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Abstract— As the cost of embeddedsensorsand actuators drops, new
applications will arise that exploit high density networks of small devices
capable of a variety of sensingtasks. Although individual devices may
have limited functionality, the true value of the systemcomesfrom the
ememgent behavior that ariseswhen data from many placesin the system
is combined. This type of data fusion hasa number of requirements,but
two of the mostimportant are: 1) synchronized time, preciseenoughto
resohe movementin the sensedphenomenon(e.g, sound); and 2) known
geographiclocations, on a similar scaleto the sensors'size and deploy-
ment density. However, the installation costof a localization systemwith
suf cient granularity is considerable becauseof the largeamount of effort
requiredto deploy sucha systemand make all the measuementsrequired
to tune it. In this paper, we describe a systembasedon COTS compo-
nentsthat incorporatesour novel time synchronization and acousticrang-
ing techniques.The resultis a low-cost, readily available platform for dis-
trib uted, coherent signal processing

I. INTRODUCTION

Recentadwancesn miniaturizationandlow-cost,low-power design
have led to active researchn large-scalehighly distributed systems
of small, wireless,low-power, unattendedsensorsand actuatorq?2].
Thevisionof mary researcherss to createsensoirich “smarterviron-
ments”throughplannedr ad-hoadeplgymentof thousandef sensors,
eachwith a short-rangevirelesscommunicationshannel,and capa-
ble of detectingambientconditionssuchastemperaturemovement,
sound light, or the presencef certainobjects.

In almostary distributed sensorapplication,thereare two critical
piecesof infrastructure:

1) Time syndironization precise enoughto resole signi cant

movementin the sensegpohenomenonand

2) Spatiallocalization with resolutionsimilar to the nodes'size

anddeploymentdensity

Therearemary examplesof sensometwork tasksthatrequireboth
synchronizedime and known sensorlocations: for example, to in-
tegratea time-seriesof proximity detectiondnto a velocity estimate
[3]; to measurethe time-of- ight of soundfor localizing its source
[6]; to distribute a beamformingarray[13]; or to suppressedundant
messageby recognizinghatthey describeduplicatedetectionof the
sameeventby differentbut nearbysensorg9].

While spatial localization of nodesis possible to implement
manually—bycarefullymeasuringand“hard-coding”the locationsof
the sensors—systenthatdiscover locationautonomouslhareadwan-
tagousfor reason®f corveniencecost,andapplicationto ad-hocde-
ploymentscenarios.

In this paper we discussthe developmentof a system,basedon
commerciabff-the-shelf(COTS) componentswhichis capableof au-
tomaticlocalizationandtime synchronizatiomwith sufcient precision
(on the orderof 10cmand  sec)to supportdistributed, coherent
signalprocessingOur systems time synchronizations animplemen-
tationof Reference-BroadcaSknchronizatiofRBS),describednore
fully in [4]. Localizationis basednanunderlyingrangingsystenthat
works by timing the ight of awidebandacousticpulse,describedn

[5].

Theremainderof this paperis organizedasfollows. In Sectionll,
we describehehardwareplatformsthatcomposeurtestbed We give
anoverview of the softwarecomponent®f our systemin Sectionlll.
A moredetaileddescriptionof the subsystemss foundin SectionlV
(time synchronizationjpnd SectionV (acousticrangingandlocaliza-
tion). Finally, in SectionVI, we describeour conclusionsandfuture
work.

Il. HARDWARE PLATFORMS

Although Moore's law predictsthat hardware for sensometworks
will inexorably becomesmaller cheaperandmore powerful, techno-
logical advanceswill never preventthe needto make tradeofs. Even
asour notionsof metricssuchas“fast” and“small” evolve, therewill
alwaysbe compromisesnodeswill needto befasteror moreenepgy-
efcient, smalleror morecapablecheapeor moredurable.

Insteadof choosinga single hardware platform that makes a par
ticular setof compromiseswe believe an effective designis onethat
usesatieredplatformconsistingof aheterogeneousollectionof hard-
ware.Small,cheapandcomputationalljlimited nodeg“motes”, after
theBerkeley SmartDustproject[10]) canbeusedmoreeffectively by
augmentinghe network with larger, faster andmoreexpensve hard-
ware (“bases”). An analogycanbe madeto the memoryhierarchy
commonlyfoundin desktopcomputersystems.CPUstypically have
an expensve but faston-chip cache,bacled by slower but larger L2
cache,main memory and ultimately on-disk swap space. This or-
ganization,combinedwith a tendeng in computationfor locality of
referenceresultsin amemorysystemthat appeargo be aslarge and
ascheap(perbyte) asthe swap spacebput asfastasthe on-chipcache
memory In sensometworks, wherelocalizedalgorithmsare a pri-
mary designgoal [9], similar bene ts canberealizedby creatingthe
network from a spectrumof hardwarerangingfrom small,cheapand
numerousto large,expensve, andpowerful.

A. Motes

The smallestnodesin our testbedarethe “COTS Mote;’ originally
developedat U.C. Berkeley [10], [7] and non commerciallyavail-
ablefrom Crossba Technologiek It is equippedwith a low-power,
4MHz, 16-bit microprocessofAtmel 90LS8535),with 8K of pro-
grammemoryand512bytesof SRAM. An integratedRF Monolithics
916.50MHz transcerer (TR1000)providesnarravbandwirelesscon-
nectvity at 19.2Kbps. Communicatiorwith a directly attachecdhost
is possiblevia a serialport. A numberof GPIO pins, A/D, andD/A
corvertersarealsoavailablefor 1/0 purposes.

Theoriginal COTS Mote is picturedin Figurel. Differentversions
of thebasicdesignhave variouscombination®f sensorstemperature,
light, humidity, accelerationandsoforth. In our localizationtestbed,
we usealocally developedvariationof the mote,the “acousticmote’
on which one of the D/A corverter outputsis attachedto an audio
ampli er circuit andspealkr.
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Fig. 1. Pisters “COTS Mote”, developedatU.C. Berkeley

Themotes'operatingervironmentis TinyOS[8], [7], asmall,event-
basedoperatingsystemdevelopedspeci cally for the mote by Hill,
et.al.atU.C. Berkeley.

B. Bases

Although the motes have adwantages(small, cheap, low-power,
long-lived), they have very limited capabilities.For example,it is im-
possibleto do arything more thanthe mostbasicforms signal pro-
cessingthemoteis too slow to processatime seriesin real-time,and
doesnt have enoughmemoryto buffer morethanafew dozensamples
for ofine analysis. We have found thatit is possibleto implement
muchricherapplicationsf therearea few larger, morecomputation-
ally endavednodesavailablein the network aswell.

Our basesare CompagiPAQ 3760s,which are handheld battery-
powvereddevices normally meantto be usedas PDAs. We selected
the iPAQ becausét hasreasonabldatterylife, hasthe peripherals
neededdy our project,supportsinux, is readily available,andis us-
ableright off the shelf?> TheiPAQ hasa 137MHz Intel StrongARM-
1110processqr32MB of RAM and32MB of FLASH for persistent
storage. The standardmodel also comesequippedwith a built-in
speakrandmicrophonevhichwe usefor acousticanging,aswe will
seein SectionV. Finally, the iPAQs have a serialport, anda PCM-
CIA bus, for which a wide variety of peripheralsare available. All
of our iPAQs have spread-spectruwirelessEthernetcards(802.11b
directsequencel 1Mbit/sec) makingthemcapableof communicating
athigherbandwidth Jongerrange andwith greatereliability thanthe
motes.

OurtestbedsiPAQsusethe StrongARMportof theLinux operating
system(the“Familiar” distribution[1]). Thiscombinatiorof hardware
andoperatingsystenprovidesapowerful andcorvenientdevelopment
ervironmentsimilar to a standardiesktopoperatingsystem.

I11. SYSTEM OVERVIEW

Ultimately, the goal of our systemis to rst establisha coordinate
systemde ned by the positionsof the iPAQs at startup thencontinu-
ouslymonitorthe positionof the moteswithin this coordinatesystem.
We assumeheiPAQsareinitially placedaroundaroom*“at random”
but thenremainin x edlocations,or move rarely TheiPAQsform an
ad-hocinfrastructurewhile the smallermotesareassumedo be con-
stantlyin motion—perhapattachedo peopleor objectsthatarebeing
tracked asthey move throughtheenvironment.

Thefunctionalcomponent®f the localizationsystemareshavn in
Figure 2. Localizationis basedon an acousticranging systemthat
usesawidebandpseudonoiseequencéo measurghetime of ight of
soundfrom onepoint to another(bottompane). Rangingis rst used
to determindPAQ-to-iPAQ distancesndfederateaniPAQ coordinate
systemthis modeuseshoththeiPAQ's speakrandmicrophongcen-
ter pane). Oncethe coordinatesystemhasbeenestablishedranging

Previous incarnationsof our tetsbed[3] were basedon harware platforms
that we integratedourselhes from componentswe have sincelearnednot to
underestimatéhevalueof aplatformthatcomeswith its own integratedpower
supply enclosurel/O, etc.
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Fig. 2. High-level SystemDiagram. At the lowestlayer, a rangingsystem

generatepairwiserangevalues.Theserangesarepropagatedo a clusterhead
thatrunsanoptimizationalgorithmto construcia consistentoordinatesystem
andrejectthemary formsof errorin thesourcedata.Oncea coordinatesystem
hasbeencomputedthe systemcanlocalizedevicesin theregion.

from anacousticmote's emitterto the iPAQs' microphoness usedto
localizemoteswithin this coordinatesystem(top pane).

Marny existing acousticranging systemsuse a somavhat ad-hoc
time synchronizatiorstrat@y that assumeghereis a tight coupling
betweenthe acousticand RF componentsn the system. Thosesys-
temsare designedo generatean acousticpulseandan RF synchro-
nizationpaclet at exactly the sametime. We have foundthis to be a
poordesignchoicefor anumberof reasons—foexample,the system
tendsto bemorecomplex dueto tight inter-moduledependenciesnd
rangingexperimentsarevulnerableto individual lost paclets. In con-
trast, our systemcontainsa separatenodulethat continuouslymain-
tains timebaseconversion metricsamongall the componentsn the
system providing this informationto the rangingsystemwhenneces-
sary By abstractinghis partof the systemaway, the overall designis
simpli ed andthe systembecomesnuchmorerobustto paclet loss.
In addition,the precisionof the synchronizatioris improved: by av-
eragingover mary paclet obsenations, outliers can be rejectedand
clock skew correctionsarepossible.

We mentionedin the previous sectionthat motesusenarravband
900MHzradiosto communicatevith eachother while theiPAQsuse
802.11hwirelessEthernetcards.To bridgethe gapbetweerthesetwo
domainssereralof theiPAQsarecon guredwith a“MoteNIC"—that
is, amoteattachedo theiPAQ via the serialport. Suchmotescanact
asanetwork interfacevisible to processesunningontheiPAQ (under
Linux). ThesePAQsarethencapableof routinginformationbetween
themoteandiPAQ domains.

IV. TIME SYNCHRONIZATION

Thetime synchronizatiormoduleis responsibldor computingpa-
rametersthat relate the phaseand frequeng of all of the systems
clocksto oneanother This is, perhapsa more comple taskthanit
might seem—inadditionto beinga distributedsystemiit is a hetero-



Seria

Acoustic Mote

MoteNIC

Fig. 3. Ourhardware con guration, wheremulti-hoptimesyncis requiredto
relatethe acoustiamote’s timebaseo theiPAQs.

geneoumne. Speci cally, therearethreetypesof componentsn the
systemwhoseclocksrun independentiandmustbereconciled:
Thesystemclockin eachmote
Thesystemclockin eachiPAQ
EachiPAQ's codecsampleclock
Thesynchronizatioservicebuilds up atableof conversionparame-
tersthatrelatemary of thedifferentclocksin thesystento eachother
A seriesof corversionsmay be necessaryo convert a timestampin
onetimebaseto a timestampin another For example,considerthe
con guration shavn in Figure3. iPAQ 1 is con gured asa gatavay
node,i.e., with a MoteNIC asdescribedn Sectionlll. Imaginethat
wewishto measurghetime of ight of asoundfrom anacoustianote
to iPAQ 2. This meanswe needto relatethe timebaseof the acoustic
moteto thetimebaseof iPAQ 2's codecsampleclock. Thisrequiresa
seriesof 4 conversions:
1) Network time synchronizatiorfvia moteradios)from theacous-
tic mote's clock to moteclockin iPAQ 1's MoteNIC
2) Intra-nodesynchronizatiorfrom iPAQ 1's mote clock to iPAQ
1's systenclock
3) Network time synchronizationfrom iPAQ 1 to iPAQ 2 (via
802.11)
4) Intra-nodesynchronizatiorfrom iPAQ 2's systenclock to iPAQ
2'sclodecsampleclock
The methodsfor intra-nodeandnetwork time synchronizatiorwill
be discussedn detail belon. On eachiPAQ, thosesynchronization
methodgopulateatableof corversionparameterbetweerthe clocks
in the system,annotatedvith an estimateof the RMS error of each
corversion. Giventhe parametershat make up this graph,the series
of parameterthatmake uptheminimume-errorcorversionbetweerthe
desiredsourceanddestinatiortimescaleds automaticallycomputed,
usingaweightedshortest-patlsearchalgorithm.

A. Networktime syndironization

In our system,network time synchronization(mote-to-moteand
iIPAQ-to-iPAQ) is performedusing an implementationof Reference-
BroadcastSynchronizationpr RBS, describedn moredetail in [4].
Brie y, the fundamentapropertyof RBSis thatit syndironizesa set
of receives with one another asopposedo traditional protocolsin
which senderssynchronizewith recevers. In this way, the largest
source®f nondeterministitateny areremovedfrom thecritical path.
Thisresultsin signi cantly betterprecisionsynchronizatiothanalgo-
rithmsthatmeasureound-tripdelay Theresidualkrroris oftenawell-
behaed distribution (e.g.,Gaussian)so precisionof the phaseoffset
estimatecanbe signi cantly improved by sendingmultiple reference
broadcasts.
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Fig. 4. Typicallinearregressionto recover relatve phaseandskew between
two nodesin the systemusing RBS. Each point representghe phaseoffset
betweentwo nodesasimplied by the value of their clocks after receving a
referencebroadcastA nodecancomputea least-squared-error to theseob-
senations(diagonalline), andthusconvert time valuesbetweerits own clock
andthat of its peer The verticalimpulses(readwith respectto the  axis)
shav thedistanceof eachpointfrom the best- t line.

Our RBS daemonsimultaneouslyactsin both “sender” and “re-
ceiver” roles. Every 10 seconds(slightly randomizedto avoid un-
intendedsynchronization)eachdaemonemits a pulsepaclet with a
sequenceumberandsenderlD. The daemonalsowatchesfor such
pacletsto arrive; it timestampghemand periodically sendsa report
of thesetimestampsbackto the pulsesenderalong with its recever
ID. The pulsesendercollectsall of the pulsereceptionreportsand
computeslockcorversionparameterbetweereachpair of nodeshat
heardits broadcastsTheseparameterarethenbroadcasbackto lo-
cal neighbors.The RBS daemonghatreceve theseparametersnale
themavailableto users.(RBS never setsthe nodes'clocks,but rather
providesauserlibrary thatcorvertsUNIX timeval sfrom onenode
ID to anothe)

Comple disciplinesexist that canlock an oscillators phaseand
frequeng to an externalstandard11]. However, we selecteda very
simpleyet effective algorithmto correctskew: aleast-squagslinear
regressiononthetime seriesof phasaifferencesbetweemodes after
automatiooutlier rejection. This offers a fast,closed-formmethodfor
nding thebestt line throughthe phaseerrorobsenationsovertime.
Thefrequeny andphaseof the local nodes clock with respecto the
remotenodecanberecoveredfrom the slopeandinterceptof theline.

An exampleof suchalinearregressioronrealdatafrom our system
is shavn Figure4. Eachregressionis basedon a window of the 30
mostrecentpulsereceptionreports.Outliersarerejectedbasedon an
adaptve thresholdequalto 3 timesthe median t error of the setof
pointsnot yet rejected. (Early versionsuseda more traditional “3 "
approachhut the standarddeviation wasfoundto be too sensitve to
grossoutliers.) Theremainingpointsareiteratively re- t, andtheout-
lier thresholdrecomputedyntil no further pointsarerejected.If more
thanhalf the pointsarerejectedasoutliers,the t fails.

MotesandiPAQs both participatein this schemeseparately That
is, IPAQs synchronizewith eachotherusing802.11broadcastsyhile
motes synchronizewith each other using their narravband radio
broadcastsThe basicschemds the sameon both motesandiPAQs,
exceptthatmotesdo not computetheir own conversionparametersas
iPAQs do—they forward all of their broadcasteceptionreportsto an
iPAQ for post-processinmstead.

In practice,iPAQ-to-iPAQ synchronizatiorvia 802.11hasan error



of sec; this is limited primarily by the iPAQ's 1 secclock
resolution. Motesuseslower (19.2kbit/secyadioswith a bit time of
53 sec; neverthelessRBS achieves 10 secerror throughaveraging
and outlier rejection. A detailedperformancestudy of RBS canbe
foundin [4].

Of course, motesandiPAQs cannot directly obsere eachothers
broadcastsincethey usedifferentradios(differentfrequenciesdif-
ferentMAC layers,etc.). An extra pieceis neededo relatethe mote
timescaleswith the iPAQ timescales. This is whereintra-nodesyn-
chronizationcomesinto play.

B. Intra-nodesyndironization

Aswediscusseatthebeginningof thissection eachiPAQ cancon-
sistof threeseparatelocks: 1) the systemclock; 2) theaudiocodecs
sampleclock, and 3) if the iPAQ hasa MoteNIC attachedvia serial
port, the mote's systemclock. In additionto supportingRBS asde-
scribedabove, ourtime servicedaemoralsosupportssynchronization
betweercomponentsvithin a system.The systems device driverspe-
riodically inject pairsof time valuesinto thetime daemonwhereeach
pair representshe valueof two of the systems clocksat the samein-
stant. This allows the clocksto be related. Thereare two types of
intra-nodesynchronizatiorin our system:

iPAQ to MoteNIC One of the output pins of the serial port is
attachedo aninterrupt-generatingnput on the MoteNIC. Peri-
odically, theiPAQ raisesits outputhigh andrecordsthetime ac-
cordingto its CPUclock. TheMoteNIC timestampsheresulting
interruptsaccordingto its internal clock, andreportsthe times-
tampsbackto the iPAQ via the seriallink. Oncethe MoteNIC
devicedriverrecevesthisinterrupttime backfrom theMoteNIC,
it injectsthe pair of time valuesinto the time daemon.Eachof
thesepoints represents single mappingof the iPAQ's system
clocktimescalao the MoteNIC's systemclock timescale.
iPAQto codecsampleclodk. Cheapconsumeigradeaudiocodecs
suchasthe variety typically soundin a low-endPC or handheld
device tendto have nondeterminstidateny boundswhenthey
areasledto startrecordingor playback.lt is importantto mini-
mize theseeffects—delaybetweerthe time we askthe codecto
startsamplingandthe time it actually startscontribute directly
to errorsin the time-of- ight measurementWe have found that
this problemcanbe avoidedby runningthe codeccontinuously
timestampingeachblock of audiodataasit arrives. Our system
includesan “audio sener” that continuouslyrecords,buffering
themostrecentl0 second®f inputandmakingit availableto the
acousticrangingprocess.With the help of a modi cation to the
Linux kernel's codecdevice driver, the audiosener alsotimes-
tampseachDMA transferfrom the codecs chipsetasit arrives.
It theninjectssynchronizatiorpairsinto the time daemongach
consistingof anaudiosamplenumberandcorrespondingystem
clocktime whenthe DMA transfercompleted.

As thesetime pairsarefed to the time synchronizatiordaemonit
computescorversion parameterghat allow the iPAQ CPU clock to
be relatedto the MoteNIC and codecclocks. The daemonusesthe
samédinearleast-squareregressiorandoutlier rejectionasit doesfor
RBS. This malkesit very robust againstoutliersdueto (for example)
anoccasionalate DMA transferor lateinterrupton the mote.

Theseintra-nodeparameterallow usto completethe synchroniza-
tion chain: from acousticmoteto MoteNIC (via RBS); MoteNIC to
attachedPAQ 1 (via pairs synchronization)jPAQ 1 to iPAQ 2 (via
RBS over 802.11),and nally iPAQ 2 to its codecsampleclock (via
pairs synchronization).The exact synchronizatiorpathis computed
automaticallytransparentlyo usersof thetime syncservice.This sig-
ni cantly simpli es thelocalizationservice aswe will describdan the
next section.

V. LOCALIZATION

Thelocalizationsubsystentonsistsof two maincomponentsFirst,
theacoustiacangingcomponenestimateshedistancebetweemodes
in the network. Next, a coordinatesystemis constructedusing the
rangeestimates.The following sectionsdescribeeachof thesecom-
ponentsn moredetail.

A. AcousticRanging

Ouracousticangingsystemdescribedn moredetailin [5], usesa
widebandpseudonoiseequencéo measurehetime of ight of sound
from one point to another In the currentimplementationthe detec-
torisimplementedn software,andrequiresconsiderablenemoryand
CPUtime (far beyond the capabilitiesof a Mote). However, the high
procesggain of the detectorenabledong ranges,accuratephasede-
termination,andexcellentnoiseand multipathimmunity. The useof
widebandcodedsignalshastwo positive effects. The rst adwantage
is thatthe frequeny diversity of thewidebandrangingsignalenables
it to work well in a variety of environments.Becauseve useaudible
sound,the wavelengthsof soundmaking up the signal spansfrom a
meterto a centimeterincreasingheresilienceof the signalto scatter
ing. Thesecondadwantageis thatdifferentemitterscanselectorthog-
onal codesthatcanbe detectedeven whenthey collide. This enables
adrasticreductionin the systemcompleity, asit reducegheneedfor
tight coordinationandsychronization.

Becauseof the limited capabilitiesof the Mote as an emitter we
emita position-modulategbulsetrain by togglinga digital outputpin.
Passedhroughthe Iter of aspealkr, eachpulseresultsin a decaying
oscillation. The psedonois&odeis representedby variationsin the
inter-pulsespacing,with an overall ratethatis low enoughto allow
mostof the oscillationsto decayduring eachgap. The advantageof
this schemas that, evenwithout exercisingcontrol over thedynamics
of the speakr, precisetiming on the Mote canreproducethe pulse
timing with high precision yielding ahigh degreeof phaseaccurag.

Thebottompanelof Figure2 shavs how therangingsystemworks.
Timebasecorversion metrics betweenthe senderand recever are
maintainedy thesynchronizatiorservicewe describedn SectionlV.
To computethe rangebetweentwo devices,onedevice sendsa mes-
sageto the other ad\ertisingthat it is planningto emit an acoustic
signalwith agivencodeat a particulartime, referencedn termsof its
local timebase.Using the corversionmetrics,the recever canknowv
approximatelywhento startlistening. TheaudioDSP's arethensam-
pled,andtheresultingtime seriess comparedvith alocally generated
referencesignalusingasliding correlator

In asliding correlator the correlationof two signalsis computecht
differentrelative phaseoffsets. Figure6 shavs a graphof correlation
asafunctionof “lag”. By analysingthis correlationfunction, we can
estimatethe mostprobabletime of arrival of the rangingsignal. The
maximumvalueof thecorrelationfunctionindicateshetime of arrival
of the strongesttomponenf the signal. Figure5 shavs a portion
of the obsened signal,alignedwith the referencesignalat the “best”
offset.

Echoesand otherervironmentaldistortionsresultin mary succes-
sive peaks,amongwhich the earliestpeak representshe most di-
rectpath. The directionalnatureof speakrsandmicrophonesneans
thatthe maximumvalue of the correlationfunction oftenrepresents
strongre ection; for example,if the speakr is pointedat the ceiling.
To resohe this problem,we usean adaptve noisethresholdfunction
basednalow-passlter of the correlationfunction. We usethis low-
passlter to selectthe earliest‘cluster” of peaks,by nding the rst
regionin whichthelow-passlter crosses x edthresholdf 1.5times
the RMS averageof the correlationfunction. Within thatregion, we
selectthe rst peakafterthelow-passiter crosseshe RMS average.
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This algorithmtendsto locatethe rst peaksfrom theregionin which
thepower level abruptlyincreases.
Usingthetimebaseconversionmetricsandthe offsetof the earliest
peakin the correlationfunction, the time of ight canbe calculated.
Given a modelfor the speedof soundin air, the time of ight can
be corvertedto a distance.Sincethe speedof soundvariesbasedon
temperatureand humidity, a value from a temperaturesensomay be
integratedinto the modelto geta moreaccuratalistanceesstimate.
Oncedistanceestimatesrecollected,multiple trials arecombined
statisticallyinto ameanandvariancewith outlier rejection.However,
aswe will seebelow, in generaloutlierscannotbe completely ltered
atthis layer: long rangesesultingfrom detectionof re ectionsin ob-
structedconditionstypically exhibit alow variance.

B. Coodinatesystentonstruction

The middle layerin Figure?2 representshe con guration phaseof
the system. Although we refer to a “con guration phase”,we plan
to applythe soft-statedesignphilosophyof treatingexceptionalcases
throughthe samecodepathsastypical casesIn suchanimplementa-
tion, thereis no distinct statein which con gurationis occurring,but
ratherthereis a periodof timewherealargernumberf nodesarejoin-
ing the system.However, in the currentversioncon gurationis done

onceatthetime of systemstartup.Futureprotocolenhancementsill
supportonlinerecon gurationasthe nodepopulationchanges.

To construct coordinatesystemwe combinerangedatafrom nodes
in a givenregion of spaceinto a single consistentoordinatesystem.
Rangedatabetweemodesin theregionis collectedat a singleaggre-
gationpoint, andaninitial coordinatesystemis accretedaroundthat
point. This accretionprocesss performediteratively usinga “mass
and spring” model. The processstartswith a fully connectednon-
coplanarsetof four points,selectedo benear(possiblyincluding)the
aggr@ationpoint. Thesefour pointsform the kernelof the new co-
ordinatesystem.Note thatthereis a mirror-imageambiguityin con-
structingthis system,that cannotbe resolhed without somekind of
3-D physicalgeometry suchasa device with threemicrophoneghat
is solid anddoesnot transmitacousticeneny.

Using the mass-springystem,an initial con guration of nodesis
determined. This initial con guration is iteratively improved using
non-linearegressiorto reachasolutionthatminimizesGaussiammea-
suremenerror.

Unfortunately measuremergrroris not the only type of errorthat
appearsn rangedata.Several othertypesof errorarepresent:

Quantizatiorerrorontheorderof asample.

Excesspathlength causedby clutter, diffraction aroundobjects
in theervironment,andtravelling alongsurfaces.

Error causedby the accuratadetectionof re ectionsin the case
thatline-of-sightis obstructed.

Becausehe conditionsthatcausesxcesspathlengthtendto be cor
relatedto the ervironment,theseerrorsaregenerallyvery dif cult to
remove. Both the spring systemand studentizedresiduals(as sug-
gestedin [12]) can be usedto detectand eliminatethem, although
both of thesetechniquescanfail in the presenceof multiple ranges
exhibiting correlatecerror.

Figure7 shavstheresultof the con guration stepwith tenrecever
devices,comparedagainsigroundtruth. In the gure, the'+' symbols
are groundtruth, andthe 'x' symbolsare the recevers. The RMS
positionerror (averageper node)in this setof nodesis 11.5cm. The
tenreceversarepositionedaroundour lab; noneof their positionsare
known a priori. After placingtherecevers,we took measurement®s
establisi‘'groundtruth”. Then,eachof thetenreceversperformeden
acoustiaangingtrials, outlierswereremoved,andtheaveragevalueof
thetrials wascomputed Thusthetenreceversform afully connected
rangegraph.In additionto therecevers,several “obsenation points”
arealsofactorednto theminimization. To generatéheseobsenrations
we placeda Mote in variousspotsin our lab, andtook severaltrials.

In orderto relatethe coordinatesystemto our groundtruth, we se-
lectedan additionalfour “obsenation points” andde ned their coor
dinatesin termsof our groundtruth measurements.

C. Providinga LocationService

Thethird layerof our systenis theinterfacethatsmalldevicessuch
asmotesuseto querythe systemfor their location. Unlike thosein
the con guration step,the algorithmsusedin this layer areintended
to provide fasterresponseswith an endto supportingthe real-time
requirement®f mobile nodes.

Thesealgorithmsconsiderthe locationsof the infrastructurenodes
to be x ed. The algorithm selectsthe recevers mostrelevant to po-
sitioningthe new nodeandperformsa local optimizationto estimate
coordinategor thetamet.

To testour prototypeimplementationye performedanexperiment
to usethe infrastructurewe just con gured. After forming theinitial
coordinatesystem,we thenplaceda motein several otherlocations
andusedthe network of receizersto measurdts location. The results



Fig. 7.

Positionsof recevers after the con guration step. In this diagram
only thereceversandfour additionalpointsareconsidered.
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Fig.9. CDFof positionerrorfor the obserationsin our computectoordinate
system.With 80% probability the positionerroris lessthan10cm.

of thesemeasuremen@reshavn in Figure8. The RMS positionerror
in this setof nodesis 9.2cm.

In orderto evaluatethe performancef our localizationsystemwe
comparedheresultsproducedy our systento our groundtruth mea-
surementskFor eachpositionthatour systemestimatedwe computed
the distancebetweenthe computedvalue and groundtruth. A his-
togramof thesevaluesis shavn in Figure9. This histrogramplots po-
sition erroron the X axis,andshaws the percentag®ef measurements
exhibiting lessthanthatamountof erroronthe Y axis.

V1. CONCLUSIONS

As thesizeandcostsensorandactuatordasfallen, it hasbecome
feasibleto build distributed sensomodescapableof beingembedded
in theervironmentathighdensity In this paperwe presentipractical
systemcapableof exploiting thatdensity achieving 10 sectime syn-
chronizationand 10cmspatiallocalizationon a low-cost, low-power,
ad-hoadeplo/ablesensonetwork. Thisis possibleon COTS hardware

by makingusingof novel techniquesincluding Reference-Broadcast

Synchronizatiorandwidebandacousticranging. We look forward to
continuingto developthe platform's capabilitiesn supportof avariety
of applicationgor high-resolutiordistributeddatafusion.

Fig. 8. Positionsof receversandotherobsereddevices.In bothdiagrams,
‘X' indicatescomputedpositionsand'+' indicatesgroundtruth. Thelines
representubiclewalls andatablein theroom.
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