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Abstract

This paperpresentghe design,implementationand evaluationof

Cricket,alocation-supporsystenfor in-building, mobile,location-
dependengpplications.It allows applicationsrunning on mobile

andstaticnodesto learntheir physicallocationby usinglistenes

thathearandanalyzeinformationfrom beaconspreadhroughout
thebuilding. Cricketis theresultof severaldesigngoals,including

userprivagy, decentralizechdministration,network heterogeneity
andlow cost.Ratherthanexplicitly trackinguserlocation,Cricket

helpsdeviceslearnwherethey are andlets themdecidewhomto

adwertisethis information to; it doesnot rely on ary centralized
managemenor control and thereis no explicit coordinationbe-

tweenbeaconsit providesinformationto devicesregardles®f their

typeof network connectiity; andeachCricketdevice is madefrom

off-the-shelfcomponentandcostslessthanU.S.$10.We describe
therandomizedalgorithmusedby beacongo transmitinformation,
theuseof concurrentadio andultrasonicsignalsto infer distance,
the listenerinferencealgorithmsto overcomemultipathandinter-

ference,and practicalbeaconcon guration and positioningtech-
niguesthatimprove accurag. Our experiencewith Cricket shavs

thatseverallocation-dependerapplicationssuchasin-building ac-

tive mapsanddevice control canbe developedwith little effort or

manualcon guration.

1 Intr oduction

The emepgenceof network-enableddevices and the promise of
ubiquitousnetwork connectiity hasmadethe developmentof per
vasive computingernvironmentsanattractive researctyoal. A com-
pelling setof applicationsenabledby thesetechnologytrendsare
contet-aware, location-dependentnes,which adapttheir beha-
ior anduserinterfaceto thecurrentiocationin spacefor whichthey
needto know their physicallocationwith somedegreeof accurag.
We have startedseeingthe commercialdeploymentof suchappli-
cationsin outdoorsettings(e.g., Hertz's NeverLost navigator on
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rentalcars[13]), wherelocationinformationis obtainedvia wide-
areatechnologiedik e the Global PositioningSystem(GPS) [11]
or usingthe cellularinfrastructure We believe thatthe widespread
deploymentof location-dependerdpplicationsnsideof ce build-
ingsandhomeshasthe potentialto fundamentallichangethe way
we interactwith ourimmediateervironment,wherecomputingele-
mentswill be“ubiquitous”[20] or “pervasive” [9, 5]. In particular
ourwork will enableanaw classof location-basedpplicationsand
userinteractiondn the context of ProjectOxygenat MIT [16].

The designanddeploymentof a systemfor obtaininglocationand
spatialinformationin anindoor ernvironmentis a challengingtask
for several reasonsincluding the preseration of userprivagy, ad-
ministrationandmanagemeniverheadssystenscalability andthe
harshnatureof indoorwirelesschannelsThedegreeof privag of-
feredby thesystenis animportantdeploymentconsiderationsince
peopleoftenvaluetheir privagy highly. Theadministratve overhead
to manageand maintainthe hardware and software infrastructure
mustbe minimal becausef the potentiallylarge number(possibly
severalthousandsn a building) of devicesandnetworked services
thatwould be partof the system andthe communicatiorprotocols
mustbeableto scaleto ahighspatialdensityof devices.Finally, in-
door ervironmentsoften containsubstantiabmountsof metaland
othersuchre ective materialsthat affect the propagatiorof radio
frequeng (RF) signalsin non-trivial ways, causingsevere multi-
patheffects,dead-spotsjoise,andinterference.

Our goal is to develop a systemthat allows applicationsrunning
on userdevicesandservicenodesto learntheir physicallocation.
Oncethis informationis obtained servicesadwertisethemselesto

a resourcediscorery servicesuchasthe MIT IntentionalNaming
System(INS) [3], IETF ServiceLocationProtocol[18], Berkeley

ServiceDiscovery Service[8], or Sun's Jini discovery service[14].

Userapplicationsdo not adwertisethemseles unlessthey wantto

be discoreredby others;they learn aboutservicesin their vicin-

ity via an actve mapthatis sentfrom a map sener application,
and interactwith servicesby constructingqueriesfor servicesat
a requiredlocation. By separatinghe processe®f tracking ser

vicesandobtaininglocationinformation,multiple resourcediscor-

ery systemsanbe accommodatedy not trackingusersandser

vices,userprivagy concernareadequatelynet. We emphasizéhat
our goal is a location-supportsystem,ratherthan a corventional
location-tracking systenthattracksandstoredocationinformation
for servicesandusersn a centrallymaintaineddatabase.

Over the pastmary months,we have designedand implemented
Cricket, alocation-supporsystenfor building-widedeplo/mentin
the contet of ProjectOxygen,andhave conductedseveral experi-
mentswith it. We have integratedit with INS for resourceliscor-
ery, andanactive mapapplicationwhich togetherenabldocation-



dependentpplications(and users)to discover and interactwith
services.This paperdescribesur designgoals(later in this sec-
tion), systemarchitectureandalgorithms(Section2), implementa-
tion (Section3), experimentalesulty(Sectiord), applicationgSec-
tion 5), anda detailedcomparisorwith previous location-tracking
systemgSection6).

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

User privacy. Wheneer a systemfor providing locationin-

formationto clientshasbeendeplo/ed in the past,theissue
of userprivagy hasarisen.Thisis becausenary previoussys-
temswerelocation tracking systemswherea databaseept
trackof the locationsof all the entities,includingusersin the
system.To addresghis concernwe designeda locationsup-
port systemwhich allows clientsto learntheir locationwith-

outcentralizedrackingin orderto constructocation-speci ¢
queriesfor resources.

Decentralized administration. Our goal is widespread
building-wide deployment.We believe thatit is not possible
to deploy andadministera systemin a scalablevay whenall
control and managementunctions are centralized.Our de-
sign is decentralized—théowner” of a spacein a building
(e.g.,theoccupantof a room) con gures andinstallsa loca-
tion beaconthat announceshe identity of that space(some
charactesstring) and eachbeacornseamlesslyntegrateswith
the rest of the system.Locationrecever hardware, called a
listener is attachedo every device of interestto a user Lis-
tenersusean inferencealgorithmto determinethe spacein
which they are currently locatedby listeningto beaconan-
nouncementsThereis no needfor a centralentity to keep
trackof eachindividual componentn the system.

Network heterogeneity A wide varietyof network technolo-
giesexist in mostbuilding environments.In our own labora-
tory, devicesandusersconnecteaver 10/100MbpsEthernet,
threedifferenttypesof indoorwirelessLANSs, cellulardigital

paclet data(CDPD), infrared, public telephoneand pover-

line using X10 [21]. Independenbf which technologythey

useto sene or gainaccesgo information,mary servicesand
clientscanbene t fromlearningtheirlocationin anautomatic
way, andwe would lik e to accommodatéhem.In our design,
we achieve this by decouplingthe Cricket systemfrom other
datacommunicatiormechanisms.

Cost. Achieving building-wide deployment requires cost-
effective componentsWe usecommercial pff-the-shelf inex-
pensve componentsn Cricket, settingand meetingthe goal
of lessthanU.S.$10perlocationbeacorandlistener Ourde-
signinvolvesno customhardware andis small enoughto t

in ones palm.

Room-sizedgranularity . Our goalis a systemwherespatial
regions canbe determinedo within oneor two squarefeet,
soasto distinguishportionsof rooms.This requiresthe abil-
ity to demarcateand determineboundarieshetweenregions
correspondingo differentbeacons.

Cricket usesa combinationof RF and ultrasoundto provide
a location-supportserviceto usersand applications.Wall- and

ceiling-mounteeaconsarespreadhroughthe building, publish-
ing locationinformationon an RF signal. With eachRF ad\ertise-
ment,the beacontransmitsa concurrentultrasonicpulse.The lis-
tenersreceve theseRF and ultrasonicsignals,correlatethem to
eachother estimatalistanceso thedifferentbeaconsisingthedif-
ferencein RF and ultrasonicsignal propagatiortimes, andthere-
fore infer the spacehey arecurrentlyin. We describethedetailsof
thetechnologiesthe systemparameterandcon guration, andthe
algorithmsandprotocolsusedin Cricket. Thebeaconsisea decen-
tralizedrandomizedransmissioralgorithmto minimize collisions
andinterferenceamongseachother Thelisteneramplementade-
coding algorithmto overcomethe effects of ultrasoundmultipath
and RF interferenceWe investigatethe performanceof threede-
codingalgorithmsand nd thatpicking thelocationcorresponding
to the beaconwith minimum statisticalmode performsthe best,
maximizing the likelihood of makingthe correctchoice.We also
discusssomepracticaldeployment considerationsvhen using ul-
trasoundhardware, and somelocation-dependerdpplicationswe
have developedusingCricket.

2 Systemarchitecture

Cricket usesbeaconsto disseminateinformation about a geo-
graphicspaceto listenes. A beaconis a small device attachedo
somelocationwithin the geographicspacet adwertises.Typically,
it is obtainedby the “owner” of thelocation(e.g.,theoccupanof a
roomin anof ce or home,or a building administratorjandplaced
atanunobtrusie locationlike aceiling or wall. Cricketdoesnotat-
tachary semanticgo thespaceadvertisedby thebeaconary short
string canbe disseminatedsuchasthe nameof a sener to contact
to learnmore aboutthe spaceor a nameresol\er for the spaceto
discover resourcesCricket beaconsreinexpensve andmorethan
oneof themcanbeusedin ary spaceor fault-toleranceandbetter
coverage.

To obtaininformationabouta space gvery mobile andstaticnode
hasalistenerattachedo it. A listeneris asmalldevicethatlistensto

messagefom beaconsandusesthesemessagew infer the space
it is currentlyin. Thelistenerprovidesan API to programsunning
onthenodethatallow themto learnwherethey are,sothatthey can
usethisinformationto appropriatelyadwertisethemselesandtheir

locationto aresourcaliscovery service.

The listenercanbe attachedo both staticand mobile nodes.For
example,whena userattachesa new staticserviceto the network
(e.g.,a printer), shedoesnot needto con gure it with a location
or otherary attribute; all shedoesis attacha listenerto it. Within
a few secondsthe listenerinfersits currentlocationfrom the set
of beaconst hearsandinformsthe device softwareaboutthis via
the API. This informationcanthenbe usedin its own servicead-
vertisementsWhenamobile computerhasa listenerattachedo it,
thelistenerconstantlylistensto beacongo infer its location.As the
computer(e.g.,a hand-heldcomputercarriedby a person)moves
in abuilding, the navigationsoftwarerunningonit useshelistener
API to updateits currentlocation. Then, by sendingthis informa-
tion securelyto a map sener (for example),it canobtainupdates
to the mapdisplayedto the user Furthermoreservicesappearas
iconson the mapthatarea function of the users currentlocation.
Theserviceshemseleslearntheirlocationinformationusingtheir
own listenerdevices,avoiding theneedfor ary pernodecon gura-



tion.

Theonly con guration requiredin Cricket is settingthe string for

a spacethatis disseminatedy a beacon.The speci ¢ stringis a
functionof theresourcealiscorery protocolbeingusedandCricket

allows ary oneof severalpossibilities(in Sections we describeour

implementationplatform and integration with INS). Cricket also
providesa way by which the owner of aroomcansecurelysetand
changehespacadenti er thatis sentin theadwertisementsThisis

doneby sendinga specialmessagever the sameRF channelthat
is usedfor the adwertisementsafter authenticatinghe uservia a
passverd. At this stage we have choserto allow this changeonly

from within physicalproximity of the room or locationwherethe
beaconis located.This makes the systemsomevhat more secure
thanif we allowedthis to bedonefrom afar.

The boundariedbetweernadjacenspacesaneitherbereal,asin a
wall separatingwo rooms,or virtual, asin anon-physicapartition
usedto separategortionsof a room. The precisionof the system
is determinedby how well the listenercandetectthe boundarybe-
tweentwo spaceswhile the granularity of the systemis thesmall-
estpossiblesizefor ageographispacesuchthatboundariesanbe
detectedvith ahigh degreeof precision A third metric,accumacyis
usedto calibrateindividual beaconsndlistenersit is thedegreeto
which thedistancerom a beacongstimatedy a listener matches
thetrue distanceWhile our experimentsshav thatthe distanceac-
curay of our hardwareis smallerthana few inches,what matters
is the precisionandgranularityof the system.Thesedependon the
algorithmsand the placementof beaconsacrossboundariesOur
goalis a systemwith a close-to-100%precisionwith a granularity
of afew feet(a portionof aroom).

Therestof this sectiondescribeshedesignof Cricket, focusingon
threefundamentalssuesy(i) mechanisnfor determiningthe loca-
tion (the beacon-listeneprotocol),(ii) the listeneralgorithmsand
techniguedor handlingbeacorinterferenceand iii) beaconcon-
guration andpositioning.

2.1 Determining the location

At the beginning we were hopeful that a purely RF-basedsys-
tem could be engineerecand madeto work well, providing lo-
cationinformation at the granularityof a room, andideally, por
tions of rooms. Our approachattemptedto limit the coverageof
an RF transmitterto de ne the granularityof a geographic-space,
and using receved signal strengthto infer bestlocation. Despite
mary weeksof experimentatiorandsigni cant tuning, this did not
yield satishctoryresults[7]. Thiswasmainly becaus&kF propaga-
tion within buildingsdeviatesheavily from empiricalmathematical
models(e.g.,seealso [6]), andin ourenvironment,thecorrespond-
ing signalbehaior with our inexpensve, off-the-shelfradioswas
notreproducibleacrosgime.

We thereforedecidedto usea combinationof RF and ultrasound
hardware to enablea listenerto determinethe distanceto bea-
cons,from which the closestbeaconcanbe more unambiguously
inferred. We achie/e this by measuringthe one-way propagation
time of the ultrasonicsignalsemittedby a beacon taking adwan-
tageof the factthatthe speedof soundin air (about1.13ft/ms at
roomtemperaturejs muchsmallerthanthe speedof light (RF) in
air. Oneachtransmissionabeacorconcurently sendsnformation
aboutthe spaceover RF, togetherwith an ultrasonicpulse.When

thelistenerhearsthe RF signal,it usesthe rst few bits astraining
informationandthenturnsonits ultrasonicrecever. It thenlistens
for theultrasonicpulse which will usuallyarrive ashorttime later.
Thelisteneruseghetime differencebetweerthereceiptof the rst
bit of RFinformationandtheultrasonicsignalto determinghedis-
tanceto the beaconOf course the valueof the estimateddistance
is not asimportantasthe decisionof which the closesteacoris.

Theuseof time-of- ight of signalsto measuralistances notanew

conceptGPSusegheone-vay delayof radiowavesfrom satellites
to estimatedistancewhile radio-altimetersn aircraftsusethetime

for anelectromagnetisignalto re ect off thegroundto determine
altitude.Collision avoidancemechanismsisedin robotics [17] de-
terminethedistanceto obstacledby measuringhetime-of- ight of

anultrasonicsignalbeingbouncedff them.

It is alsopossibleto measurehe distanceusingthe relative veloc-

ity of two signals.lt is commonpracticeto usethe time elapsed
betweerpbservingalightning (electromagnetivaves)andaccom-
paniedthunder(sound)to estimatethe distanceto the lightning.

TheBat system(detailedin Section6) useshisideato determinea

mobile transmitters positionin spacewhereanarrayof calibrated
receversmeasurghetime of ight of anultrasonicsignalemitted
by a mobile transmitterin responsdo an RF signal from a base
stationsentto thetransmitterandall therecevers.

2.2 Reducinginterference

While Cricket hasthe attractve propertythatits decentralizedbea-
con network is easyto con gure and managejt comesat the ab-
senceof explicit coordination.Thereis no explicit schedulingor

coordinationbetweenthe transmission®f different beaconghat
may bein closeproximity, andlistenersdo not transmitary infor-

mationto avoid compromisingprivagy. This lack of coordination
cancauseRF transmission$rom differentbeacongo collide, and
may causea listenerto wrongly correlatethe RF dataof onebea-
conwith theultrasonicsignalof anotheryielding falseresults Fur-

thermorepltrasonicreceptionsuffersfrom severemultipatheffects
causedy re ectionsfrom walls andotherobjects andtheseareor-

dersof magnituddongerin time thanRF multipathbecausef the
relatively long propagationiime for soundwavesin air. In fact, this
is oneof the reasondt is hardto modulatedataon the ultrasonic
signal,which malesit a purepulse.Thus,the listeners taskis to

gathervariousRF andultrasoundUS) samplesdeduceandcorre-
latethe REUS pairsthatweresentconcurrentlyby the different
beaconsandchoosehespaceadenti er sentfrom the pair with the
closestdistance.

We decidednot to implementa full- edged carriersense-style
channel-accesprotocol to avoid collisions in order to maintain
simplicity andreduceoverall enegy consumptionlnsteadwe han-
dle the problemof collisionsusingrandomizationRatherthanus-
ing a x edor deterministidcransmissiorschedulebeacortransmis-
siontimesarechoserrandomlywith a uniform distribution within
anintenal ms. Thus, the broadcast®f differentbeacons
are statisticallyindependentwhich avoids repeatedsynchroniza-
tion and prevents persistentcollisions. The choice of randomin-
tenal 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 messagesize and link bandwidth.In our implementationwe



usean averagefrequeng of four times per seconddistributed in
ms.A smallerfrequeny increasesheamouniof time be-
fore astatisticallysigni cant locationinferencecanbe made while
a higherfrequeng increaseshe probability of collisions.We plan
to extendthis techniqueto includea listeningcomponenthat will
allow eachbeacorto infer the numberof beaconsn its proximity
andappropriatelyscalethe beaconindgrequeng.

We minimize errorsdueto RF and ultrasonicinterferenceamong

beacondy two methods{i) properselectionof systemparameters
to reducethe chanceof falsecorrelationsand(ii) listenerinference

algorithmshasedn statisticalanalysisof correlated RFEUS sam-

ples.

2.2.1 Systenparametes

In additionto transmittinga stringcorrespondingo thespacegach
beacontransmitsa uniqueidenti er. The combinationof the loca-
tion string andidenti er is unique acrossthe entire system.This
allowsthelistenerto correlatethe RF andultrasonicbeacorsignals
correctly

The raw line-of-sightrangeof our ultrasonictransmittesrecever

pairis arounds0feet,whenboththetransmittelandthereceverare

facingeachother However, by mountingtheultrasonidransmitters
carefully asdescribedin Section3.3, we are able to reducethe

effective rangeto around30 feetin the absenceof ary obstacles.
Theline-of-sightrangeof the RF transmittefrecever pair is about
80feet,whichdropsto about40 feetwhenthereis anobstaclde.g.,

awall). SinceRF cantravel fartherthananultrasonictransmission
andcanalsotravel throughcertainobstaclesit is almostimpossible
for a listenerto receve an ultrasonicsignalwithout receving the

correspondindrF signal.

We discoveredthatoneway to reducethe occurrenceof falsecor
relationsis to usea relatively sluggish RF datatransmissiorrate!
Insteadjf we useda high-bandwidttRF channelthe dataidentify-
ing a spacewould reacha listenerbeforethe ultrasoundpulsewas
detectedl.e.,if isthesizein bits of themessagsentoverthe RF
channelwith atransmissiomateof bits/s,and isthemaximum
propagatiortime for an ultrasonicsignalin air betweena beacon
anda listener a valueof would meanthat the ultrasonic
signalcorrespondingo a given RF messag&vould arrive while the

messagéits arestill beingreceved. Togethemwith the factthat
therangeof our ultrasounds smallerthanour RF, this establishes
that any potentially correlatedultrasoundpulse mustarrive while
anRF messagés beingreceved.In theabsencef interferingbea-
contransmissionshis checksufces to do the correctcorrelation.
The speci c parametersisedin our implementatiorare described
in Section3.

We now proceedo investigatethe differentinterferencescenarios
thatarepossible.
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To betterunderstandhe effectsof interferenceandmultipath(due
tore ectedsignals)ondistancesstimationwe characterizéhedif-
ferentRF and ultrasonicsignalsthat a listenercanhear Consider
theRF andultrasonicsignalssentby abeacon andaninterfering
beacon . Thelistenerpotentiallyhearsthefollowing signals:

Interferencescenarios

RF-A. The RF signalfrom

RF-A
US-A
RF-I
‘ RFs overlap

Figure 1: RF-A:US-I interaction,with US-A arriving after US-I.
Thetwo RF transmissionsverlapin time atthelistener

US-A. Thedirectultrasonicsignalfrom
US-RA. There ectedultrasonicsignalfrom
RF-I. TheRF signalfrom

US-I. Thedirectultrasonicsignalfrom

US-RI. There ectedultrasonicsignalfrom

We only needto considerthe casesvhena US pulsearriveswhile
someRF signalis beingreceved. The receptionof the rst ultra-
sonicsignalUS-A, US-RA, US-I, or US-RI while RF-A is being
recevedwill causethelistenerto calculatethedistanceto  using
thetime intenval betweerthe detectionof RF-A andthe particular
ultrasonicsignal.Thisis becausehelistener afterreceving the RF
signalfrom abeaconwaitsfor the rst occurrencef anultrasonic
pulseto determinethe distance All subsequentiltrasonicrecep-
tionsthatarrive during this RF messageareignored.Of coursejf

the direct signalUS-A is the rst oneto bereceved, the listener
correctlyestimateghedistanceto . However, thewrongcorrela-
tion of ary otherultrasonicsignalwith RF-A couldbeproblematic.

Casel: RF-A:US-RA. This combinationwith the re ected ultra-
sonicsignalfrom  causeshe estimatedlistanceto belargerthan
the actualdistanceto A. This situationcan occuronly if the di-
rectsignalUS-A wasnever receved by the listener However, the
problemscausedby this to the systemcan be reducedby prop-
erly alignedbeacongSection3.3), aswell asusingmultiple inde-
pendenteaconger geographicspacen addition,in our experi-
ence we have foundthattheability of the ultrasonicwavesto bend
aroundobstacleedges(diffraction) males this a relatively infre-
guentoccurrencesincethe directsignalis usually detectecbefore
there ectedone.

Case2: RF-A:US-I. Thisis the combinationof RF-A with the di-
rect ultrasonicsignalfrom an interferingbeacon , which arrives
before the ultrasonicsignal US-A. Sincean ultrasonicpulsecan
only be receved by a listenerwhile the correspondingRF data



paclet is beingreceved, RF-1 shouldalsobe in transitto the lis-
tener HenceRF-A andRF-I shouldoverlapatthelistenerasshavn
in Figurel.

If RF-A andRF-I arecomparablén signalstrength they will col-
lide, causingthelistenerto ignorethis eventbecauséoth RF mes-
sagewill becorruptedOntheotherhand,if the signalstrengthof
RF-I is substantiallylargerthanRF-A, thetwo maynot collide and
thelistenerwill endup calculatingthe correctdistanceo beacon .

The only situationthatleadsto a wrong distanceestimateis when
thesignalstrengthof RF-1 is muchsmallerthanRF-A, causingthe
listenerto usethe RF-A:US-I combinationto determinethe dis-
tanceto A. We reducethe chanceof this event by usingRF sig-
nalswith longer rangethan US signals.This generallyensuresa
strongRF receptionwheneer the correspondingiltrasonicsignal
is recevved (hencethe receiptof US-I, in generalensures strong
RF-I).

Case 3. RF-A:US-RI. This occurswhen a stray re ected signal
from aninterferingbeacon appeardeforeUS-A. As before,this
canleadto wrongdistanceestimatesaswell.

Although cases?2 and 3 may leadto incorrectdistanceestimates,
our useof randomizatiorreducesherepeateaalculationof wrong
estimateslf therearealargenumberof beaconsn closeproximity
to eachother therecanbe a non-ngligible numberof wrong dis-
tanceestimatesat the recevers. At this point, we have engineered
our systento ensurehattherearenotmorethan ve or six beacons
thatarewithin rangeof eachotheratary location.

In addition listenersdonotsimply usethe rst samplepairthey get
to infer their bestlocation. Rather they collect multiple samples
anduseaninferencealgorithmfor this.

2.2.3 Beacompositioninference

We develop and comparethree simple algorithmsto determine
which the closestbeacornis, overcomingthe interferenceproblems
of the previous section:Majority, MinMean andMinMode In our

analysisof thesealgorithms thedistanceestimatés roundedo the
nearestten inchesand the dataput into differentbins according
to how frequentlythey occur This is donefor eachbeaconsepa-
rately Furthermorejsolatedstraysamplesareeliminatedfrom the
analysisasmallthresholchumberof consistenvalues(two, in our

implementationjpreneededeforethe correspondingampleis in-

cludedfor analysis.

Majority. This is the simplestalgorithm, which paysno at-
tentionto the distanceestimatesandsimply picksthe beacon
with the highestfrequeng of occurrencen the dataset.This
algorithmdoesnot useultrasonicsignalsfor determiningthe
closestbeaconput aswe nd in our experimentsthis does
not performwell. We investigatethis primarily for compari-
sonwith theotheralgorithms.

MinMean. Here, the listener calculatesthe mean distance
from eachuniquebeacorfor the setof datapointswithin the
dataset.Then,it selectshe beaconwith the minimummean
asthe closestone. The adwantageof this algorithmis that it
canbecomputedwith very little state sinceanev sampleup-
datesthe meanin a straightforvard way. The problemwith
thisalgorithmis thatit is notimmuneto multipatheffectsthat

Room A Room B
O O O
Beacon A Listene Beacon B

Figure2: The nearesbeacorto a listenermay not be in the same
geographicpace.

0 @ Beacons

<t Physical Boundary

Location A

Location B ° @

Figure3: Correctpositioningof beacons.

causdhedistanceestimateso displaymodalbehaior; where
computinga statisticlike the mean(or median)is not re ec-
tive of ary actualbeacorposition.

MinMode Sincethedistanceestimate®ftenshaw signi cant
modalbehaior dueto re ections,ourapproacho obtaininga
highest-lilelihoodestimates to computethe perbeacorsta-
tistical modesover thepast sampleqor time window). For
eachbeaconthe listenerthen picks the distancecorrespond-
ing to the modeof the distribution, and usesthe beacorthat
hasthe minimum distancevalue from amongall the modes.
We nd thatthis is robustto straysignalsandperformswell
in bothstaticandmobile cases.

Section4 discusseghe resultsof our experiments.We note that
theseare by no meansthe only possiblealgorithms,but theseare
representaiie of the precisionattainablewith differentdegreesof
processingtthelisteners.

2.3 Beaconpositioning and con guration

The positioningof a beaconwithin a room or spaceplaysa non-
trivial role in enablinglistenersto make the correctchoiceof their

location.For example,considerthe positioningshavn in Figure 2.

Althoughtherecever is in RoomA, thelistener nds the beacon
in RoomB to be closerandwill endup usingthe spaceidenti er

ad\ertisedby thelatter.

Oneway of overcomingthis is to maintaina centralizedepository
of the physicallocationsof eachbeaconand provide this datato
listeners Systemdik e the Batessentiallyusethis type of approach,



wherethe central controller knons where eachwall- or ceiling-
mounteddevice is located,but it suffers from two problemsthat
male it unsuitablefor us. First, userprivagy is compromisede-
causea listenernow needsto make active contactto learnwhere
it is (obsere thatin Cricket, a listeneris completelypassie). Sec-
ond,it requiresacentrallymanagedervice whichdoesnotsuitour
autonomouslynanagedervironmentparticularlywell.

Fortunately thereis a simpleengineeringsolutionto this problem
that preseresprivagy andis decentralizedWheneer a beaconis

placedio demarcataphysicalor virtual boundarycorrespondingo

adifferentspaceit mustbeplacedata x eddistanceawayfromthe

boundarydemarcatinghe two spacesFigure3 shavs anexample
of thisin asettingwith bothrealandvirtual boundariesSuchplace-
mentensureghat a listenerrarely makes a wrong choice,unless
caughtwithin a smalldistance(1 foot in our currentimplementa-
tion) from the boundarybetweertwo beaconsdwertisingdifferent
spacesln thiscasejt is oftenequallyvalid to pick eitherbeacoras
theclosest.

3 Implementation

In this section we describethe implementatiorof Cricket. We de-
scribethe systemparametersandhardware con guration, the API
provided by the listenerto applicationsrunning on the attached
node,andsomedeploymentissueswith ultrasonichardware.

3.1 Systemparametersand hardware

Themessagsizeof abeacorRF transmissioris 7 byteslongin our
implementationandthe RF transmissiomateof our radiosis 1200
bits/s.It thereforetakesabout47 msfor themessageo completely
reacha listener duringwhich time anultrasonicpulsecantravel at
mostabout47 feet. The typical rangeof our RF radiosis about30
feetin thebuilding. No listenercanthereforebe fartheraway than
this to detectwhich spacat isin.

Cricket is implementedusing inexpensie, off-the-shelf, simple
hardwarepartsthatcostlessthanU.S.$10perbeacorandlistener
The beaconconsistsof a PIC micro-controllerrunningat 10MHz,

with 68 bytesof RAM and1024wordsof programmemory It uses
alow-powver SAW resonatoibasedrFtransmitterandasingle-chip
RF recever, both operatingin the 418 MHz unlicensecband [10]

with amplitudemodulation.The nal components an ultrasonic
transmitteroperatingat 40kHz. All of theseare assembledn a
smallboardandmountedon aceiling or high onawall.

The listeneris only slightly more complicated.It hasanidentical
micro-controller a single-chipRF recever, and an ultrasonicre-
ceiver with a single-chiptone-detectocircuit, insteadof the corre-
spondingiransmittersit alsohasa TTL to RS-232signalconverter
by which it interfacesto the hostdevice, e.g.,a laptop,hand-held
computeror ary otherservicelike aprinter, cameratelevision, etc.
Thisinterfaceusesthe standardrS-232protocolat 9600bits/s.

We measuredhe power consumptiorof a beaconsincethe peri-
odic transmissiorof an RF signalandultrasonicpulsewill eventu-
ally runthebatterydown. Althoughwe did notexplicitly designthe
hardware for low powver consumptionwe nd thatit is quite ef -

cient, dissipatingl5 mW of power during normaloperation(when
it sendsan RF andUS signalevery 250 mson average) Currently
eachCricket beacorusesa single9 Volt re-chageablebattery We

fa)

Figure4: Theradiationpatternof anultrasonictransmitter

planto usea solarcell with a backupre-chageablebatteryin the
future.

3.2 Listener API

A partof the softwareimplementedor recever nodes,calledthe

LocationManagerunsonthehostdevice thathasthelistenerhard-
wareattachedo theserialport. TheLocationManagelistensonthe

serial port for ary datacomingfrom the listenerhardware.In our

implementationthe MinMode listenerinferencealgorithmto an-

alyzedistanceestimatess alsoimplementedwithin the Location-
Manager sincethis provides greater e xibility. Thelistenersends
boththelocationinformationandthe measuredlistanceto the cor

respondingoeaconjo the LocationManagefor eachvalid RF re-

ception.

Asynchronougo the receptionof distanceestimatesand listener
computationsapplicationsrunning on the hostdevice connectto
the LocationManageandretrieve currentlocationinformationus-
ing a datagransoclet (UDP) interface.In fact, this allows for the
possibility of obtainingthis informationfrom a remotenodeelse-
whereonthenetwork, which mightbeusefulfor someapplications.
We have notyet takenadvantageof this facility in ourapplications.

3.3 Ultrasound deploymentissues

As describedn Section2, ultrasonidnterferenceattherecevercan
leadto incorrectdistanceneasurementst is thereforeémportantto
reduceultrasonicleakageto otherlocationswhile trying to provide
full coverageto thelocationsenedby aCricketbeaconWeachieve
this by properalignmentof the ultrasonictransmitters.

Figure 4 shavs the radiationpatternof the ultrasonictransmitter
usedin the Cricket beaconsThis is shavn in polar coordi-
nateswhere correspondso thesignalstrengthin dB and corre-
spondgo theoffsetin degreesfrom thefront of theultrasonicrans-
mitter. Fromtheradiationpatternjt canbeseerthatthedirectionin

which the ultrasoundransmitterfaces( ) hasthe maximumsig-

nal strengthwhile the signalstrengthdropsto 1% (-20 dB) of the
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Figure5: Correctalignmentof a Cricket ultrasonictransmitter

maximumvalueat away fromthe direction.

Wealigntheultrasonidransmitteisuchthatthedirectionof its peak
signalstrengthis at to the horizontal. The beaconis mounted
suchthattheultrasonidransmittefaceshelocationintendedo be

coveredby thebeaconThis causesheamountof ultrasonicenegy

transmittedoward distantlocationsto be smallcomparedo where
it isintended This alignmentis easilyaccomplishedby positioning
thetransmitterat anangleof to the circuit boardof thebeacon
andmountingthe board at on the ceiling or wall of theroom, as
shawvn in Figure5.

We usethevelocity of soundin air to measurelistancegrom bea-
consto recevers.Thevelocity of sounddependn ervironmen-
tal factorssuchasthe ambienttemperatureand humidity. Within

a building, thesepropertiescan exhibit both temporaland spatial
variations.Temporalvariationsoccurat differenttime-scalesuch
astime of day andseasorof the year We avoid errorsdueto such
temporalvariationsusingrelative ratherthanabsolutedistancesn

determininglocation(i.e., the primary goal of thelisteneris to de-
terminewhich the closestbeacoramonga setof choicesis).

Spatialvariationsin temperatureand humidity dueto effectslike
directsunlightfalling in differentsectionsof a room, the presence
of heatersand air conditionerswithin a room, or the use of hu-
midi ers within aroom canaffect ultrasound-basedistancemea-
surementsWe reducethe errorscausecdby suchspatialvariations
by positioningthe beaconsand aiming for only relatively coarse-
grainedlocationinformation.For instance supposinghatbeacons
arealwayskept2 feetaway from aboundarythedistancerecorded
from a transmitterin an adjoiningroom hasto decreasdoy 4
feet for a recever to mistalenly assumethat the adjoining room
is closer This would requirea large variation of temperatureand
humidity alongthepath,whichis highly unlikely undernormalcir-
cumstancegthetemperatureoefcient of the velocity of soundin
air is 2 ft/secperdegree-Celsius).

4 feet

Beacon Beacon

6 feet

-

Listener
X

Figure 6: Setup for experiment1, evaluating boundary perfor
mance.

4 Experiments

We conductedsereral experimentsto investigatethe performance
of Cricket. The rst experimentexaminesthe listenerperformance
nearlocation boundariesand shavs that we can achieve a loca-

tion granularityof feet. The secondexperimentis aimedat

investigatingthe robustnesof the systemto interferenceamongst
beaconsand the evaluatesthe performanceof the threelocation

inferencealgorithmspresentedn Section2.2.3for staticlisteners.
Thethird experimentexamineshe performancef thethreedecod-
ing algorithmswhena listeneris mobile.

4.1 Boundary performance

Figure 6 shaws the setupfor this experiment.The aim of this ex-
perimentis to investigatethethe ability of thelistenerto detectthe
boundarywhich determineshe precisionof the system.

Two beaconsA andB, adwertisingdifferentlocationstringswere
placed4 feet aparton the ceiling, giving rise to a virtual bound-
aryin themiddle.Distancesamplegin theform of ultrasonicpulse
propagatiortime) were taken at 0.5-feetintenals alongthe  di-
rectionas shawvn in the gure, startingfrom the center Figure 7
shaws the resultsof this experiment,plotting the averageandthe
standardleviation of theultrasonicpropagatiortimesfrom thetwo
beaconsas a function of the displacemenfrom the boundary .
This shaws that whenthe listeneris morethanaboutl foot away
fromtheboundarytheclosesbeacorcanbedeterminedaccurately
fromtheestimatedlistancesthusenablingthelistenerto determine
its locationaccuratelyFurthermorethe differenceof thetwo aver-
agedistancesncreasessthelistenermovesaway from thebound-
ary, which causeghe probability of makinga wrong decisionby
thelistenerto decreasasit movesaway from the boundary

This also shavs that we can easily achieve a location granularity
of feet, by placingthe beaconsn a feetgrid. Which,
effectively dividedtheregionin to feetcells.In thefuture,we
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planto carryoutmoredetailedexperimentdo measureheaccurag
of our hardware,andthe precisionandgranularityof the systemas
thedensityof beaconsncreases.

4.2 Static performance

In the secondexperiment,we examinethe robustnessof Cricket
againstinterferenceamongsnearbybeaconslt shavs thatit is in-
deedpossibleto achieve goodsystemperformancedespitethe ab-
senceof ary explicit coordinationamongstthe beaconsWe also
comparethe performancef the threelistenerinferencealgorithms
presentedn Section2.2.3.

Figure8 shaws the setupfor this experiment.Beacons and
provide locationinformationwithin room . Beacons and
provide location informationfor rooms and . All thesebea-
consarewithin the rangeof eachothersultrasonictransmissions.
To provide RF interferencewith no correspondingiltrasonicsig-
nals (sincethe rangeof RF exceedsthat of ultrasoundn Cricket),
we usebeacons and that have their ultrasonictransmitters
disabled.

All the beaconswere attachedto the ceiling with the ultrasonic

transmittersfacing their respectie spacesas describedin Sec-

tion 2.3.We gatheredlistancesamplesatlocations and  for

astaticlistener Obserethat is closerto theinterferingsources
and thanto thelegitimatebeacongor theroom,correspond-

ing to the presenceof severe RF interferenceln contrast, s

only 1 foot away from the boundaryseparatinghe rooms  and

, shaving the performanceloseto a boundary

InterferenceSource 11 12
Interferenceat R1 0.0% 0.0%
Interferenceat R2 0.3% 0.4%

Tablel: Degreeof interferenceat and causedy and
shawing the effectivenesof the randomizedeacortransmissions
andsystemparameters.

® - Beacon Room X Room Y
B _|istener
A - RF interference
2 feet 6 feet
D —
A
11
R2 2 feet | 2 feet
4 feet = -
R1
A @ = Q)
12 B1 B3
6 feet — *— Ifoot
@
B2 2 feet
| -
Room Z 2 feet
@
B4

Figure 8: Setupfor experiment2, evaluating the robustnessof
Cricketin the presencef interferingbeacons.

First, we determinedhe degreeof interferencecausecby  and
by collecting1000samplef distanceestimatesat  and
andcountingthenumberof valuescorrespondingo eachRF source
(beacoror interferer).Whenthelistenerwasat , somavhatfar
ther from the interfering sourcestherewere no distancesamples
correspondindo the interferingRF sourcesOn the otherhand,at
we receved atotal of only 7 samplesorrespondingo both
and ,despitehefactthat iscloseto and relativetothe
legitimatebeaconsTablel summarizesheseresults.

The samplescorrespondingo and  aredueto the incorrect
correlationof theseRF signalswith ultrasonicpulsesfrom other
beaconsn the vicinity of the listener However, the randomized
transmissiorscheduleogetherwith propersystemparameterse-
ducesthe occurrenceof suchinterferenceto a very small fraction
of thetotal. This validatesour claimsin Section2.2andour design.

We now investigatethe performanceof the threeinferencealgo-
rithms, Majority, MinMean andMinMode whenthe listeneris at
and .Here,wecomputeheerrorrate(in percent)n inferring

thelocationby thesethreeinferencealgorithms,varying the num-
ber of distancesamplesusedfor inference.The results,shavn in

Figure9 (for position ) andFigurel0 (for position ), demon-
stratethat both MinMean and MinMode perform very well even
whenthe samplesizeis small, even for the casewhena listener
( )iscloseto aboundary



Figure9: Errorratesat Position1.

Figure10: Errorratesat Position2.

4.3 Mobile performance

This experimentis aimedat determiningthe systemperformance
whenthelisteneris mobile. For amobilelistener beingableto ob-
tain accuratdocationinformationwithin a shorttime is important.
Figure 11 shaws the con guration of the beaconsandthe pathfol-
lowed by the mobile userwhile taking measurement§.helistener
wasmovedthrougheachboundaryatapproximatelthesamespeed
eachtime, emulatinga users typical walking speedn a building.
Eachtime the listenercrosseda boundarya transitioneventanda
timestampwaslogged.Oncethroughthe boundarythelistenerre-
mainedstationaryfor a shortperiodof time to determinehow long
it takesto stabilizeto thecorrectvalue,andthentheexperimentwas
repeatedgainthroughthenext boundaryWhenanalyzingthedata,
we usedthe loggedtransitioneventto determinethe users actual
locationwith respecto thelocationbeingreportedby the listener
Notethatin thisexperimentthelisteneris alwayslocatedrelatively
closeto theboundaries.

Figurel2 shavsthelocationerrorrateatthelistenerfor the experi-
ment.Theerrorrateis calculatecbver thetime periodduringwhich
thelistenermovesaroundalocation,aftercrossingaboundaryThe
MinModeperformsthe bestamongthethreeinferencealgorothms.

Location A Location B

& &
%1 | I %4

— | 1 -

%5

Location C

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

Figure12: Errorratesfor amobile Cricket listener

Fromtheresultsijt is evidentthatlargertime intervals provide bet-
ter resultsover smallerintenals, which is not surprisingsincea
largerintenal givesthe algorithmmore samplessamplesto work
with. Anotherinterestingpointis thatMinMeanandMinModeboth
performaboutthe sameover smalltime windows. As the time in-
terval getssmallerthe probabilitythata distancevaluesamplecon-
tainingonly asinglevalueperbeacorincreasesA smallnumberof
samplescausedoth the meanandthe modeto be the roughly the
same.

5 Applications

This sectiondescribeshow userapplicationscan obtain location
informationanduseit to gainaccesgo nearbyservicesAs men-
tionedearlier thereareanumberof resourcaliscorery systemghat
canbe usedalongside Cricket. We have implementecdsereral ap-
plicationsusingthe resourceliscovery facility provided by the In-
tentionalNaming System(INS), which handlesserviceanddevice
mobility within thenamingsystem[2, 3].



5.1 Usingvirtual spacedn INS

INS usesthe conceptof a virtual space(vspace)which is a col-

lection of applications/servicethat can communicatewith each
other[15]. Eachvspacehasa setof nameresolhers that resohe

namerequestdor entitiesin that vspace;eachentity is described
using an intentional name which is a hierarchicalcollection of

application-de nedattributesandvalues.

Theoverheador creatingavspacen INS is small.For ourlocation-
dependentpplications,we createa vspacefor every location of
interest(e.g.,aroomor a oor of a building) andidentify it by a
string. Eachbeaconad\ertisesthe nameof the vspaceof the cor
respondindocation,andeachlistenerusesthis nameto bootstrap
into its environmentby contactingNS andlearningaboutthe other
existing servicesn thatvspace.

Usersanddevicescanalsoregistertheirintentionalnameswith the
vspacefor thatlocation,which enablesotherentitiesin thatvspace
to detecttheir presenceThis way the usercaneasilydetermineall
theserviceghatarelocatedin their vspaceA userdoesnotneces-
sarily have to belimited to only onevspaceatatime, andcanselect
arbitraryservicesto use.For example,onevspacecancorrespond
to the setof printersin a building while anothercorrespondso the
servicedocatedon a speci ¢ oor. A usercandeterminethe least
loadedprinter by queryingthe printer vspace,or the physically-
closest|east-loadegrinterby queryingthevspaceepresentinghe
particular oor of thebuilding.

5.2 Floorplan

The Floorplanis anactive mapnavigation utility thatusesCricket
anda mapsener to presenta location-dependeriactive” mapto
the user highlighting her locationon it asshemoves.It alsodis-
playsthe setof serviceshatarelocatedin thevicinity of theuser
which aredynamicallyupdatedasthe usermoves.Floorplanloads
map imagesfrom the map sener, which also providesthe values
of coordinateon themapcorrespondingo the users current
vspaceposition.As theusermavesaroundthe building, thelistener
infersits locationandasksthemapsenerto provide thelocationon
themap.Floorplanalsolearnsaboutvariousservicesn thevspace,
andcontactshoseservicesanddownloadsa smallicon represent-
ing eachservice.Theseiconsaredisplayedon the map; whenthe
userclicks on anicon, FloorplanusesINS to download a control
scriptor programfor the applicationrepresentedby thaticon, and
loadthe controlsinto a new window sothe usercancontroltheap-
plication. Figure 13 shawvs an active map displayedby Floorplan;
we seethatthe user(representethy thedot) is in room503.1t also
displaysfour servicesit hasfoundin the ervironment(space).an
MP3 service(representetby the spealer icon) in room503,a TV
service(representetly the TV icon)in room504,andtwo printers
(representedby the printericons)in room 517. Using this, a user
with no knowledgeof her ervironmentor softwareto control ser
viceswithin it canbootstrapherselfwith nomanualcon guration.

6 Relatedwork

Therearevarioussolutionsavailabletodayfor device trackingand
locationdiscovery. For example,active andpassie electromagnetic
and optical trackers are sometimesusedfor tracking andtagging
objects.Unfortunately thesetendto be expensve, andthe perfor

manceof electromagnetidraclkersis affectedby the presenceof
metallic objectsin the environment. Furthermore theseproducts
do notusuallypresere userprivagy.

Therestof this sectiondiscusseshreesystemshatin uencedvar-
ious aspectsof Cricket, and comparesheir relative bene ts and
limitations. Table2 summarizeshefollowing discussion.

6.1 The Bat system

In the BAT systemyariousobjectswithin the systemaretaggedby
attachingsmall wirelesstransmitters The location of thesetrans-
mitters are tracked by the systemto build a location databasef
theseobjectd[1, 12].

The systemconsistsof a collection of mobile or x ed wireless
transmittersa matrix of recever elementsanda centralRF base
station.Thewirelesstransmitterconsistsof an RF transcever, ses-

eral ultrasonictransmittersan FPGA, and a microprocessorand
hasa uniquelD associatedvith it. The recever elementsconsist
of an RF recever, andan interfacefor a serialdatanetwork. The
recever elementsareplacedon the ceiling of the building, andare
connectedogethemy a serialwire network to form a matrix. This
network is also connectedo a computer which doesall the data
analysidfor trackingthetransmitters.

The RF basestationorchestratethe activity of transmitterdy pe-

riodically broadcastingnessageaddressetb eachof themin turn.

A transmittey upon hearinga messageaddressedo it, sendsout

anultrasoundpulse.Therecever elementswhich alsoreceve the

initial RF signalfrom the basestation,determinethe time intenal

betweenthe receiptof the RF signalandthe receiptof the corre-
spondingultrasonicsignal,from whichthey estimateahedistanceo

thetransmitterThesedistancegrethensentto thecomputemwhich

performsthedataanalysis By collectingenoughdistancereadings,
it is possibleto determinethe location of the transmitterwith an

accurag of afew centimetersandthesearekeyed by transmitter
addressndstoredin thelocationdatabase.

Bat derivesits accurag from a tightly controlledand centralized
architecturethat tracks usersand objects.In contrast,Cricket is

highly decentralizecand thereis no centralcontrol of ary aspect
of the systemwhich preseresuserprivagy, is simpler andreduces
managemertost.Thedifferencesn designgoalsbetweerBatand

Cricketleadto radicaldifferencesn architecturealthoughthe use
of ultrasoundandRF is commonto bothsystems.

6.2 The Active Badgesystem

TheActive Badgé systemwasapredecessdp theBatsystemand
tracksobjectsin an ervironmentto storein a centralizedocation
databas§19]. Objectsaretracked by attachinga badge which pe-
riodically transmitdts uniquelD usinginfraredtransmittersFixed
infraredreceverspick up thisinformationandrelayit overawired
network. The walls of the room act as a naturalboundaryto in-
fraredsignals thusenablingarecever to identify badgeswithin its
room.A particularbadgds associateavith the x edlocationof the
receverthathearsit.

Like the Bat system,the objecttracking natureof Active Badge

IActive Badgeis aregisteredrademariof Ing. C. Olivetti & C.,
S.p.A



Figure13: Floorplanmap.

| System | Bat | Active Badge | RADAR | Cricket

Userprivagy No No Possiblewith Yes
usercomputation

Decentralized No No CentralizedRF Yes
signaldatabase

Heterogeneityf networks Yes Yes No Yes

Cost High High No extracomponent | Low (U.S.$10)
cost,but only works componentost
with onenetwork

Easeof deployment Dif cult; requires Dif cult; requires RF mapping Easy

matrix of sensors matrix of sensors

Table2: Qualitative comparisorof otherlocation-trackingsystemswith Cricket.

systemmay introduceprivagy concernsamonguserslinfraredalso
suffers from dead-spotswhich Cricket and Bat are relatively im-
muneto becausehey useultrasound.

6.3 RADAR

TheRADAR systemimplementsalocationserviceutilizing thein-
formationobtainedrom analreadyexisting RF datanetwork [4]. It
usesthe RF signalstrengthasanindicatorof the distancebetween
atransmitteranda recever. This distanceinformationis thenused
to locatea userby triangulation.

During anoff-line phasethe systembuilds adatabaseof RF signal
strengthata setof x edrecevers,for known transmittempositions.
During the normaloperation the RF signalstrengthof a transmit-
ter asmeasuredy the setof x edrecevers,is sentto a central
computer which examinesthe signal-strengttdatabasdo obtain
thebestt for the currenttransmitterposition.

In contrastto thesethree projects, Cricket has different design
goals:it hasto handlenetwork heterogeneityandprivagy concerns,
andhave low managemerntost.It eliminatesall centralrepositories
of controlor information,leadingto anautonomoushadministered
building-wide servicevia delegation. The beaconsad\ertising lo-
cationinformation are self-containecand do not needary infras-
tructurefor communicatioramongsthemseles. Togethemwith the

useof inexpensve, off-the-shelfhardware, this makesdeployment
easyand cost-efective. In summary Cricket is a location-support
service notalocation-trackingone.

7 Conclusion

In this paper we presentedhe design,implementationand eval-
uationof Cricket, a location-supporsystemfor mobile, location-
dependengpplications.Cricket is the resultof ve designgoals:
userprivagy, decentralizecadministration,network heterogeneity
low cost,and portion-of-a-roomgranularity Its innovative aspects
includethe useof beaconswith combinedRF andultrasoundsig-
nalsin adecentralizedyncoordinatedrchitecturelt usesndepen-
dent,randomizedransmissiorschedulegor its beaconsandare-
ceiver decodingalgorithmthat usesthe minimum of modesfrom
differentbeacongo computea maximumlik elihoodestimateof lo-
cation.We describedsomedeploymentconsiderationbasedn our
preliminary experiencewith Cricket and presentech comparison
with threeimportantpastsystemsshaving that our designgoals
ledto a differentdesignandpropertiefrom pastsystems.

We areencouragedby our experiencewith Cricket to dateandthe
easewith which location-dependerapplicationslike active map
andlocation-basedervicesxanbeimplementedWe have demon-
stratedthat it is possibleto implementa location-supporsystem



thatmaintainsuserprivagy andhasno centralizeccontrol.
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