadcastsamessagewith the
dangerdegreeof thepath,which is zerofor thegoal. Whena
sensornodereceivesa message,it addsits own potentialvalue
to thepotentialvalueprovidedin themessage,andbroadcasts
an messageupdatedwith this new potential to its neighbors.
If the nodereceivesmultiple messages,it selectsthe message
with thesmallestpotential(correspondingto the leastdanger)
andremembersthesenderof themessage.

IV. EXPERIMENTS

We have implementedthe algorithmsfor variablesleeping
time,trackingandguidingthenavigationof auseracrossasen-
sornetwork usingtheMotesensors[3].
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