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Abstract

This paperpresentsthe design,implementation,andevaluationof
Cricket,alocation-supportsystemfor in-building,mobile,location-
dependentapplications.It allows applicationsrunning on mobile
andstaticnodesto learntheir physicallocationby usinglisteners
thathearandanalyzeinformationfrom beaconsspreadthroughout
thebuilding. Cricket is theresultof severaldesigngoals,including
userprivacy, decentralizedadministration,network heterogeneity,
andlow cost.Ratherthanexplicitly trackinguserlocation,Cricket
helpsdevices learnwherethey areandlets themdecidewhom to
advertise this information to; it doesnot rely on any centralized
managementor control and there is no explicit coordinationbe-
tweenbeacons;it providesinformationtodevicesregardlessof their
typeof network connectivity; andeachCricketdevice is madefrom
off-the-shelfcomponentsandcostslessthanU.S.$10.Wedescribe
therandomizedalgorithmusedby beaconsto transmitinformation,
theuseof concurrentradioandultrasonicsignalsto infer distance,
the listenerinferencealgorithmsto overcomemultipathandinter-
ference,andpracticalbeaconcon�guration and positioningtech-
niquesthat improve accuracy. Our experiencewith Cricket shows
thatseverallocation-dependentapplicationssuchasin-building ac-
tive mapsanddevice control canbedevelopedwith little effort or
manualcon�guration.

1 Intr oduction

The emergenceof network-enableddevices and the promiseof
ubiquitousnetwork connectivity hasmadethedevelopmentof per-
vasive computingenvironmentsanattractiveresearchgoal.A com-
pelling setof applicationsenabledby thesetechnologytrendsare
context-aware,location-dependentones,which adapttheir behav-
ior anduserinterfaceto thecurrentlocationin space,for whichthey
needto know theirphysicallocationwith somedegreeof accuracy.
We have startedseeingthecommercialdeploymentof suchappli-
cationsin outdoorsettings(e.g., Hertz's NeverLost navigator on
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rentalcars[13]), wherelocationinformationis obtainedvia wide-
areatechnologieslike the Global PositioningSystem(GPS) [11]
or usingthecellular infrastructure.We believe that thewidespread
deploymentof location-dependentapplicationsinsideof�ce build-
ingsandhomeshasthepotentialto fundamentallychangetheway
weinteractwith our immediateenvironment,wherecomputingele-
mentswill be“ubiquitous” [20] or “pervasive” [9, 5]. In particular,
ourwork will enableanew classof location-basedapplicationsand
userinteractionsin thecontext of ProjectOxygenat MIT [16].

Thedesignanddeploymentof a systemfor obtaininglocationand
spatialinformationin an indoorenvironmentis a challengingtask
for several reasons,including thepreservation of userprivacy, ad-
ministrationandmanagementoverheads,systemscalability, andthe
harshnatureof indoorwirelesschannels.Thedegreeof privacy of-
feredby thesystemis animportantdeploymentconsideration,since
peopleoftenvaluetheirprivacy highly. Theadministrativeoverhead
to manageandmaintainthe hardwareandsoftware infrastructure
mustbeminimal becauseof thepotentiallylargenumber(possibly
several thousandsin a building) of devicesandnetworkedservices
thatwould bepartof thesystem,andthecommunicationprotocols
mustbeableto scaleto ahighspatialdensityof devices.Finally, in-
doorenvironmentsoftencontainsubstantialamountsof metaland
othersuchre�ective materialsthat affect the propagationof radio
frequency (RF) signalsin non-trivial ways,causingseveremulti-
patheffects,dead-spots,noise,andinterference.

Our goal is to develop a systemthat allows applicationsrunning
on userdevicesandservicenodesto learntheir physicallocation.
Oncethis informationis obtained,servicesadvertisethemselvesto
a resourcediscovery servicesuchasthe MIT IntentionalNaming
System(INS) [3], IETF ServiceLocationProtocol[18], Berkeley
ServiceDiscoveryService[8], or Sun'sJini discoveryservice[14].
Userapplicationsdo not advertisethemselvesunlessthey want to
be discoveredby others;they learn aboutservicesin their vicin-
ity via an active map that is sent from a map server application,
and interactwith servicesby constructingqueriesfor servicesat
a requiredlocation. By separatingthe processesof tracking ser-
vicesandobtaininglocationinformation,multipleresourcediscov-
ery systemscanbeaccommodated.By not trackingusersandser-
vices,user-privacy concernsareadequatelymet.Weemphasizethat
our goal is a location-supportsystem,ratherthan a conventional
location-trackingsystemthattracksandstoreslocationinformation
for servicesandusersin a centrallymaintaineddatabase.

Over the pastmany months,we have designedand implemented
Cricket, a location-supportsystemfor building-widedeploymentin
thecontext of ProjectOxygen,andhave conductedseveralexperi-
mentswith it. We have integratedit with INS for resourcediscov-
ery, andanactive mapapplication,which togetherenablelocation-



dependentapplications(and users)to discover and interactwith
services.This paperdescribesour designgoals(later in this sec-
tion), systemarchitectureandalgorithms(Section2), implementa-
tion (Section3),experimentalresults(Section4),applications(Sec-
tion 5), anda detailedcomparisonwith previous location-tracking
systems(Section6).

The designof Cricket wasdriven by the following speci�c goals,
which followed from the natureof our applicationsand from de-
ploymentconsiderations:

� User pri vacy. Whenever a systemfor providing locationin-
formationto clientshasbeendeployed in the past,the issue
of userprivacy hasarisen.This is becausemany previoussys-
temswerelocation tracking systems,wherea databasekept
trackof thelocationsof all theentities,includingusersin the
system.To addressthis concern,we designeda locationsup-
port system,which allows clientsto learntheir locationwith-
outcentralizedtrackingin orderto constructlocation-speci�c
queriesfor resources.

� Decentralized administration. Our goal is widespread
building-wide deployment.We believe that it is not possible
to deploy andadministera systemin a scalableway whenall
control and managementfunctionsare centralized.Our de-
sign is decentralized—the“owner” of a spacein a building
(e.g.,theoccupantof a room) con�gures and installsa loca-
tion beaconthat announcesthe identity of that space(some
characterstring)andeachbeaconseamlesslyintegrateswith
the rest of the system.Location receiver hardware,called a
listener, is attachedto every device of interestto a user. Lis-
tenersusean inferencealgorithm to determinethe spacein
which they are currently locatedby listening to beaconan-
nouncements.Thereis no needfor a centralentity to keep
trackof eachindividualcomponentin thesystem.

� Network heterogeneity. A widevarietyof network technolo-
giesexist in mostbuilding environments.In our own labora-
tory, devicesandusersconnectedover10/100MbpsEthernet,
threedifferenttypesof indoorwirelessLANs, cellulardigital
packet data(CDPD), infrared,public telephone,andpower-
line usingX10 [21]. Independentof which technologythey
useto serve or gainaccessto information,many servicesand
clientscanbene�t from learningtheir locationin anautomatic
way, andwe would like to accommodatethem.In ourdesign,
we achieve this by decouplingtheCricket systemfrom other
datacommunicationmechanisms.

� Cost. Achieving building-wide deployment requires cost-
effectivecomponents.Weusecommercial,off-the-shelf,inex-
pensive componentsin Cricket, settingandmeetingthegoal
of lessthanU.S.$10perlocationbeaconandlistener. Ourde-
sign involvesno customhardwareandis small enoughto �t
in one's palm.

� Room-sizedgranularity . Our goal is a systemwherespatial
regionscanbe determinedto within oneor two squarefeet,
soasto distinguishportionsof rooms.This requirestheabil-
ity to demarcateanddetermineboundariesbetweenregions
correspondingto differentbeacons.

Cricket uses a combination of RF and ultrasoundto provide
a location-supportservice to usersand applications.Wall- and

ceiling-mountedbeaconsarespreadthroughthebuilding, publish-
ing locationinformationon anRF signal.With eachRF advertise-
ment,the beacontransmitsa concurrentultrasonicpulse.The lis-
tenersreceive theseRF and ultrasonicsignals,correlatethem to
eachother, estimatedistancesto thedifferentbeaconsusingthedif-
ferencein RF andultrasonicsignalpropagationtimes,and there-
fore infer thespacethey arecurrentlyin. Wedescribethedetailsof
thetechnologies,thesystemparametersandcon�guration,andthe
algorithmsandprotocolsusedin Cricket.Thebeaconsuseadecen-
tralizedrandomizedtransmissionalgorithmto minimizecollisions
andinterferenceamongsteachother. Thelistenersimplementa de-
codingalgorithmto overcomethe effectsof ultrasoundmultipath
andRF interference.We investigatethe performanceof threede-
codingalgorithmsand�nd thatpicking thelocationcorresponding
to the beaconwith minimum statisticalmodeperformsthe best,
maximizing the likelihoodof making the correctchoice.We also
discusssomepracticaldeployment considerationswhenusingul-
trasoundhardware,andsomelocation-dependentapplicationswe
have developedusingCricket.

2 Systemarchitecture

Cricket usesbeaconsto disseminateinformation about a geo-
graphicspaceto listeners. A beaconis a small device attachedto
somelocationwithin thegeographicspaceit advertises.Typically,
it is obtainedby the“owner” of thelocation(e.g.,theoccupantof a
roomin anof�ce or home,or a building administrator)andplaced
atanunobtrusive locationlikeaceilingor wall. Cricketdoesnotat-
tachany semanticsto thespaceadvertisedby thebeacon;any short
stringcanbedisseminated,suchasthenameof a server to contact
to learnmoreaboutthe spaceor a nameresolver for the spaceto
discover resources.Cricket beaconsareinexpensive andmorethan
oneof themcanbeusedin any spacefor fault-toleranceandbetter
coverage.

To obtaininformationabouta space,every mobileandstaticnode
hasalistenerattachedto it. A listeneris asmalldevicethatlistensto
messagesfrom beacons,andusesthesemessagesto infer thespace
it is currentlyin. ThelistenerprovidesanAPI to programsrunning
onthenodethatallow themto learnwherethey are,sothatthey can
usethis informationto appropriatelyadvertisethemselvesandtheir
locationto a resourcediscovery service.

The listenercanbe attachedto both staticandmobile nodes.For
example,whena userattachesa new staticserviceto thenetwork
(e.g.,a printer), shedoesnot needto con�gure it with a location
or otherany attribute;all shedoesis attacha listenerto it. Within
a few seconds,the listenerinfers its currentlocationfrom the set
of beaconsit hears,andinformsthedevice softwareaboutthis via
the API. This informationcanthenbe usedin its own servicead-
vertisements.Whena mobilecomputerhasa listenerattachedto it,
thelistenerconstantlylistensto beaconsto infer its location.As the
computer(e.g.,a hand-heldcomputercarriedby a person)moves
in abuilding, thenavigationsoftwarerunningon it usesthelistener
API to updateits currentlocation.Then,by sendingthis informa-
tion securelyto a mapserver (for example),it canobtainupdates
to the mapdisplayedto the user. Furthermore,servicesappearas
iconson themapthatarea functionof theuser's currentlocation.
Theservicesthemselveslearntheir locationinformationusingtheir
own listenerdevices,avoidingtheneedfor any per-nodecon�gura-



tion.

Theonly con�guration requiredin Cricket is settingthestring for
a spacethat is disseminatedby a beacon.The speci�c string is a
functionof theresourcediscoveryprotocolbeingused,andCricket
allowsany oneof severalpossibilities(in Section5 wedescribeour
implementationplatform and integration with INS). Cricket also
providesa way by which theownerof a roomcansecurelysetand
changethespaceidenti�er thatis sentin theadvertisements.This is
doneby sendinga specialmessageover thesameRF channelthat
is usedfor the advertisements,after authenticatingthe uservia a
password. At this stage,we have chosento allow this changeonly
from within physicalproximity of the room or locationwherethe
beaconis located.This makes the systemsomewhat moresecure
thanif weallowedthis to bedonefrom afar.

Theboundariesbetweenadjacentspacescaneitherbereal,asin a
wall separatingtwo rooms,or virtual, asin anon-physicalpartition
usedto separateportionsof a room. The precisionof the system
is determinedby how well thelistenercandetecttheboundarybe-
tweentwo spaces,while thegranularity of thesystemis thesmall-
estpossiblesizefor ageographicspacesuchthatboundariescanbe
detectedwith ahighdegreeof precision.A third metric,accuracyis
usedto calibrateindividualbeaconsandlisteners;it is thedegreeto
which thedistancefrom a beacon,estimatedby a listener, matches
thetruedistance.While ourexperimentsshow thatthedistanceac-
curacy of our hardwareis smallerthana few inches,whatmatters
is theprecisionandgranularityof thesystem.Thesedependon the
algorithmsand the placementof beaconsacrossboundaries.Our
goal is a systemwith a close-to-100%precisionwith a granularity
of a few feet(a portionof a room).

Therestof thissectiondescribesthedesignof Cricket, focusingon
threefundamentalissues:(i) mechanismfor determiningthe loca-
tion (the beacon-listenerprotocol),(ii) the listeneralgorithmsand
techniquesfor handlingbeaconinterference,and(iii) beaconcon-
�guration andpositioning.

2.1 Determining the location

At the beginning we were hopeful that a purely RF-basedsys-
tem could be engineeredand madeto work well, providing lo-
cation informationat the granularityof a room, and ideally, por-
tions of rooms.Our approachattemptedto limit the coverageof
an RF transmitterto de�ne the granularityof a geographic-space,
and using received signal strengthto infer bestlocation.Despite
many weeksof experimentationandsigni�cant tuning,this did not
yield satisfactoryresults[7]. ThiswasmainlybecauseRFpropaga-
tion within buildingsdeviatesheavily from empiricalmathematical
models(e.g.,seealso [6]), andin ourenvironment,thecorrespond-
ing signalbehavior with our inexpensive, off-the-shelfradioswas
not reproducibleacrosstime.

We thereforedecidedto usea combinationof RF andultrasound
hardware to enablea listener to determinethe distanceto bea-
cons,from which the closestbeaconcanbe moreunambiguously
inferred.We achieve this by measuringthe one-way propagation
time of the ultrasonicsignalsemittedby a beacon,taking advan-
tageof the fact that the speedof soundin air (about1.13ft/ms at
roomtemperature)is muchsmallerthanthespeedof light (RF) in
air. Oneachtransmission,abeaconconcurrentlysendsinformation
aboutthe spaceover RF, togetherwith an ultrasonicpulse.When

thelistenerhearstheRF signal,it usesthe�rst few bits astraining
informationandthenturnson its ultrasonicreceiver. It thenlistens
for theultrasonicpulse,whichwill usuallyarrivea shorttime later.
Thelistenerusesthetimedifferencebetweenthereceiptof the�rst
bit of RFinformationandtheultrasonicsignalto determinethedis-
tanceto thebeacon.Of course,thevalueof theestimateddistance
is not asimportantasthedecisionof which theclosestbeaconis.

Theuseof time-of-�ight of signalsto measuredistanceis notanew
concept.GPSusestheone-waydelayof radiowavesfrom satellites
to estimatedistance,while radio-altimetersin aircraftsusethetime
for anelectromagneticsignalto re�ect off thegroundto determine
altitude.Collisionavoidancemechanismsusedin robotics [17] de-
terminethedistanceto obstaclesby measuringthetime-of-�ight of
anultrasonicsignalbeingbouncedoff them.

It is alsopossibleto measurethedistanceusingtherelative veloc-
ity of two signals.It is commonpracticeto usethe time elapsed
betweenobservingalightning(electromagneticwaves)andaccom-
paniedthunder(sound)to estimatethe distanceto the lightning.
TheBatsystem(detailedin Section6) usesthis ideato determinea
mobiletransmitter'spositionin space,whereanarrayof calibrated
receiversmeasurethetime of �ight of anultrasonicsignalemitted
by a mobile transmitterin responseto an RF signal from a base
stationsentto thetransmitterandall thereceivers.

2.2 Reducinginterference

While Cricket hastheattractive propertythatits decentralizedbea-
con network is easyto con�gure andmanage,it comesat the ab-
senceof explicit coordination.Thereis no explicit schedulingor
coordinationbetweenthe transmissionsof different beaconsthat
maybein closeproximity, andlistenersdo not transmitany infor-
mation to avoid compromisingprivacy. This lack of coordination
cancauseRF transmissionsfrom differentbeaconsto collide, and
may causea listenerto wrongly correlatethe RF dataof onebea-
conwith theultrasonicsignalof another, yieldingfalseresults.Fur-
thermore,ultrasonicreceptionsuffersfrom severemultipatheffects
causedby re�ectionsfrom wallsandotherobjects,andtheseareor-
dersof magnitudelongerin time thanRF multipathbecauseof the
relatively longpropagationtimefor soundwavesin air. In fact,this
is oneof the reasonsit is hardto modulatedataon the ultrasonic
signal,which makesit a purepulse.Thus,the listener's taskis to
gathervariousRF andultrasound(US) samples,deduceandcorre-
latethe

�

RF,US� pairsthatweresentconcurrentlyby thedifferent
beacons,andchoosethespaceidenti�er sentfrom thepairwith the
closestdistance.

We decidednot to implement a full-�edged carrier-sense-style
channel-accessprotocol to avoid collisions in order to maintain
simplicity andreduceoverallenergy consumption.Instead,wehan-
dle theproblemof collisionsusingrandomization. Ratherthanus-
ing a�x edor deterministictransmissionschedule,beacontransmis-
siontimesarechosenrandomlywith a uniform distribution within
an interval � �������
	�� ms.Thus,the broadcastsof differentbeacons
are statisticallyindependent,which avoids repeatedsynchroniza-
tion and preventspersistentcollisions.The choiceof randomin-
terval is governedby the numberof beaconswe typically expect
will be within rangeof eachother and the time it takes for the
transmittedinformation to reachthe listeners,which dependson
the messagesizeand link bandwidth.In our implementation,we



usean averagefrequency of four times per seconddistributed in
� �

���

���

���

� ms.A smallerfrequency increasestheamountof timebe-
foreastatisticallysigni�cant locationinferencecanbemade,while
a higherfrequency increasestheprobabilityof collisions.We plan
to extendthis techniqueto includea listeningcomponentthatwill
allow eachbeaconto infer thenumberof beaconsin its proximity
andappropriatelyscalethebeaconingfrequency.

We minimize errorsdueto RF andultrasonicinterferenceamong
beaconsby two methods:(i) properselectionof systemparameters
to reducethechanceof falsecorrelations,and(ii) listenerinference
algorithmsbasedonstatisticalanalysisof correlated

�

RF,US� sam-
ples.

2.2.1 Systemparameters

In additionto transmittingastringcorrespondingto thespace,each
beacontransmitsa uniqueidenti�er. Thecombinationof the loca-
tion string and identi�er is uniqueacrossthe entiresystem.This
allowsthelistenerto correlatetheRFandultrasonicbeaconsignals
correctly.

The raw line-of-sight rangeof our ultrasonictransmitter-receiver
pairis around50feet,whenboththetransmitterandthereceiverare
facingeachother. However, by mountingtheultrasonictransmitters
carefully, as describedin Section3.3, we are able to reducethe
effective rangeto around30 feet in the absenceof any obstacles.
Theline-of-sightrangeof theRF transmitter-receiver pair is about
80feet,whichdropsto about40feetwhenthereis anobstacle(e.g.,
a wall). SinceRF cantravel fartherthananultrasonictransmission
andcanalsotravel throughcertainobstacles,it is almostimpossible
for a listenerto receive an ultrasonicsignalwithout receiving the
correspondingRFsignal.

We discoveredthatoneway to reducetheoccurrenceof falsecor-
relationsis to usea relatively sluggish RF datatransmissionrate!
Instead,if weusedahigh-bandwidthRFchannel,thedataidentify-
ing a spacewould reacha listenerbeforetheultrasoundpulsewas
detected.I.e., if � is thesizein bitsof themessagesentover theRF
channelwith a transmissionrateof � bits/s,and � is themaximum
propagationtime for an ultrasonicsignal in air betweena beacon
anda listener, a valueof �
	��
��� would meanthat theultrasonic
signalcorrespondingto agivenRFmessagewould arrivewhile the

� messagebits arestill beingreceived.Togetherwith the fact that
therangeof our ultrasoundis smallerthanour RF, this establishes
that any potentiallycorrelatedultrasoundpulsemustarrive while
anRFmessageis beingreceived.In theabsenceof interferingbea-
contransmissions,this checksuf�ces to do thecorrectcorrelation.
The speci�c parametersusedin our implementationaredescribed
in Section3.

We now proceedto investigatethedifferentinterferencescenarios
thatarepossible.

2.2.2 Interferencescenarios

To betterunderstandtheeffectsof interferenceandmultipath(due
to re�ectedsignals)ondistanceestimation,wecharacterizethedif-
ferentRF andultrasonicsignalsthat a listenercanhear. Consider
theRFandultrasonicsignalssentby abeacon� andaninterfering
beacon� . Thelistenerpotentiallyhearsthefollowing signals:

� RF-A. TheRFsignalfrom � .

US-I

US-A

RF-A

RF-I

RFs overlap

Figure1: RF-A:US-I interaction,with US-A arriving after US-I.
Thetwo RF transmissionsoverlapin timeat thelistener.

� US-A. Thedirectultrasonicsignalfrom � .
� US-RA. There�ectedultrasonicsignalfrom � .
� RF-I. TheRFsignalfrom � .
� US-I. Thedirectultrasonicsignalfrom � .
� US-RI. There�ectedultrasonicsignalfrom � .

We only needto considerthecaseswhena US pulsearriveswhile
someRF signal is beingreceived.The receptionof the �rst ultra-
sonicsignalUS-A, US-RA, US-I, or US-RI while RF-A is being
receivedwill causethelistenerto calculatethedistanceto � using
the time interval betweenthedetectionof RF-A andtheparticular
ultrasonicsignal.This is becausethelistener, afterreceiving theRF
signalfrom a beacon,waitsfor the�rst occurrenceof anultrasonic
pulseto determinethe distance.All subsequentultrasonicrecep-
tions thatarrive during this RF messageareignored.Of course,if
the direct signalUS-A is the �rst one to be received, the listener
correctlyestimatesthedistanceto � . However, thewrongcorrela-
tion of any otherultrasonicsignalwith RF-A couldbeproblematic.

Case1: RF-A:US-RA. This combinationwith the re�ected ultra-
sonicsignalfrom � causestheestimateddistanceto belargerthan
the actualdistanceto A. This situationcan occur only if the di-
rect signalUS-A wasnever received by the listener. However, the
problemscausedby this to the systemcan be reducedby prop-
erly alignedbeacons(Section3.3),aswell asusingmultiple inde-
pendentbeaconsper geographicspace.In addition,in our experi-
ence,wehave foundthattheability of theultrasonicwavesto bend
aroundobstacleedges(diffraction) makes this a relatively infre-
quentoccurrencesincethe direct signalis usuallydetectedbefore
there�ectedone.

Case2: RF-A:US-I. This is thecombinationof RF-A with thedi-
rect ultrasonicsignal from an interferingbeacon� , which arrives
before the ultrasonicsignal US-A. Sincean ultrasonicpulsecan
only be received by a listener while the correspondingRF data



packet is beingreceived, RF-I shouldalsobe in transit to the lis-
tener. HenceRF-A andRF-I shouldoverlapat thelistenerasshown
in Figure1.

If RF-A andRF-I arecomparablein signalstrength,they will col-
lide, causingthelistenerto ignorethis eventbecausebothRFmes-
sageswill becorrupted.On theotherhand,if thesignalstrengthof
RF-I is substantiallylargerthanRF-A, thetwo maynotcollideand
thelistenerwill endupcalculatingthecorrectdistanceto beacon� .

Theonly situationthat leadsto a wrongdistanceestimateis when
thesignalstrengthof RF-I is muchsmallerthanRF-A, causingthe
listenerto usethe RF-A:US-I combinationto determinethe dis-
tanceto A. We reducethe chancesof this event by usingRF sig-
nals with longer rangethanUS signals.This generallyensuresa
strongRF receptionwhenever thecorrespondingultrasonicsignal
is received (hencethe receiptof US-I, in generalensuresa strong
RF-I).

Case3. RF-A:US-RI. This occurswhen a stray re�ected signal
from aninterferingbeacon� appearsbeforeUS-A. As before,this
canleadto wrongdistanceestimatesaswell.

Although cases2 and3 may leadto incorrectdistanceestimates,
ouruseof randomizationreducestherepeatedcalculationof wrong
estimates.If therearea largenumberof beaconsin closeproximity
to eachother, therecanbe a non-negligible numberof wrong dis-
tanceestimatesat the receivers.At this point, we have engineered
oursystemto ensurethattherearenotmorethan� veor six beacons
thatarewithin rangeof eachotheratany location.

In addition,listenersdonotsimplyusethe�rst samplepair they get
to infer their best location.Rather, they collect multiple samples
anduseaninferencealgorithmfor this.

2.2.3 Beaconpositioninference

We develop and comparethree simple algorithmsto determine
which theclosestbeaconis, overcomingtheinterferenceproblems
of theprevioussection:Majority, MinMean, andMinMode. In our
analysisof thesealgorithms,thedistanceestimateis roundedto the
nearestten inchesand the dataput into different bins according
to how frequentlythey occur. This is donefor eachbeaconsepa-
rately. Furthermore,isolatedstraysamplesareeliminatedfrom the
analysis;asmallthresholdnumberof consistentvalues(two, in our
implementation)areneededbeforethecorrespondingsampleis in-
cludedfor analysis.

� Majority. This is the simplestalgorithm,which paysno at-
tentionto thedistanceestimatesandsimply picksthebeacon
with thehighestfrequency of occurrencein thedataset.This
algorithmdoesnot useultrasonicsignalsfor determiningthe
closestbeacon,but aswe �nd in our experiments,this does
not performwell. We investigatethis primarily for compari-
sonwith theotheralgorithms.

� MinMean. Here, the listener calculatesthe mean distance
from eachuniquebeaconfor thesetof datapointswithin the
dataset.Then,it selectsthebeaconwith theminimummean
asthe closestone.The advantageof this algorithmis that it
canbecomputedwith very little state,sinceanew sampleup-
datesthe meanin a straightforward way. The problemwith
thisalgorithmis thatit is not immuneto multipatheffectsthat

Room A Room B

Beacon BBeacon A Listener

Figure2: Thenearestbeaconto a listenermaynot be in thesame
geographicspace.

x

x

Location  A

Location  C

Location  B

C.0

B.1

B.0 A.1

A.0

Beacons

Physical Boundary

x

x

x

Imaginary Boundary

Figure3: Correctpositioningof beacons.

causethedistanceestimatesto displaymodalbehavior; where
computinga statisticlike themean(or median)is not re�ec-
tive of any actualbeaconposition.

� MinMode. Sincethedistanceestimatesoftenshow signi�cant
modalbehavior dueto re�ections,ourapproachto obtaininga
highest-likelihoodestimateis to computetheper-beaconsta-
tistical modesover thepast � samples(or time window). For
eachbeacon,the listenerthenpicks thedistancecorrespond-
ing to the modeof thedistribution, andusesthe beaconthat
hasthe minimum distancevaluefrom amongall the modes.
We �nd that this is robust to straysignalsandperformswell
in bothstaticandmobilecases.

Section4 discussesthe resultsof our experiments.We note that
theseareby no meansthe only possiblealgorithms,but theseare
representative of the precisionattainablewith differentdegreesof
processingat thelisteners.

2.3 Beaconpositioning and con�guration

The positioningof a beaconwithin a room or spaceplaysa non-
trivial role in enablinglistenersto make thecorrectchoiceof their
location.For example,considerthepositioningshown in Figure2.
Although the receiver is in RoomA, the listener�nds the beacon
in RoomB to be closerandwill endup usingthe spaceidenti�er
advertisedby thelatter.

Oneway of overcomingthis is to maintaina centralizedrepository
of the physicallocationsof eachbeaconandprovide this datato
listeners.SystemsliketheBatessentiallyusethis typeof approach,



where the central controller knows whereeachwall- or ceiling-
mounteddevice is located,but it suffers from two problemsthat
make it unsuitablefor us. First, user-privacy is compromisedbe-
causea listenernow needsto make active contactto learnwhere
it is (observe that in Cricket,a listeneris completelypassive).Sec-
ond,it requiresacentrallymanagedservice,whichdoesnotsuitour
autonomouslymanagedenvironmentparticularlywell.

Fortunately, thereis a simpleengineeringsolutionto this problem
that preservesprivacy andis decentralized.Whenever a beaconis
placedto demarcateaphysicalor virtual boundarycorrespondingto
adifferentspace,it mustbeplacedata�x eddistanceawayfrom the
boundarydemarcatingthe two spaces.Figure3 shows anexample
of thisin asettingwith bothrealandvirtual boundaries.Suchplace-
ment ensuresthat a listenerrarely makes a wrong choice,unless
caughtwithin a small distance(1 foot in our currentimplementa-
tion) from theboundarybetweentwo beaconsadvertisingdifferent
spaces.In thiscase,it is oftenequallyvalid to pick eitherbeaconas
theclosest.

3 Implementation

In this section,we describetheimplementationof Cricket. We de-
scribethesystemparametersandhardwarecon�guration, theAPI
provided by the listener to applicationsrunning on the attached
node,andsomedeploymentissueswith ultrasonichardware.

3.1 Systemparametersand hardware

Themessagesizeof abeaconRFtransmissionis 7 byteslongin our
implementation,andtheRF transmissionrateof our radiosis 1200
bits/s.It thereforetakesabout47 msfor themessageto completely
reacha listener, duringwhich time anultrasonicpulsecantravel at
mostabout47 feet.Thetypical rangeof our RF radiosis about30
feet in thebuilding. No listenercanthereforebefartheraway than
this to detectwhichspaceit is in.

Cricket is implementedusing inexpensive, off-the-shelf, simple
hardwarepartsthatcostlessthanU.S.$10perbeaconandlistener.
Thebeaconconsistsof a PIC micro-controllerrunningat 10MHz,
with 68bytesof RAM and1024wordsof programmemory. It uses
alow-powerSAW resonator-basedRFtransmitterandasingle-chip
RF receiver, bothoperatingin the418MHz unlicensedband [10]
with amplitudemodulation.The �nal componentis an ultrasonic
transmitteroperatingat 40kHz. All of theseare assembledon a
smallboardandmountedon aceiling or high ona wall.

The listeneris only slightly morecomplicated.It hasan identical
micro-controller, a single-chipRF receiver, and an ultrasonicre-
ceiver with a single-chiptone-detectorcircuit, insteadof thecorre-
spondingtransmitters.It alsohasaTTL to RS-232signalconverter
by which it interfacesto the hostdevice, e.g.,a laptop,hand-held
computer, or any otherservicelikeaprinter, camera,television,etc.
This interfaceusesthestandardRS-232protocolat9600bits/s.

We measuredthe power consumptionof a beacon,sincethe peri-
odic transmissionof anRFsignalandultrasonicpulsewill eventu-
ally runthebatterydown. Althoughwedid notexplicitly designthe
hardwarefor low power consumption,we �nd that it is quiteef�-
cient,dissipating15 mW of power duringnormaloperation(when
it sendsanRF andUS signalevery 250mson average).Currently,
eachCricket beaconusesa single9 Volt re-chargeablebattery. We

Figure4: Theradiationpatternof anultrasonictransmitter.

plan to usea solarcell with a backupre-chargeablebatteryin the
future.

3.2 Listener API

A part of the softwareimplementedfor receiver nodes,calledthe
LocationManager, runsonthehostdevicethathasthelistenerhard-
wareattachedto theserialport.TheLocationManagerlistensonthe
serialport for any datacomingfrom the listenerhardware.In our
implementation,the MinMode listenerinferencealgorithm to an-
alyzedistanceestimatesis alsoimplementedwithin theLocation-
Manager, sincethis providesgreater�e xibility . The listenersends
boththelocationinformationandthemeasureddistanceto thecor-
respondingbeacon,to the LocationManagerfor eachvalid RF re-
ception.

Asynchronousto the receptionof distanceestimatesand listener
computations,applicationsrunningon the hostdevice connectto
theLocationManagerandretrieve currentlocationinformationus-
ing a datagramsocket (UDP) interface.In fact, this allows for the
possibility of obtainingthis informationfrom a remotenodeelse-
whereonthenetwork,whichmightbeusefulfor someapplications.
Wehave notyet takenadvantageof this facility in ourapplications.

3.3 Ultrasound deploymentissues

As describedin Section2,ultrasonicinterferenceatthereceivercan
leadto incorrectdistancemeasurements.It is thereforeimportantto
reduceultrasonicleakageto otherlocationswhile trying to provide
full coverageto thelocationservedby aCricketbeacon.Weachieve
this by properalignmentof theultrasonictransmitters.

Figure4 shows the radiationpatternof the ultrasonictransmitter
usedin the Cricket beacons.This is shown in

���

����� polar coordi-
nates,where

�

correspondsto thesignalstrengthin dB and � corre-
spondsto theoffsetin degreesfrom thefront of theultrasonictrans-
mitter. Fromtheradiationpattern,it canbeseenthatthedirectionin
which theultrasoundtransmitterfaces(

���

) hasthemaximumsig-
nal strength,while thesignalstrengthdropsto 1% (-20 dB) of the
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Wealigntheultrasonictransmittersuchthatthedirectionof itspeak
signalstrengthis at �

���

to thehorizontal.Thebeaconis mounted
suchthattheultrasonictransmitterfacesthelocationintendedto be
coveredby thebeacon.Thiscausestheamountof ultrasonicenergy
transmittedtowarddistantlocationsto besmallcomparedto where
it is intended.Thisalignmentis easilyaccomplishedby positioning
thetransmitterat anangleof �

�
�

to thecircuit boardof thebeacon
andmountingtheboard�at on theceiling or wall of the room,as
shown in Figure5.

We usethevelocity of soundin air to measuredistancesfrom bea-
consto receivers.Thevelocity of sounddependson environmen-
tal factorssuchas the ambienttemperatureandhumidity. Within
a building, thesepropertiescanexhibit both temporalandspatial
variations.Temporalvariationsoccurat differenttime-scalessuch
astime of dayandseasonof theyear. We avoid errorsdueto such
temporalvariationsusingrelativeratherthanabsolutedistancesin
determininglocation(i.e., theprimarygoalof thelisteneris to de-
terminewhich theclosestbeaconamongasetof choicesis).

Spatialvariationsin temperatureandhumidity due to effects like
directsunlightfalling in differentsectionsof a room,thepresence
of heatersand air conditionerswithin a room, or the useof hu-
midi�ers within a roomcanaffect ultrasound-baseddistancemea-
surements.We reducethe errorscausedby suchspatialvariations
by positioningthe beaconsandaiming for only relatively coarse-
grainedlocationinformation.For instance,supposingthatbeacons
arealwayskept2 feetaway from a boundary, thedistancerecorded
from a transmitterin an adjoining room hasto decreaseby � 4
feet for a receiver to mistakenly assumethat the adjoining room
is closer. This would requirea large variationof temperatureand
humidityalongthepath,which is highly unlikely undernormalcir-
cumstances(thetemperaturecoef�cient of thevelocity of soundin
air is 2 ft/secperdegree-Celsius).

4 feet

x

d1d2

Listener

Beacon A Beacon B

6 feet

Figure 6: Setup for experiment 1, evaluating boundaryperfor-
mance.

4 Experiments

We conductedseveral experimentsto investigatethe performance
of Cricket. The�rst experimentexaminesthelistenerperformance
nearlocationboundaries,and shows that we can achieve a loca-
tion granularityof ����� feet.The secondexperimentis aimedat
investigatingthe robustnessof thesystemto interferenceamongst
beacons,and the evaluatesthe performanceof the threelocation
inferencealgorithmspresentedin Section2.2.3for staticlisteners.
Thethird experimentexaminestheperformanceof thethreedecod-
ing algorithmswhena listeneris mobile.

4.1 Boundary performance

Figure6 shows the setupfor this experiment.The aim of this ex-
perimentis to investigatethetheability of thelistenerto detectthe
boundary, whichdeterminestheprecisionof thesystem.

Two beacons,A andB, advertisingdifferentlocationstringswere
placed4 feet aparton the ceiling, giving rise to a virtual bound-
ary in themiddle.Distancesamples(in theform of ultrasonicpulse
propagationtime) were taken at 0.5-feetintervals along the � di-
rection as shown in the �gure, startingfrom the center. Figure 7
shows the resultsof this experiment,plotting the averageandthe
standarddeviationof theultrasonicpropagationtimesfrom thetwo
beaconsas a function of the displacementfrom the boundary � .
This shows that whenthe listeneris morethanabout1 foot away
from theboundary, theclosestbeaconcanbedeterminedaccurately
from theestimateddistances,thusenablingthelistenerto determine
its locationaccurately. Furthermore,thedifferenceof thetwo aver-
agedistancesincreasesasthelistenermovesaway from thebound-
ary, which causesthe probability of makinga wrong decisionby
thelistenerto decreaseasit movesaway from theboundary.

This alsoshows that we caneasilyachieve a locationgranularity
of ����� feet,by placingthebeaconsin a ����� feetgrid. Which,
effectively dividedtheregion in to �	�
� feetcells.In thefuture,we
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planto carryoutmoredetailedexperimentsto measuretheaccuracy
of our hardware,andtheprecisionandgranularityof thesystemas
thedensityof beaconsincreases.

4.2 Static performance

In the secondexperiment,we examinethe robustnessof Cricket
againstinterferenceamongstnearbybeacons.It shows that it is in-
deedpossibleto achieve goodsystemperformance,despitetheab-
senceof any explicit coordinationamongstthe beacons.We also
comparetheperformanceof thethreelistenerinferencealgorithms
presentedin Section2.2.3.

Figure8 shows thesetupfor this experiment.Beacons� � and ��	

provide locationinformationwithin room � . Beacons� � and �
�

provide location information for rooms � and � . All thesebea-
consarewithin the rangeof eachothersultrasonictransmissions.
To provide RF interferencewith no correspondingultrasonicsig-
nals(sincethe rangeof RF exceedsthatof ultrasoundin Cricket),
we usebeacons� � and � 	 that have their ultrasonictransmitters
disabled.

All the beaconswere attachedto the ceiling with the ultrasonic
transmittersfacing their respective spacesas describedin Sec-
tion 2.3.We gathereddistancesamplesat locations��� and �
	 for
astaticlistener. Observe that � � is closerto theinterferingsources

� � and � 	 thanto thelegitimatebeaconsfor theroom,correspond-
ing to the presenceof severe RF interference.In contrast,�
	 is
only 1 foot away from the boundaryseparatingthe rooms � and

� , showing theperformancecloseto a boundary.

InterferenceSource I1 I2
Interferenceat R1 0.0% 0.0%
Interferenceat R2 0.3% 0.4%

Table1: Degreeof interferenceat ��� and �
	 causedby � � and � 	 ,
showing theeffectivenessof therandomizedbeacontransmissions
andsystemparameters.
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Figure 8: Setup for experiment 2, evaluating the robustnessof
Cricket in thepresenceof interferingbeacons.

First, we determinedthe degreeof interferencecausedby � � and
� 	 by collecting1000samplesof distanceestimatesat ��� and �
	

andcountingthenumberof valuescorrespondingto eachRFsource
(beaconor interferer).Whenthelistenerwasat ��� , somewhat far-
ther from the interferingsources,therewereno distancesamples
correspondingto the interferingRF sources.On theotherhand,at

�
	 we receiveda total of only 7 samplescorrespondingto both � �

and � 	 , despitethefactthat � 	 is closerto � � and � 	 relativeto the
legitimatebeacons.Table1 summarizestheseresults.

The samplescorrespondingto � � and � 	 aredueto the incorrect
correlationof theseRF signalswith ultrasonicpulsesfrom other
beaconsin the vicinity of the listener. However, the randomized
transmissionscheduletogetherwith propersystemparametersre-
ducesthe occurrenceof suchinterferenceto a very small fraction
of thetotal.Thisvalidatesourclaimsin Section2.2andourdesign.

We now investigatethe performanceof the threeinferencealgo-
rithms,Majority, MinMean, andMinMode, whenthe listeneris at

��� and�
	 . Here,wecomputetheerrorrate(in percent)in inferring
the locationby thesethreeinferencealgorithms,varying thenum-
ber of distancesamplesusedfor inference.The results,shown in
Figure9 (for position ��� ) andFigure10 (for position �
	 ), demon-
stratethat both MinMean and MinMode perform very well even
when the samplesize is small, even for the casewhena listener
( ��� ) is closeto a boundary.



Figure9: Error ratesat Position1.

Figure10:Error ratesat Position2.

4.3 Mobile performance

This experimentis aimedat determiningthe systemperformance
whenthelisteneris mobile.For amobilelistener, beingableto ob-
tain accuratelocationinformationwithin a shorttime is important.
Figure11 shows thecon�gurationof thebeaconsandthepathfol-
lowedby themobileuserwhile takingmeasurements.Thelistener
wasmovedthrougheachboundaryatapproximatelythesamespeed
eachtime, emulatinga user's typical walking speedin a building.
Eachtime the listenercrosseda boundary, a transitioneventanda
timestampwaslogged.Oncethroughtheboundary, thelistenerre-
mainedstationaryfor a shortperiodof time to determinehow long
it takesto stabilizeto thecorrectvalue,andthentheexperimentwas
repeatedagainthroughthenext boundary. Whenanalyzingthedata,
we usedthe loggedtransitionevent to determinethe user's actual
locationwith respectto thelocationbeingreportedby the listener.
Notethatin thisexperiment,thelisteneris alwayslocatedrelatively
closeto theboundaries.

Figure12showsthelocationerror-rateat thelistenerfor theexperi-
ment.Theerror-rateis calculatedover thetimeperiodduringwhich
thelistenermovesaroundalocation,aftercrossingaboundary. The
MinModeperformsthebestamongthethreeinferencealgorothms.

B1

B2 B3

B5

B4

Location A Location B

Location C

Figure 11: Setupfor experiment3, evaluatingthe mobile perfor-
manceof Cricket.

Figure12:Error ratesfor amobileCricket listener.

Fromtheresults,it is evidentthatlargertime intervalsprovide bet-
ter resultsover smaller intervals, which is not surprisingsincea
larger interval givesthe algorithmmoresamplessamplesto work
with. Anotherinterestingpoint is thatMinMeanandMinModeboth
performaboutthesameover small time windows. As the time in-
terval getssmallertheprobabilitythatadistancevaluesamplecon-
tainingonly asinglevalueperbeaconincreases.A smallnumberof
samplescausesboth themeanandthemodeto be the roughly the
same.

5 Applications

This sectiondescribeshow userapplicationscan obtain location
informationanduseit to gain accessto nearbyservices.As men-
tionedearlier, thereareanumberof resourcediscoverysystemsthat
canbe usedalongsideCricket. We have implementedseveral ap-
plicationsusingtheresourcediscovery facility providedby theIn-
tentionalNamingSystem(INS), which handlesserviceanddevice
mobility within thenamingsystem[2, 3].



5.1 Using virtual spacesin INS

INS usesthe conceptof a virtual space(vspace),which is a col-
lection of applications/servicesthat can communicatewith each
other [15]. Eachvspacehasa set of nameresolvers that resolve
namerequestsfor entitiesin that vspace;eachentity is described
using an intentional name, which is a hierarchicalcollection of
application-de�nedattributesandvalues.

Theoverheadfor creatingavspacein INS issmall.Forourlocation-
dependentapplications,we createa vspacefor every location of
interest(e.g.,a room or a �oor of a building) andidentify it by a
string.Eachbeaconadvertisesthe nameof the vspaceof the cor-
respondinglocation,andeachlistenerusesthis nameto bootstrap
into its environmentby contactingINS andlearningabouttheother
existingservicesin thatvspace.

Usersanddevicescanalsoregistertheir intentionalnameswith the
vspacefor thatlocation,which enablesotherentitiesin thatvspace
to detecttheir presence.This way theusercaneasilydetermineall
theservicesthatarelocatedin their vspace.A userdoesnotneces-
sarilyhaveto belimited to only onevspaceatatime,andcanselect
arbitraryservicesto use.For example,onevspacecancorrespond
to thesetof printersin a building while anothercorrespondsto the
serviceslocatedon a speci�c �oor . A usercandeterminethe least
loadedprinter by queryingthe printer vspace,or the physically-
closest,least-loadedprinterby queryingthevspacerepresentingthe
particular�oor of thebuilding.

5.2 Floorplan

TheFloorplanis anactive mapnavigationutility thatusesCricket
anda mapserver to presenta location-dependent“active” mapto
the user, highlighting her locationon it asshemoves.It alsodis-
playsthesetof servicesthatarelocatedin thevicinity of theuser,
which aredynamicallyupdatedastheusermoves.Floorplanloads
mapimagesfrom the mapserver, which alsoprovides the values
of

�

� ��� � coordinateon themapcorrespondingto theuser's current
vspaceposition.As theusermovesaroundthebuilding, thelistener
infersits locationandasksthemapserverto providethelocationon
themap.Floorplanalsolearnsaboutvariousservicesin thevspace,
andcontactsthoseservicesanddownloadsa small icon represent-
ing eachservice.Theseiconsaredisplayedon themap;whenthe
userclicks on an icon, FloorplanusesINS to downloada control
scriptor programfor theapplicationrepresentedby that icon, and
loadthecontrolsinto a new window sotheusercancontroltheap-
plication.Figure13 shows an active mapdisplayedby Floorplan;
we seethattheuser(representedby thedot) is in room503.It also
displaysfour servicesit hasfound in the environment(space):an
MP3 service(representedby thespeaker icon) in room 503,a TV
service(representedby theTV icon) in room504,andtwo printers
(representedby the printer icons) in room 517. Using this, a user
with no knowledgeof her environmentor softwareto control ser-
viceswithin it canbootstrapherselfwith nomanualcon�guration.

6 Relatedwork

Therearevarioussolutionsavailabletodayfor device trackingand
locationdiscovery. For example,activeandpassiveelectromagnetic
andoptical trackersaresometimesusedfor trackingand tagging
objects.Unfortunately, thesetendto beexpensive, andtheperfor-

manceof electromagnetictrackers is affectedby the presenceof
metallic objectsin the environment.Furthermore,theseproducts
donotusuallypreserve userprivacy.

Therestof this sectiondiscussesthreesystemsthatin�uencedvar-
ious aspectsof Cricket, and comparestheir relative bene�ts and
limitations.Table2 summarizesthefollowing discussion.

6.1 The Bat system

In theBAT system,variousobjectswithin thesystemaretaggedby
attachingsmall wirelesstransmitters.The locationof thesetrans-
mitters are tracked by the systemto build a location databaseof
theseobjects[1, 12].

The systemconsistsof a collection of mobile or �x ed wireless
transmitters,a matrix of receiver elements,anda centralRF base
station.Thewirelesstransmitterconsistsof anRF transceiver, sev-
eral ultrasonictransmitters,an FPGA, anda microprocessor, and
hasa uniqueID associatedwith it. The receiver elementsconsist
of an RF receiver, andan interfacefor a serialdatanetwork. The
receiver elementsareplacedon theceiling of thebuilding, andare
connectedtogetherby a serialwire network to form a matrix.This
network is alsoconnectedto a computer, which doesall the data
analysisfor trackingthetransmitters.

TheRF basestationorchestratestheactivity of transmittersby pe-
riodically broadcastingmessagesaddressedto eachof themin turn.
A transmitter, uponhearinga messageaddressedto it, sendsout
anultrasoundpulse.Thereceiver elements,which alsoreceive the
initial RF signalfrom thebasestation,determinethe time interval
betweenthe receiptof the RF signalandthe receiptof the corre-
spondingultrasonicsignal,from whichthey estimatethedistanceto
thetransmitter. Thesedistancesarethensentto thecomputerwhich
performsthedataanalysis.By collectingenoughdistancereadings,
it is possibleto determinethe locationof the transmitterwith an
accuracy of a few centimeters,andthesearekeyed by transmitter
addressandstoredin thelocationdatabase.

Bat derives its accuracy from a tightly controlledandcentralized
architecturethat tracksusersand objects.In contrast,Cricket is
highly decentralizedand thereis no centralcontrol of any aspect
of thesystem,whichpreservesuserprivacy, is simpler, andreduces
managementcost.Thedifferencesin designgoalsbetweenBatand
Cricket leadto radicaldifferencesin architecture,althoughtheuse
of ultrasoundandRF is commonto bothsystems.

6.2 The ActiveBadgesystem

TheActiveBadge1 systemwasapredecessorto theBatsystem,and
tracksobjectsin an environmentto storein a centralizedlocation
database[19]. Objectsaretrackedby attachinga badge,which pe-
riodically transmitsits uniqueID usinginfraredtransmitters.Fixed
infraredreceiverspick up this informationandrelayit overa wired
network. The walls of the room act as a naturalboundaryto in-
fraredsignals,thusenablingareceiver to identify badgeswithin its
room.A particularbadgeis associatedwith the�x edlocationof the
receiver thathearsit.

Like the Bat system,the object tracking natureof Active Badge

1ActiveBadgeis aregisteredtrademarkof Ing.C.Olivetti & C.,
S.p.A.



Figure13: Floorplanmap.

System Bat Active Badge RADAR Cricket

Userprivacy No No Possible,with Yes
usercomputation

Decentralized No No CentralizedRF Yes
signaldatabase

Heterogeneityof networks Yes Yes No Yes
Cost High High No extracomponent Low (U.S.$10)

cost,but only works componentcost
with onenetwork

Easeof deployment Dif�cult; requires Dif�cult; requires RFmapping Easy
matrix of sensors matrix of sensors

Table2: Qualitative comparisonof otherlocation-trackingsystemswith Cricket.

systemmayintroduceprivacy concernsamongusers.Infraredalso
suffers from dead-spots,which Cricket andBat arerelatively im-
muneto becausethey useultrasound.

6.3 RADAR

TheRADAR systemimplementsa locationserviceutilizing thein-
formationobtainedfrom analreadyexistingRFdatanetwork [4]. It
usestheRF signalstrengthasanindicatorof thedistancebetween
a transmitteranda receiver. This distanceinformationis thenused
to locatea userby triangulation.

Duringanoff-line phase;thesystembuildsadatabaseof RFsignal
strengthat a setof �x edreceivers,for known transmitterpositions.
During thenormaloperation,theRF signalstrengthof a transmit-
ter as measuredby the set of �x ed receivers, is sent to a central
computer, which examinesthe signal-strengthdatabaseto obtain
thebest�t for thecurrenttransmitterposition.

In contrastto thesethree projects,Cricket has different design
goals:it hasto handlenetwork heterogeneityandprivacy concerns,
andhavelow managementcost.It eliminatesall centralrepositories
of controlor information,leadingto anautonomouslyadministered
building-wide servicevia delegation.The beaconsadvertising lo-
cation informationareself-containedanddo not needany infras-
tructurefor communicationamongstthemselves.Togetherwith the

useof inexpensive, off-the-shelfhardware,this makesdeployment
easyandcost-effective. In summary, Cricket is a location-support
service,nota location-trackingone.

7 Conclusion

In this paper, we presentedthe design,implementation,andeval-
uationof Cricket, a location-supportsystemfor mobile, location-
dependentapplications.Cricket is the resultof � ve designgoals:
userprivacy, decentralizedadministration,network heterogeneity,
low cost,andportion-of-a-roomgranularity. Its innovative aspects
includethe useof beaconswith combinedRF andultrasoundsig-
nalsin adecentralized,uncoordinatedarchitecture.It usesindepen-
dent,randomizedtransmissionschedulesfor its beaconsanda re-
ceiver decodingalgorithmthat usesthe minimum of modesfrom
differentbeaconsto computeamaximumlikelihoodestimateof lo-
cation.Wedescribedsomedeploymentconsiderationsbasedonour
preliminary experiencewith Cricket and presenteda comparison
with threeimportantpastsystems,showing that our designgoals
led to a differentdesignandpropertiesfrom pastsystems.

We areencouragedby our experiencewith Cricket to dateandthe
easewith which location-dependentapplicationslike active map
andlocation-basedservicescanbe implemented.We have demon-
stratedthat it is possibleto implementa location-supportsystem



thatmaintainsuserprivacy andhasnocentralizedcontrol.
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