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ABSTRACT

This papemresentanalternatie approactto acousticsource
localization which modifies the traditional two-steplocalization
procedureo not requireexplicit time-delayestimatesinsteadthe
cross-correlatiofunctionsderived from variousmicrophonepairs
are simultaneouslymaximizedover a setof potentialdelaycom-
binationsconsistenwith candidatesourcelocations. The result
is a procedurahatcombineghe advantageofferedby the PHAT
weighting(or ary reasonableross-correlatiotype function) and
amorerobustlocalizationprocedurevithoutdramaticallyincreas-
ing computationaload. Simulationsareperformedacrossarange
of reverberationconditionsto illustratethe utility of the proposed
methodrelative to cornventional GCC filtering approachesind a
moremoderneigevalue-basedechnique.

1. INTRODUCTION

An essentiatequirementf microphonearraysystemss the abil-
ity to locateandtrackoneor morespeechsourcesFor speecten-
hancemenapplications accurateknowvledgeof the desiredtalker
andinterferencdocationsis necessaryo effectively steerthe ar
ray, enhancinga given sourcewhile simultaneouslyattenuating
thosedeemedindesirable Locationdatamay be usedasa guide
for discriminatingindividual speakrsin a multi-sourcescenario.
With this information available, it would thenbe possibleto au-
tomaticallyfocusuponandfollow a given sourceon an extended
basis.Of particularinterestiately, is the applicationof thespealer
location estimatedor aiming a cameraor seriesof camerasn a
video-conferencingystem.

While beamforminghasbeenusedextensiely in speech-array
applicationsfor voice captureit hasrarely beenappliedto the
talkerlocalizationproblem.Thetaskof computingthesteeredut-
put power for anappropriatelydensesetof candidatdocationsis
computationallypurdensomendhighly dependentiponthespec-
tral contentof the sourcesignal. Primarily becauseof compu-
tational practicality and reasonableerformanceunderamicable
conditions,the bulk of passie talker localizationsystemsn use
todayutilize atwo-stepprocedure Time delayestimategTDE's)
of the speectsignalrelative to pairsof spatiallyseparatednicro-
phonesareobtainedandthenappliedto generate sourceocation
estimate A numberof variationsonthis principlehave beendevel-
oped. They differ considerablyin their methodof derivation, the
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extent of their applicability (2-D vs. 3-D, nearsourcevs. distant
source etc.),andtheir meanf solution. See[1] for details.

Accurateandrobusttime-delayestimationis thekey to theef-
fectivenesf localizerswithin this genre.Thetwo majorsources
of signal degradationwhich complicatethis estimationproblem
are ernvironmentalbackgroundnoise and channelmultipath due
to roomreverberations.The noise-aloneasehasbeenaddressed
at lengthand estimatingthe time delay from the peakof a SNR-
weightedversionof theGeneralizecCross-CorrelatiogGCC)func-
tion [2] hasbeenshavn to be optimal undercertainnoisecondi-
tions. The problembecomesnore challengingonceroom rever-
berationsrise abose minimal levels andthe SNR-weightedGCC
quickly becomesaunreliable[3, 4]. A basicapproachto dealing
with multipathchanneMistortionsin this context hasbeento make
the GCC function more robust by deemphasizinghe frequeny-
dependentveightings. The PhaseTransform(PHAT) [2] is one
extremeof this procedurewhich hasreceved considerabletten-
tion asthebasisof speeclsourcdocalizationsystemgs, 6, 7]. By
weighting eachcomponentof the cross-spectrunphaseequally
thePHAT deemphasizesignalcontentin favor of thedesiredoom
responsen the resultingGCC function. The PHAT GCC-based
time-delayestimatorhasbeenshavn to be fairly precisein low
to moderatereverberationconditions. However, with increasing
reverberationlevelsit is subjectto anomalousehaior in which
a multipathreflectionis confusedwith the direct pathdelay Al-
thoughthe resultingcross-correlatioriunctionsoften do have lo-
calmaximaatthetruetime delay they arenotglobalmaxima,and
therefordeadto erroneou§ DE's. Thisleadsto oneor moreof the
time delayestimatedor a microphonearrayto be inaccurateand
detrimentallyaffectsthe secondstepin thelocalizationprocedure.

Motivatedby the precedingobsenationthis paperexploresan
alternatve approacho acousticsourcdocalizationwhichmodifies
the two-steplocalization procedureto not require explicit time-
delay estimates.Instead,the entire GCC functionsderived from
variousmicrophonepairsaresimultaneouslynaximizedovera set
of potentialdelay combinationsconsistenwith candidatesource
locations. Theresultis a procedurehat combineghe advantages
offeredby thePHAT weighting(or ary reasonableross-correlation
type function) and a more robust localization procedurewithout
dramaticallyincreasingcomputationalload. Theseresultsmay
be viewed as a special (and computationallypractical) caseof
the SRP-PHA algorithmdescribedn [8]. Anotherlessgeneral
techniquewaspresentedh [9] which assumeshatall microphone
pairs are centeredaroundthe samelocation. This theoretically
leadsto a peakin the sumof the individual cross-paer spectraat
thecorrecttime delay
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The following sectionoverviews the traditional methodfor
TDE-basedocalization. Section3 detailsthe proposedocaliza-
tion methodwhile Section4 presentghe resultsof simulations
validatingits utility. Thepaperconcludesvith somediscussion.

2. TRADITIONAL TDE-BASED LOCALIZATION

Thesignalsrecevedattwo microphonesg: (t) andz»(t), maybe
modeledas:

z1(t) =
z2(t) =

hi(t) * s(t) + ni(t)
ha(t) * s(t — T12) + n2(t)

0<t<T

whereri2 is therelative signaldelay of interest,hi (t) andh2(t)
representhe impulseresponsesf the reverberantchannelss(t)
is the speectsignal,ni(t) andnz(t) correspondo additive noise
uncorrelatedvith s(t), and* denotedinearconvolution.

TheGeneralizeross-CorrelatiofGCC)functionfor agiven
time-lag, R12(7), is calculatedas the inverseFourier transform
of the receied signalcross-spectrumX; (w) X3 (w), scaledoy a
weightingfunction, W (w):

Riz(r) = / W (w) X1 (w) X5 (w)e’ dw. (1)

The delay estimate,712, correspondgo the lag value which
maximizesR:2(7). Thestandardtross-correlatiofunctionis ob-
tainedwhentheweightingfunctionis uniform,i.e. Wx¢(w) = 1.

The resulting correlationfunction will be called R*¢ (7). The
Phaselransformemplo/s theweightingfunction:

Wegar(w) = | X1(w)X3(w)| ™" (2)

to eliminatetheinfluenceof thespectramagnitudesindproducea

GCCfunctiondependengntirelyonthephaseof thecross-spectrum.

Theresultingcorrelationfunctionwill becalledR”#47 (7). Typ-
ically, a parabolicfit is performedaboutthe peakin RXC(T) or
RPHAT (1) to achiere sub-sampleesolution.

Givena setof M TDE's derived from the signalsreceved at
multiple pairsof microphonesthe problemremainsashow to best
estimatethe true sourcelocation,qs. Ideally, the estimatewill be
an elementof the intersectionof all the potentialsourceloci. In
practice however, for morethantwo pairsof sensorshisintersec-
tion is, in generalthe emptyset. With noidealsolutionavailable,
the sourcelocationmustbe estimatedasthe pointin spacewhich
bestfitsthesensofTDE dataor morespecifically minimizesaner-
ror criterionthatis afunctionof the givendataanda hypothesized
sourcdocation.If the TDE'sateachmicrophonepairareassumed
to beindependentlyorruptedby zero-mearadditive white Gaus-
siannoiseof equalvariancethenthe ML locationestimatecanbe
shawvn to be the positionwhich minimizesthe leastsquareerror
criterion[1]:

M

Ers(a) =) _(fi — T({pi1, Piz}, @)’ ©)

i=1

where#; is the TDE associatedavith thet* pair of microphones
with spatialcoordinateslenotecy the 3-elementvectors pi; and
piz, andT'({pi1, pi2 }, q) is the true TDE for a signalat source
locationq relative to thei*® microphonepair.
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The sourcelocation derived in this way will be referredas
dr.s. Notethatthis proceduranvolvesthe optimizationof a non-
linear function andnecessitatethe useof searchmethods.From
arobustnesaindcomplity standpointhis searchs significantly
simplerthanthat requiredby beamsteeringpproaches.Despite
this, a numberof closedform approximationgo this methodexist
in theliterature;[10, 11, 12] aretypical.

3. LOCALIZATION USING REALIZABLE DELAY
VECTORS

Figurel illustratesthe shortcoming®f thetraditional TDE-based
localizationscheme.It shavs a setof bearinglines derived from
the TDE's obtainedwhenusingthe PHAT GCCindependentlyor
anarrayof 8 microphonesvhichareindicatedoyanx. TheTDE's
wereestimatedor eachpair of neighboringmicrophonesFor this
example, the reverberationtime was 400msand therewas addi-
tive white noisewith a SNR of 15dB. The source indicatedby a
squarewaslocatedat (z,y) = (1.85, 2.75). Asis apparentn the
plot, two bearinglinesappeato befocusingon first orderwall re-
flectionsratherthanthe desiredsource Withoutjudiciouspruning
of thesetwo delayestimatesn theleastsquare®rrorcriterion, the
resultingtraditionalsourceocationestimatefy s, will besignifi-
cantlybiasedaway from its truelocation.

Figure2 shavsthe PHAT GCCfunctionfor therightmostpair
of microphonesn Figurel. Thetrue delayis -3.01sampleshut
the peakin the PHAT GCCoccursat-11.2samplesThis leadsto
a bearingline estimatethatis well to the left of the true bearing
line. A local maximumdoesoccurin the PHAT GCCat thetrue
time delay but it is not the global maximumandis thereforenot
choserasthe TDE.

As the above plot suggestsreducingthe informationin the
cross-correlatiorfunction down to a single parameterthe TDE,
prior to estimatingthe sourcelocationis problematic.Ratherthan
selectvely culling or weightingTDE’sin aerrorcriterion,we have
foundthatit is adwantageouso work directly with the GCCfunc-
tionsthemselesto generatea delayvector 7con, Which s realiz-
ablein the sensehatit is consistentwith a physicalsourceloca-
tion.

Thetime delayvectoris estimatedrom:

M
Teon = MaX Z ¢i(7-i)a (4)
i=1

TE€Tecon “—

where M is the numberof microphonepairs, ¢; is the cross-
correlationfunctionfor the i** pair, 7 is an M-elementvectorbe-
longingto the setof delayvectorsconsistentvith potentialsource
locations,T:.r, anda is anexponentialweightingterm (typically
a = 1,2). Computedn this way, the correspondingourceloca-
tion estimates simply the spatiallocationconsistentith 7oy, .

With this structure,ary cross-correlatiodike function may
be substitutedfor ¢(7). For example,the resultsto follow will
considerthe use of standardcross-correlatiorand PHAT GCC
methods,¢(r) = RXC(r) and¢(r) = RFHAT(7), respec-
tively, aswell asan appropriatéunction derived from eigervalue
decomposition-basetime delay estimationalgorithm presented
by Benestyin [13]. Also notethatsincediscrete-timdunctionsare
involved, it is necessaryo interpolateg(r) to obtainintra-sample
resolution.
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Figurel: BearingangleestimateslerivedfromindependenPHAT
GCC-basedime delayestimatesThetruesourcdocationis indi-
catedby (0 andthe 8 microphonesreindicatedby x.

4. RESULTS

To evaluatethe utility of the proposedocalizationschemesimu-
lationswereperformedin a4m x 4m x 3mroomusingusing10
randomlygeneratedourcdocationsandreverberatiotimesrang-
ing from 0 to 1000ms.8 microphonesarrangedastwo 4-element
lineararrays(i.e. a4 x 2 grid) with .2m spacingin both dimen-
sionswerepositionedon onewall of theenclosureln all the sim-
ulationsto follow, cross-correlatiofunctionswerecomputednly
for neighboringmicrophonegi.e., thoseseparatedby .2m), yield-
ing avalueof M = 10. Impulseresponsesveregeneratedising
theimagemodelof [14]. White noiseresultingin anSNRof 15dB
wasaddedto eachmicrophonesignalto make the testmorechal-
lengingandrealistic.

Figure3 offerssomequalitatve comparisonsTheleast-squares

error (LS) andconsisteng criterion (CON), equationg3) and(4)

respectiely, for a sourcein the farfield of the arrayanda rever-

berationlevel of 400msare plotted for threedifferentfunctions:
standardtross-correlationéXC), Benestys algorithm(BEN), and
the PHAT GCC (PHAT). The consisteng plots in the righthand
columnall shav a superiorability to discriminatethe sourcelo-

calizationrelative to their LS counterpart$n thelefthandcolumn.
The PHAT-CON caseexhibits the bestperformance Figure4 re-
peatghis experimentwith 2 simultaneousalkers.As expectedhe
LS criterionis unableto dealwith themulti-talker scenaricandthe
extremain the correspondinglots tendsto be somevherein the
middleof thetwo desiredocations.TheXC-CONandBEN-CON
represenbnly mild improvementswhile the PHAT consistenes-
timation methodclearly exhibits two distinct direction of arrival

locations.

Figure 5 presentsan analysisof the 6 localizationcombina-
tions evaluatedfor the 10 randomsourcelocationsandthe range
of reverberationlevels. In orderto comparethesetechniquesa
location estimatewas consideredcorrectif the resultingbearing
anglerelative to the array centerwaslessthan5°. Note thatthe
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Plot of PHAT GCC for Erroneous TDE (true delay = -3.01)
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Figure2: Plotof thePHAT GCCfor therightmostmicrophonepair
in Figure 1. Thetrue delayis -3.01 sampleswhile the estimated
delayis -11.2samples.

consistentversionsof eachalgorithm always performedat least
aswell astheir LS counterparts.Also notethatthe XC function
doesnotgainmuchfrom enforcingconsisteng. Thissuggestshat
whenerranttime delaysareobsered, the correlationpeakscorre-
spondingto the true delay werevery small. However, the PHAT
and Benestytechniquesshav a dramaticimprovementwhenen-
forcing consisteny, with the Benestyalgorithmpeformingbetter
for lower reverberationtimes(0-200ms)andthe PHAT algorithm
performingbetterfor higherreverberatiortimes(300-1000ms).

5. CONCLUSIONS

As thesesimulationssuggestthe traditionaltwo-steplocalization
procedurelearlysuffersfrom its intermediateiseof explicit TDE’s.
The consisteng-basedlocalization schememore effectively ex-
ploits the information available in the cross-correlatioriunction
by incorporatingknowledgeof the physicalconstraintglictatedoby
the source-microphongeometry

Theproposednethodmaybeemplo/edwith ary cross-correlation

like function. Here,the PHAT GCC andBenestyfunctionswere
focuseduponbecausef their provenutility for the TDE problem.
The advantagesof the PHAT weighting, namelyits deemphasis
of signalcontentandrobustnesgo reverberation are also appar
ent(andenhancedin this application. The function derived from
the Benestyalgorithm, while not aseffective at moderateto high
reverberatiorievels, doesoffer advantageunderthe low reverber
ationconditionswheretheadditive noiseis thedominantsourceof
degradation.

From a computationalstandpoint,the proposedocalization
schemerepresentsa middle ground betweenthe hyperefficient
closed-formlocalizersand the burdensomebeamsteeringneth-
ods. As the plots in Figures3 and 4, the searchspaceis very
amenabldo iterative approachesndthe consisteng criterionin
(4) is straightforvardto calculate.
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Figure3: Qualitative plots of the LS andconsisteng criteriatypi-
calof afarfieldsourcefor thethreecross-correlatiofik e functions
considered.The sourcelocationis indicatedby [0 andthe 8 mi-
crophonegtwo rows of 4) by x.
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% of Frames within 5 Degrees vs. Reverberation Time (8 microphones)

10 % T T T
——  XC-LS
90 —e—  XC-CON |A
—%—  BEN-LS
—+—  BEN-CON
80 —+—  PHAT-LS b
—8—  PHAT-CON
70- 1
%]
3
5 60r 1
Q
[a}
w 50F 8
c
£
S 401 8
S
301 -
201 3
101 -
0 | | | |
0 200 400 600 800 1000

Reverberation Time (msec)

Figure 5. Analysis of the LS (XC-LS, BEN-LS, PHAT-LS)
and consisteng-based(XC-CONBEN-CON, PHAT-CON) loca-
torsfor variousreverberationevelsand15dB SNR additive white
noise
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