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AbstracEIThispaperaddressestheproblemofdirection-of-ar-
rival(DOA)estimationbottlinazimuthalandelevationangle
frombinauralsoundthatisprocessedwithahead-relatedtransfer
function(HRTF).Previously,weproposedaweightedWiener
gain(WWG)methodfortwo-dimensionalDOAcstimationwith
two-direetionalmicropl10neS.However,forsignalsprocessedwith
HRTFs,peaksinthespatialspectraofWWGindicatingtrue
sourcescanminglewithspurious,-peaks.Toresolvethissituation,
weproposetoapplyincrementalsourceattenuation(ISA)incom-
binationwithWWG.Infact,ISAreducesspectralcomponents
originatingfromspeci丘edsouildsourcesandtherebyimproves
thelocalizationaccuracyofthenexttargetedsourceinthepro･
posedincrementalestimationprocedure･Weconductcomputer
simulationsusillgdirectionalmicrophones̀andfourHRTFsets
correspondingtoEhrindividuals.Theproposedmethodiscom-
paredtotwoDohestimationmethodsthatareequivalenttotwo
generalizedcrossICOrrelatiomfunctionsandtwohigh-resolution
methodsofmultiplesignalc]assi点iation(MUSIC)andmimimum
variancemethod.Forcomparisonpurposes,weintroducebinary
coherencedetection(BCD)tohigh-resollltionmethodsforem-
pllaSiZingvalidspectralcomponentsforlocalizationinmllltiple
sourceconditions.Evaluationresdtsdemonstratethat,althot昭h
MUSICwithBCDyieldcomparabI,eperformancetothatofWWG
inconditionswheresinglespeechsourceexists,WWGwithISA
surpassestheothermethodsinconditionsincludingtwoorthree
speechsources.

tndexTerms-Binaura),coherencedetection,directionl0f-ar-
riva](DOA)estimation,elevation,head-relatedtransferfunction
(HRTF),incrementalsollrCeattenuation,minimum variance
(MV),multiplesignalclassi丘cation(MUSIC),Wienergain.

I.INTRODUCTION

DIRECTION-OF-ARRIVAL(DOA)estimationofconcur-rentmultiplesoundsourceswithtwo-channe]inputsig-

nalsisachallenglngtask.Al血oughmanymethodshavebeen

proposed,suchasbinaura】modelsandatwo-channelversion

ofarraysignalprocessing(e.g.,[1]-[3]),thetwoIChanneltech-
nlqueremainsattractive.
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Regardingbinauralmodels,severalme血odsareusefulin

multiplesourceenvironments(e.g･,〔4H8]).Amongthose,the

localizationpossibilityofuptofiveorsixspeechsourceswas
reportedinl6]andl7].Liuetal.[6]usedacoincidencemodel
byJeffressforlocalization,buttheadditional"stencilfilter"

reducedthephaseambiguitiesinhigh-frequencycomponentsto

improveestimationaccuracy･Falleretall[7]proposedbinary
selectionofspectralcomponentsforextractingbinauralcues
ofinterauraltimedifference(ITD)andinterauralleveldiffer-

ence(mD)basedoninterauralcoherence(IC).Ontheo也er
hand,Braaschintroducedsubtractionon血ecross-correlation

functionl8]toaccountforhumans'abilitytolocalizetwo

concu汀entbroadbandnoises.Thisidearesemblesspectralsub-

tractionon血ecross-spectrum【9],whichhasbeendeveloped

forspeechenhancement.Thesemethodsareevaluatedmostlyin

azimu山一onlyestimation;simultaneousestimationofelevation

andazimuthhasbeendescribedonlyrarely.Two-dimensional

(azimuth-elevation)estimationseemstobechallengingand

interestlnginbinaurallocalization.

RegardingenglneennganySignalprocessing,high-resolu-

tionmethodssuchasmultiplesignalclassification(MUSIC)

[10]andminimumvariance(MV)methodlll]arepopularfor
useinDOAestimation.Forthosemethods,thenumberofde-

tectablesourcesisusually'onefortwo-channelsystems.Never-

血eless,thelimitationiseasedwhensourcesradiatespeechbe-

causeofthesparsenessofthetime-frequency(TF)structureof

thespeechspectrum.Mohanetal.[12]proposedbinarycoher-
encedetectiontousethesparsenessof仇eTFstructureactively

forselectingspectralcomponentsdominatedbyaslnglesource.

Mohan'ScoherencedetectionisequivalenttoFaller'sbinary
selection.Mohanetal.alsodescribedanaltemativemethod

using血eratioof血eeigenvaluesforcoherencedetection.Prior

measuredheadrelatedtransferfunctions(HRTFs)areusefulas

steenngvectorsthatarenecessarytoyieldaspatialspectrum

overthesearchareaofinteresttoapplythesemethodstotwo-

chanpelobservations丘1teredusingHRTFs.Althoughtwo-di-

mensionalestimationisconsideredpossibleuslngtheHRTF-

basedsteenngvector,pe血manceevaluationsofsuchcasesare

inadequate.

Incontrasttothebinaryselectionofvalidspectralcom-

ponentsdescribedabove,weuseamethodofemphasizing

suchacomponentuslngWeightingfunctions.For仙isap-

proach,wehaveproposedintroductionoftwo-channelspectral

subtraction.(2chSS)[13],followedbynoisewhitening,into

speechenhancementandDbAestimationl14];[15].Infact,

2chSSis血etwo-channelversionofspectralsubtraction[16],

butitisapplicabletononstationarynoiseenvironments.Two
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spectralweightingfunctionsco汀eSpOndingto2chSSandnoise
whitenlngareCOmbinedwithacross-spectrumtoyieldanaccu-

rateestimatoroftheWienergainforthedesiredsignalamvlng

fromthelookdirection･Wedesignatethisestimatorasthe

weightedWienergain(WWG).Wereportedtwo-dimensional

localizationexploitingtwo-directionalmicrophonesin[151･

However,Ourexperiencehasshownthatourmethod,simi-
larlytohigh-resolutionmethods,deteriorateswhenthesystems

areappliedtoHRTF-alteredsignalsinmultiple-Sourceenvi-
ronments,mainlybecausethemDoftheHRTFissmall̀inthe

frontalverticalplaneandinitsnearbydirections.ThesmallILD

provideslowangularresolutioninelevationaroundthesedirec-

tions･Furthermore,WWG-basedmethodssufferfromspurious

peaksarisingfromthecomplexdirectional-frequencystructure
ofHRTFs･Weproposeincrementalsourceattenuation(ISA)

forapplicationtoWWGinthispapertoaddresstheseprob-
1ems･TheISAattenuatesspectralcomponentsorlglnatingfrom

sourceslocatedinspeci丘eddirections.Theattenuationisaト
ーainedusinganewlyintroducedweightingfunction.Duringthe

estimationprocess,the丘rst-sourcedirectionisestimatedusing
山eonglnalWWGwi山outISA.Next,山esecondsource'sdi-

rectionisestimatedusingWWGfromspectrawithwhichthe
firstsourcecontributionisreducedbyISA,Theonlymaximum

peakonthespatialspectrumisregardedasthesourcepeak

ineachestimationstep.Thirdsourceestimationisfacilitated
byspectrathathavea.reducedcontributionofthefirstandthe

secondsources.Similarly,也efbur也andgreatersources're-
spectiveDOAsareestimatedusingWWGwi山ISA.

Forevaluatlngthelocalizationperformance,wecomparethe

proposedme山OdtotheequlValentsoftwogeneralizedcross
co汀elatiomfunctions(GCCs)andtwohigh-resolutionmethods

ofMUSICandMV.Takingintoaccountthefactthatthespec-

tralcomponentscontributedbymultiplesourcesdonotpro-
videpropersourcedirectionsin山esehigh-resolutionmethods

wimtwo-channelinput,weintroduceMohan'sbinaryselec-

tionofspectralcomponents･Theratiooftheeigenvaluesof

theinputcc･rrelationmatrixisusedforthispurpose.Wecarry
outtheevaluationwithameasuredHRTFtosimulatecasesin

whichHRTF-filteredobservationsareassumed.Suchamea-

suredHRTFisapplicableto,forexample,DOAestimationin

arobotsystem,wheretheincidentsignalsarealteredbythe
robot'sbody,asreportedin[17].

Theremainderofthispaperisorganizedasfollows･
SectionIIpresentsasummaryofDOAestimationbasedon
WWG.SectionIIIdescribestheproposedmethodbasedon
WWGwithISA･SectionIVpresentsanexplanationoftheexI
perimentalsetupforevaluation.SectionVdescribesevaluation
oftheproposedmethodcomparedtoMUSIC,MV,andtwo
GCCs.Finally,SectionVIsummarizestheconclusionsreached
山roughthisstudy.

II.DOAEsT工MATIONBASEDONⅥWG

WepresentasummaryofDOAestimationbasedonWWG,
consideringHRTF丘1teredsignals.PleaseseelI5]forderivation
oftheonglnalW G.
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WeassumethattwomicrophonesareplacedinanoISyenVト
ronment.TheincidentsoundfromdirectiondBistransformed

byanHRTFandisreceivedatthemicrophones.Wedesig-

natetheL-channeland良-channelHRTFs,respectively,co汀e-

spondingtodirectiondsasHx,k(ds)andHy,A(ds),wherek
isthefrequencybinnumberofthediscreteFouriertransform

(DFT).LettheDFTofthesignalsreceivedatthemicrophones
be

Xo,n,k-Sn,kHx,k(ds)+N,,,n,A
Yo,n,k-Sn,kHy,k(ds)+Ny,n,A, (1)

whereXo,n,kandYo,n,A,respectively,denotetheDFTofthe
observedsignalsatthemicrophonesfortheframenandthe
kthfrequencybin;Sn,kdenotestheDFTofthesourceslgnal,
andNx,n,AandNy.n,A,respectively,denotethoseofthenoises
receivedatrespectivemicrophones.

Whendsisknownandthemicrophoneslgnalsarecompen-

satedsothatthesourceslgnalcomponentineachchannelis

identical,thecompensatedDFTofeachmicrophoneslgnalis
obtainedas

Xn,A(ds)-Sn,k+Nx,n,k/Hx,A(ds)

Yn,A(ds)-Sn,k+Ny,n,k/H y,k(ds)･ (2)

Considerthecaseinwhichtheaverageofthecompensated

signaLsZn,A(ds)-[Xn,k(ds)+YTn,A(ds)]/2ismultipliedusing
ascalargainαn(ds)forapproximatingthesourcesignalcon-
tainedinZn,A(ds)as

Sn,k-Zn,k(ds)αn(ds)･ (3)

Gainαn(ds)isobtainableasaweightedleast-sq禦 essolution
tominimizethefollowingcostfunction,assumlngthatgaln

αn(dS)andweightingfuTICtion申n,k(ds)areconstantwithinthe
periodoftime-averaglng,aS

J(αn(ds))-∑ lZn,A(ds)αn(ds)-Sn,kl2せn,A(ds) (4)
k

where(I)denotestime-averaging.Theweightedversionofthe
Wienergalnisobtainedas

αn(ds)-
∑ k ass,n,kQrn,k(ds)

∑kGzz,n,k(ds)Q'n,k(ds)
(5)

whereass,n,A-lSn,kJ2andGzz,n,A(ds)-lZn,k(ds)l2,re-
SpectiveLy,signifythepowerspectraofthedesiredsignaland

thepnmarysignal.
Ifthebackgroundnoiseisunco汀elatedbetweenchan-

nels,ass,n,k in(5)canbereplacedbythecrossspectrum

Gxy･n,k(ds)-X;,k(ds)Yn,A(ds),inwhich(*)signifiesop.e.ra-
tionofthecomplexconjugate.Thereby,weintroduceaposltlVe
constantβtocontro】thee飴ctof山eweightingfunctionand
rewrite(5)as

αn(ds)-
∑kRe[Gxy,n,k(ds)]轄 k(ds)

∑ kGzz,n,k(ds)鴨 k(ds)
(6)
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Parametersβweredeteminedempirically･Weassumethat

申n,k(ds)hasarealvalue･Theimaginary､partofG叩,n,k(ds)
Canbeignoredbecausethesignalsthatcomefromthedirection

dsareassumedtobeidenticalamongchannelsbyspectralcom-
pensation.Weintendedfortheweightingfunction申n,k(ds)to
whitenthenoisecomponentstoreducethemwiththeaveraglng

alongfrequencybink.Tothatend,wechose申n,A(ds)to
approximatetheinverseofthenoisespectrumas

qln,k(ds)-1/Gad,n,k(ds) (7)

Gdd,n,k(ds)-tXn,A(ds)-Yn,A(ds)12 (8)

becauseitisdifBculttoestimatethenoisespectrumdirectly
fromobservations.

B,2chSS-BasedWeightingFunction

lnadditiontoaveraglngWimwhitening,weintroduceda
2chSS-basedweightingfunctionforreducingcorrelatednoise

componentsinGxyp,k(ds).Infact,2tムssisamodification
oftheGrifnthsJim generalizedsidelobecanceller(GSC)
[18].Wh ereasGSCestimatesatransferfunctionbetweenthe

referenceandthepnmaryslgnal,2chSSestimatestheimag-
1narytransferfunctionbetweenthepowerspectraofthetwo

slgnals.Thisimaglnarytransferfunctionisasetofreal-Valued
coefBcientscalledcompensatioIICOefBcients.Thereference
slgnalisassumedtocontainonlythenoisecomponentmat

isusuallyobtainedasthedifferencedsignalbetweenthetwo

InputSignals.

Inour別Tangement,thqpnmarypowerspectrumcorresponds

toIGxy,n,A(ds)landthereferencepowerspectrumcorresponds
toGad,n,A(ds)･Toallowthesecorrespondences,wemodiBed
2chSS,as

Gss,n,k-maxl二IGxy,n,A(ds)トTGdd,n.A(ds)/Z/n,k(ds),0]

lGxy,n,k(ds)l◎n,k,7(ds)
On,k,7(ds)-max

7Gdd,n,k(ds)/i/n,k(dS)

lGxy,n,A(ds)l)

(9)

o]･ (10)

Inthoseequations,GSS,n,kisanestimateofthedesiredpower
spectrum,7lSapositiveconstanttocontrolthestrengthof

thesubtraction,Z/n,k(ds)isthecompensationcoefBcient,and
◎n,k,7(ds)istheresultant2chSS-basedweightingfunction.The
valueofthisfunctionisrestrictedtobevariedfrom0to1

usingthe"max"operation.Weusethecompensationcoefncient

un･k(ds)=1forallkanddsinDOAestimationbecauヲewe
cannotexpectpreciseestimationofthisvalueinmultip】esource
conditionsorinthecasewherethenoisedurationisshortfわres-

timation.Fordetailsrelatedtocalculationofthecompensation
coe抗cientforspeechenhancement,seel13]andl14].

TheWWGcorrespondingtodirectiondsisthetotalgainthat

isobtainedbymultiplying(6)by(10)as

pn(ds)-
∑kRelGxy,n,k(dB)]鴨 k(ds)On,k,T(ds)
∑kGzz,n,k轄 k(ds)

(ll)

parametersβand7WeredeterminedeTPirically･Infacl･WWG
istheestimateofbroadbandsignal-to-slgnal+noiseratio.There-

fore,WWGcanberegardedasadegreeofexistenceofthesignal

arrivingfromthelookdirection･Speechenhancementbasedon

autogaincontrol(AGC)usingWWGisperformedusing

Sn,良-Zn,k(ds)pn(ds)･ (12)

WenotethattheinversionofHRTFin(2)canimpartanad-

verseeffectonestimatingWWG･Deepnotchesthataregener-

allyobservableinthehigh-frequencyreglOnOfHRTFsareof
particularconcem･However,Weusealimitedfrequencyrange

forinvestigation,asdescribedlater;thisrangedoesnotcontain
suchdeepnotchesintheHRTFsthatweusedfortheexamina-

tion･Therefore,WedonottakeparticularprocesslngtOavoid
thiseffecthere.

C.Do且EstimationBasedonWWG

Next,considerthecaseinwhichdsisunknownandtheinput
slgnalsarecompensatedasifanimaglnarysourceispresented
inthelookdirecti6nd.Wedesignatethedirectionalpatternob-

tainedbypn(d)bychangingthelookdirectiondastheWWG

spatialspectrum･Actually,p,,(d)takesa..largevaluewhenthe
compensatedsignalsareidenticalbetwednchannels.Therefore,

pn(d)usuallyhasa.peakatd-ds･Consequently･wecanes-
timatesourcedirect10nSuSlngPeakpicking.Thetime-averaged

spatialspectrumbasedonWWGisobtainable-as石:て布 How-
ever,weinsteaduse

SwwG(d)
∑kRelGxy,n,k(d)]鴨 h(a)On,A,7(d)

∑たGzz,n,k鴨 k(d)

toemphasizethetimeframesthathavelargerpower･Weuse
(13)intheevaluation.WenotethataWWGcalculationwith

reducedcomputationispossible[15].

III.ⅥWGWnTIINCREMENTALSoURCEATTENUATION

In血issection,weproposeanewme血odtoimprovethelo-

calizationperformanceofWWGinthepresenceofmultiple

sources･Forsimplicity,inthissection,Wedescribeequations
omlttlngtheframenumbern.
First,weletthedirectionlocatedbythemaximumpeakon

SwwG(d)be

dl-argl-daXST-G'd']･ '14'
Weregardthesourceindicatedbythisdirectionasafirstfound

sourcebecauseof血eobseⅣationthat血emaximumpeakrep-
resentsacorrectsourcedirectionwithhighcertainty,evenina

multiple-sourceenvironment,asshowniIItheexperiments.

Next,wereduce血espectralcomponentsintheinputspectra
thatarecontributedbythefirstsource.Weexpectthatthisreduc-

tionraisesthesecondsource'speak,mingledamongspurious
peaksgeneratedbythefirstsource.Consideringthefactthata
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2chSS-basedweightingfunctiワn◎k,7(dl)approximatelyrep-
resentsthesignal-toISlgnal+noiseratioofsignalamivingfrom

directiondlandthat◎k,7(dl)variesfrom0to1,then

1-◎k･7(dl)-7豊 島 (15,

isconsideredtobesuitableasaweightingfunctionforreducing

thepeakatdlinplaceofnoise.Becausetheaboveconstant7
hasnoeffectwhen(15)isusedasaweightingfunction,weomit

7in(15)andmodifyitas

･k(dl)--inlu ,l]･ (.6,

Weusethe"min"operatortorestrictthefunctiontoworkasan
attenuator.

Next,weproposeanewversionoftheWWGspectmmby

integratlngtheaboveweightingfunctionas

SwwG_ISA(a,dl)
∑kRe[Gxy,A(d)]qtE(d)Ok,7(d)T冨(dl)

∑kGzz,n,k璽(d)Tだ(dl)
(17)

wherepistheconstanttocontroltheattenuation.Weletthedi-

rectionlocatedbythemaximumpe,akonthenewspatialspec-

trumSwwGIISA(d,d1)be

d2-argl-daXSWG-ISA(d,dl)]･ (18,

Weregardthisdirectionasthesecondfわundsource.Wecan

locatethethirdandgreatersourcesbyapplyingthisprocessuntil
wereachtheassumednumberofsources.Thespatia一spectmm

forestimatingNthsource(N≧2)andthedirectionoftheNth
sourceareexpressed,respectively,as

SwwGIISA(a,dl,d2,...,dN_1)

∑kRe【Gxy,A(d)]璽(d)Ok,7(d)Il㌫1T富(di)
∑kGzz,n,k璽(d)口慧1Tg(di)

(19)

dN-ar貰[-a-SW G-ISA(a,dl,････dN-1,]. (20)

IV.ExpERIMENTALSETUP

A MethodsforComparison

Forcomparativeevaluationamongmethods,wedescribetwo
kindsofGCC[19]andtwohighィesolutionmethods:MUSIC

andMV.Weasslgn"GCC-PHAT"toanequlValenttoGCCwith

theamplitudespectrumwhitenedbylGxy,n,A(d)トThetime-
averagedspatialspectrumofGCC-PHATiscalculatedas

SGCC-PEAT(d)-∑ Re[Gxy,n,A(a)]/lGxy,n,A(d)ト (21)
k
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Inaddition,"GCC-ML"isassignedtoanequivalenttoGCC

withtheamplitudespectrumwhitenedbytheweightingfunc-

tionrk(d)Shownbelow,as

rn,k(d)-
CE.k

(1-Cl,k)lG桝 k(d)J
(22)

霊,k-lWxy,n,kt2/(wx叩,kWyy,n,k) (23)

whereCl,k isthesquared coherencefunction between
L-channelandR-channel･TheweightingfunctionIln,A(d)
isintendedtominimizetheunco汀elatednoisepowerbetween

channels[19].Wecalculatethetime-averagedspatialspectrum
ofthismethodasthefbllowlng:

sGCCIML(d)-∑ Re[Gxy,n,k(d)]rn,A(a)･ (24)
k

ForMUSICandMV,weintroduce血ebinaryselectionof

spectralcomponentsbasedoncoherencedetection(CD),asde-
scribedinSectionI.Weaveragethespatialspectrabothonthe

frequencyaxisandovertimeas

SMUSIC-CD(d)-∑rn,klogk
rn,k -1{Uk(d)*Rn,kUk(d)SMV-CD(d)-∑

Rn,k-Wx叩 ,A W x*y,托.k
Wa:y,n,k W yy,n,k

Xo,n,kYS,n,kLYTo,n,kXb,n,A YTo,n,kYS,n,k
Uk(d)-tH3,,n,良,Hy,n,k)
rn,k=i1, if王立上空止>rthes,n,h0,else

)

l
.

′ヽ
,

7

00
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2

つん
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]

whereRn,Adenotesthecovariancematrixoftheinputsignal,
En,k denotestheeigenvectorcorrespondingtothesmaller

eigenvalueoftheeigendecompositionofRn,A,eL,n,k and
es,n,k,respectively,representthelargerandsmallerelgen-
values,andrthisaconstanttodeterminewhetherthespectral

componentiscoherentornot.

ItmightbepossibletoreplacetheobservedspectraWLCa;,n,k,
Wyy,n,k,andWry,n,kthatarecontainedin札 ,たWiththecom-
pensatedversionsofGm ,n,k(d),Gyy,n,k(d),andGxy,n,k(d),
respectively.Theperformanceofthismethodisunknown,but

itisunattractivebecauseitrequlreSeigendecompositionof
thecompensatedcovariancematrixforeverylookdirectiond.
Therefore,wedonotdescribethismethodhere.

AsanaltemativetoCD,emphasisofthecoherentspectral

componentsbasedontheratioofthelargerandsmallerelgen-
values,i.e.,

rn,k=
eL,n,k

es,n,A
(30)
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Fig.1.ArrangementofdirectionalmiCrophonesinrotationalsymmetry･

isworthmentionlng.However,becausethismethodandbinary
selection(29)providedsimilarresultsinpreliminaryexperi-
ments,wedonotdescdbethemethodinthispaper.

B.SimulationConditions

ForanevaluationoftheDOAestimationperformance,we
assumemefollowlngtwoCOnditionsfわrsoundacqulSltlOn,
｡ConditionD)Twodirectionalmicrophonespositionedin
afreesoundfieldreceivedirectsoundfromsources.We
assumenore丘ectionandnodiffraction.

･ConditionH)Twoomni-directiona一microphonesatthe
eardmmacqulreincidentsoundalteredbyhumanHRTFs･
Thehumanheadisassumedtobesetinafreesoundfield.

ConditionDisincludedtoinvestigatetheapplicabilityofthe
proposedmethodnotonlytoanHRTFcasebutalsotoacase
usingpopulardirectionalmicrophones.Effectsofroomrever-
berationandreflectionarenotincoIPOratedinthisstudy.EvaL
nationinsuchadverseconditionsisinterestlng,butitisbeyond
thescopeofthisstudy.
1)ConditionDIInthiscondition,weassumethateach

sourcesoundamivesatthemicrophonesasaplanewave.
Furthemore,twouni-Cardioidmicrophonesareassumedfor
use.Therefore,thetimedelaybetweensourceslgnalsreceived
attheLchanneland良-channelandamplituderesponseofeach
sourcesoundateachmicrophoneareincorporatedtocalculate
themicrophoneslgnals･
Fig.1showsthea汀angementOfthedirectionalmicrophones.
Weset山efrontdirectionsofthemicrophonestohaverotational
symmetryof1800;wesetaninter-microphonedistancet015
cm,theL-channelmicrophonedirection(Oo,po)to(600,600),
and瓜atof血eR-channelto(-600,-600).
2)ConditionH.･Weusefoursetsofindividualhuman

HRTFsforevaluation.WepreviouslymeasuredthoseHRTFs
inananechoicchamber.FortheHRTFmeasurement,we

madefourprecisehead伝gurescorrespondingtotwofemales
andtwomales.Thehead丘guresweregeneratedfromboth
three-dimensionaldataofmeearbonestructureobtainedusing

X-raycomputertomographyanddataoftheheadsurfaceshape
measuredusingalaserscanner.メwemountedabinauralmicro-

phone(4101;B&K)withoutasupportingwireatthepositionof
theeardrumofeachheadfigure.Weradiatedatime-stretched

pulse(TSP)[20]usingaloudspeaker(TD712Z;Eclipse)asa

testslgnaltomeasuretheirHRTFs･Thedistancebetw9enthe
headfigureandthespeakerwas1.5m.Theshoulderreflections

donotexist'inthemeasuredhead-relatedimpulseresponse
(HRIR)becausetheheadfigureshavenobodyundertheneck.
TableIshowsthattheangularrangeofelevationis-600<

p≦90owith50stepandthatoftheazimuthis-1800<0<

1800,withstepsvariedaccordingtotheelevation･Wedenotethe
twomaleHRTFsas(Ml)and(h12),andthetwofemaleonesas

(Fl)and(F2)･Wehavenotcompensatedthespeakerandmト
crophonecharacteristicsbecausetheyare月atinthefrequency
rangeusedforsimulations.Furthemore;Weconsider血attheir

effectonlocalizationaccuracylSnegligible.Inthecomputer
simulationforHRTFcases,山esourcedirectionsf♭rgeneratlng

InputSlgnalsarechosenrandomlyfromamongthemeasureddi-
rectionsdescribedabove･WeusedlinearinterpolationofHRTFs
toaddressunmeasureddirectionsthatwerenecessarytocalcul
latethespatialspectra.

C.MeaswesforEvaluation

1)SowceDetectionRate(SDR)IWeusetheSDRasaneval-

uationmeasuretoexamineperfomancethroughvarioussource
directionsandthroughvariousquantitiesofsources

SDR(Ms,ep)-Ksucc｡ss(MS,eP)/Kt中1(Ms)･ (31)

Inthatequation,MsisthelaSSumed'numberofsources,episthe
permissibleerrorforjuやgingdttectiohsaseithersuccessfulor
failed,K.｡tal(Ms)isthe品mberoftrialsofDOAdetection,and
Ksuccess(Ms,ep)isthenumberofsuccessfultrialsIForSDR
measurements,山espatialspectraare丘rstcalculatedusingeach
DOAmethod;thentheMspeaksinthespatiar畠pectraarede-
tectedassumlngthatMsisknownapriori.Directionsofthe
detectddpeaksarecomparedtotheactualones.Then,thede-

tectionisjudgedaccordingtothatcomparison.Thepermissible
errorde点nesapermissiblemarginoftheangulafdistancebe-
tweenthetruedi'rectionandthedetectedpeakdirection.Weuse

ep-50toexhibitSDRresultsbecdi1-S6'tpeperformancediffer-
enceamongmethodsisclとarlyobservablearoundthisvalue,as
presentedin[15].
Manysetsofsourcedirectionsaregeneratedrandomlytodis-
tributeuniformlyinaspecifiedangularrangetoavoidbiaAsintro-

ducedusingaspeciGcsourcedirec.tioh:Thereafter,thenumber
ofsourcesMsisvariedandthedetectionratesareobtainedfor

eachDOAmethodandineachMs.ThenumberofsourdesMs
isvariedfromonetothree;1000setsofsoufcedirectionsare

generatedrandomlyforeachMsAThey-arecommonlyusedlfor
eachheadmodelinCohditionHIThereby,Kt｡tよ1(Ms)-4000
forConditionH,andKt.tat(Ms)1{-1000forConditionDare
used.

2)MaximumPeakCorrectRate.'ThbWWG-ISAprocedure
regardsthedirectionofthemaximumpeakontheWWGspa-

tialspectrumasasourcediredtion.Consequently;whetherthe
maximumpeakcorrespondstb'thetruesourceornotisanimpor-
tantconsideration,partitularlyatthestageofestimatingthefirst

sourcedirection･Therefore,wecalculate山emaximumpeak
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TABLEII

ANGULARRANGESFORSpATIALSpECTRUMCALCULATION

Condition-D Condition-H
azimuth- azi皿th -900<∂<900 -1800<β<1800
o山y elevation 甲-Oo p-OO
Case step 10 10
two- azimuth -900<β<900 -1800<β<1800
dimensional elevation -900≦p≦900 -600≦甲≦900

TABLETIT

ANGULARRANGESFORSoURCEDIRECTIONSETS

Cot1ditiotトD Condition-H
azimutl1- azimuth -850≦β≦850 -1800≦β≦1800
only elevation V>-Oo p-Oo
Case min.dist. 100 100
two- azimuth -850<β<850 -1800<∂<180()
dimensional elevation -850≦p≦850 -550≦甲≦900

correctrate(MCR)asanadditionalmeasuretocon点rmtheva-

lidityoftheISAprocedure.Thismeasurerepresentstheability

toestimatethedirectionofadominantsourceinamultiple-
sourceenvironment.Therefore,webelieveitisusefultoreveal
therobustnessoftheDOAestimationmethods.

3)RootMeanSquaredErllOr(RMSE)IWeadditional]ycal-
culatetheRMSEof血eangulardistancebetweenthepeakdirec-

tionsandtheirtruedirectionstoinvestlgatetheaccuracyofthe

peakposition･Thesamespatialspectraobtainedf♭rSDRmea-
surementsareusedforthisevaluation.Onlythepairsofthetrue

peakdirectionanditscorrespondingpeaksthatresultedfrom
successfuldetectionareconsidered.Thecalculatedresultsare

shownasafunctionofthepermissibleerror.

D.Analysis､Condition

Forevaluation,wecommonlyuseasampling血.equencyof48

kHz,FFTof2048-PointlengthwithaHanningwindow,aframe
shiftof1024points,andafrequencybandincluding260Hzto4

kHzfわrcalculatingthespatialspectra.Thenumberofaveraglng

iterationstoestimatespectraWa,X,A,Wyy,k,andWa,y,ktO3(85
ms)wasdeterminedthrough preliminaryexperiments.

Additionally,wesettheindexoftheweightingfunctionP
to1,thestrengthofthe2chSS7tO1,andtheparameterfor
WWGIISAFLtOI.5forConditionH.ForConditionD,weset

βto0.75,7tO3andFLtOl.2.As thethresholdofthebinary
selection(29),weusedrth-300.Thesevalueswerealsode-

terminedthroughpreliminaryexperiments.
Fortheperformanceevaluation,weinvestlgatedaone-dimen-

sionallocalization(azimu山only)inadditionto也etwo-dimen-

sional(azimuthandelevation)one.Wecalculatedthespatial

spectruminanangularrangedependingontheconditions･They

arepresentedinTableII･The"step"rowsinTableIIindicates
血eangularstepforcalculatingthespatialspectra･Inaddition,
TableIIIsummarizestheangularrangesforsourcedirections
tobegeneratedrandomlyintheevaluation.Werestrictedevery

distancebetweensourcestobelargerthanloo,asdescribedin
the"min.dist."rowsinTableIII.

InConditionD,directionsinthehalf-sphereofthebackside
(-1800≦ 0≦ -90oand900≦0≦ 1800)areexcluded
fromtheevaluationbecauseamplitudesoftheincidentsounds

57

fromthebacksideare-attenuatedbytheuni-cardioiddirec-
tivity･Degradedlocalizationofthosesoundsspoilstheoverall

pe血mance･Othertypesof-directlVltyareusefultoavoidthis
problem･However,theaimofexaminingConditionDisnot
comparisontotheperformanceinConditionH,buttoconfirm

thevalidityoftheproposedmethodalsoinacasewherepop-

ulardirectionalmicrophonesareused･Althoughpe血mance
differencesdependingonthemicrophonedirectlVltyareinter-
estingtOuS,theyarebeyondthescopeofthispaper.

E.SpeechandNoiseData

WeusedspeechsamplesutteredbytenmalesfromaJapanese

speechdatabase…ETL-WDI&Ⅱ,"whichwasdistributedby
theNationalInstituteofAdvancedIndustrialScienceandTech-

nology(AIST)･Becausethesesignalsweresampledat＼16kHz,
Weconvertedthesamplingfrequencyto48kHz.Weconcate-
natedthesamplesof492wordsbyeachtalkerandexcluded

silentsegmentsbasedontheshort-term Slgnalpowerfromthe

concatenatedspeechsignals.Thereby,Weobtainedtenspeech

slgnalsofabout230swithoutsilencepauses.Asbackground
noise,computerfannoisethatradiatedsimultaneouslyfrom

manycomputersin血eexperimentroomwasrecordedusing

binauralmicrophonesmountedatthepositionoftheeardrumof
theheadmodel(F2).Thespeechandnoisesamplesdescribed

abovearefilteredusinga30llPOlntlinearphaseFIRfilterwitha

passbandof260Hzto4kHzforeaseofadjustingthesignal-t0-
moiseratio(SNR)intheexperiments.
Forsimulationsoflocalization,theMsspeechsignalswere
chosenfromtheabovetensignalsandwereassignedtotheas-
sumedMssoundsources.TheasslgnmentOfthespeechsignals

tothesourceswaschangedbyeachtrialoflocalization.Ineach

trialofthelocalization,weusedspeechandbackgroundnoise

segmentswithrespectivedurationsofls,Theywerechosen
randomlyfromtheabovetenband-passedspeechandnoise

samples.Incaseofmultiplesourceconditions,theamplitudeof

eachspeechsegmentcorrespondingtoeachsourceisadjustedto

haveequalpower,i.e.,weseta11山esourcestohaveequalpower
ineachsimulation.TheSNRsintheexperimentswerespecified

a§血eratioofthisequalpowertothebackgroundnoisepower.

V.EvALUA¶ON

A SpatialSpectra

BefbreSDRevaluationoftheDOAestimationmethods,We

presentthespatialspectraobtainedusingWWGandWWG-ISA
toemphasize山echangeofspectrashapeaccordingtotheISA

steps.Weassumedtwosources(AandB)ofequalpower:the
directionofsourceAis(00,90);thatofsourceBis(200,500).

First,wepresentFig.2todepicttheWWGandWWG-ISA

spectraobtainedinConditionDatSNR-10dB.Thedisplayed

spectraarenomalizedbythemaximumvalueineachspec-
trum.Thetruedirectionsareindicatedbyarrowsinthefigure.

Fig.2(I)portraysthattheWWGspectrumexhibitstwoclear

peaksatthetruesourcedirectionsISourceAhasthemaximum
heightinthespectrum.Next,Fig.2(2)depicts血eWWG-ISA
spectrum,whichhasattenuatedcontributionofsourceA･We

canobservethatthepeakofsourceAisalmostreducedandthat
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Fig.2.WWGandW G-1SAspatialspectraobtainedinConditionDl(1)
WWGspectrum,(2)sourceAisattenuatedbyWWG-ISA].

thepeakofsourceBinthis伝gurealsoindicatesthecorrectdi-

rectionofsourceB.Wecanreadi]ydistinguishtwosourcedirec-

tionsfromtheordinalWWGspectrum,asobservedinFig.2(1).

Therefわre,也eISAsteplSnotnecessaryinthiscondition

Subsequently,weshow山eresultsobtainedinConditionHat
SNR-10dBinFig.3;HRTF(Ml)wasusedforthecalcula-

tion,Thetmedirectionsareindicatedbya汀OWAanda汀OWBin

thefigure,asinFig･2･Fig･3(1)showsthattheWWGspectrum
containsmanypeaks,incontrasttothatobtainedinConditionD.

Thesecondhighestpeakisaspudouspeakindicatedbya汀OW

S;andthethirdpeakindicatessourceB.Nevertheless,血emax-
imumpeakindicatesthetmedirectionofsourceA.Fig.3(2)

depictstheWWG-ISAspectrumwith山eattenuatedcontribu-

tionofsourceA.Itisapparentthat山epeakofsourceAand
accompanyingpeaksarereducedandthatthemaximumpeak
inthisspectrumindicatesthecorrectdirectionofsourceB.

B.LDCalizationPe所)rmance

Now,SDR,MCR,andRMSEareexaminedtoevaluatelo-

calizationperformancequantitatively･Inadditiontothetwo-di-
mensional(azimuthandelevation)case,aone-dimensionalcase

(azimuth6nly)isexa血inedhere.However,wedonotshow
MCRandRMSEresultsfわrtheone-dimensionalcasebecause

theyaresimilartothoseof也etwo-dimensionalcase･
FortheWWG-ISAprocedure,themaximumpeakisselected

fromthespectrumobtainedateachstepofWWG-ISAusing
(19)and(20),andtheaccumulatedMspeakdirectionsarere-
gardedastheDOAestimatesIFormethodsotherthanWWG-
ISA,thehighestMspeaksareselectedatoncefromthespec-
trumobtainedusingeachmethod.ThedetectedMspeakdi-

rectionsarecomparedtothetrueMssourcedirectiohs･The

1

0.5

0-180

Fig.3.WWGandWWG-ISAspectraobtainedinConditionHl(1)W G
spectrum,(2)sourceAisattenuatedbyWWG-ISA】.

detectedpeakthatisnearesttoeachtruedirectionismarked

astheco汀eSpOndingdetectedpeakofthetmesource,Co汀e-

spondenceisregardedasvalidwhenthedifferencebetween

thetruesourcedirectionandtheco汀eSpOndingdetectedpeak
issmallerthanthepemissibleerror.Weregardthedetectionas
successfulwhenalltnleSourceshavevalidcorrespondingpeaks
inaone-t0-Onerelation.

1)One-DimensionalCase(ConditionD)IHere,wecon-

ductedanevaluationfb∫theazimuth-onlycase.

First,theSD良resultsobtainedinConditionDaredepictedin
Fig.4.Fig.4(1)showsthatSDRs≧90%isattainedwhenM s-
1atSNR≧10dBbyalltheme山odsexamined.TheWWG
issuperiortotheothermethods,particularlyatSNR≦5dB.
TwoGCCsdeteriorategreatly,although theothermethodsdo

somoderatelyandWWG-ISAexhibitsthehighestperformance
whenMs - 2.TheSDRsofMV-CD,MUSIC-CD,WWG,
andWWG-ISAattheSNR - 10dBareabout85%,86%,

92%,and94%,respectively･ThesuperiontyofWWG-ISAis

mor.eremarkableforMs-3･TherespectiveSDRsofMVICD,
MUSIC-CD,WWG,andⅥWG-ISAat血eSNR-10dBwhen

Ms-3are52%,49%,73%,and78%.
2)One-DimensionalCase(ConditionH)INext,Fig.5shows
theSDRresultsobtainedinConditionH.This丘gureshows
thatsDRs≧95%areattainedwhenMS- 1･,byWWGand
MUSIC-CDatSNR≧5dB;also,MUSIC-CDisslightlybetter
thanWWGatSNR≧0dB.When.Ms - 2,thetwoGCCs

andMV-CDdeterioratebylessthan<35%atSNR- 10dB,
whereasMUSIC-CD,WWG,and̀wwGJSAattainSDRsof

53%,71%',and92%,respectively･.Theperformancedqg7ra中一
tionfわrincreasedMsisgreaterthat'thatinConditiわnl∋:Nev-
ertheless,WWG-ISAexhibitsthe'highestperformance/Thesu-

periontyofWWG-ISAismoreremarkabletvhehM s-3.The
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Fig.4.SD良versusSNRinone-dimensionalcaseinConditionD(Directional
Microphones)atpermissible error(ep) - 5ol(1)singlesource,(2)two
sources,(3)threesources】.

respectiveSDRsofMUSICICD,WWG,andWWGIISAatthe
SNR- 10dBwhenMs-3are20%,40%,and81%.
3)TwoIDimensional-case(ConditionD):Next,theSDR,
MCR,andRMSEinatwo-dimensionalcaseareexamined.The

obtainedresultsinConditionDaredepicted,respectively,ln

Figsl618･TheSDRandMCRresultswereobtainedatep-5o
asfunctionsofSNR;theRMSEresultswereobtainedatSNR-

10dBasfunctionsofep･
Fig.6(I)showsthatSDRslargerthan90% areattained
byMUSICICD,MV-CD,andWWGwhenMs - lat
SNR>17.5dB,althoughtheSDRsoftwoGCCsareverylow.
Thelowestperformance,thatofGCC-PHAT,isattributableto
thefactthatGCC-PHAThasnoangularresolutionine)evation
becausetheamplitudedifferencebetweenthetwochannelsis
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Fig.5.SDRversusSNRinaone-dimensionalcaseinConditionH(HRTF)
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omittedthroughnormalizationbylGxy,n,A(d)I,ase.xpressed
in(21).ItisreadilyapparentthatWWG-ISAissupenortothe
othermethods,buttheSDRimprovementcomparedtoWWGis
notsogreatwhenMs-2lFig-6(2)iTherespectiveSDRsof
MV-CD,MUSICICD,WWG,andWWGIISAatSNR-10dB

whenMs-2are75%,67%,79%,and85%･Thesuperiontyof
WWG-ISAisgreaterathighSNRswhenMs-3lFig.6(3)].
Next,theMCRresultsareportrayedinFig.7.TheMCR
differencebetweenWWGandMUSIC-CDissmall;WWGat-

tainsitshighestMCRatSNR≦5dBandiscompar?bleto
MUSIC-CDatSNR>7.5dB.
TheRMSEresultsareshowninFig.8.Weqisplaytheresult
onlywhenthenumberofsuccessfuldefectionsisgreaterthan
50samples.Thereby,Weavoidinclusionoflessreliabledataof



60

(㌔
)
a
tTZd
u
O
!)｡
aJa
G

100

80

60

40

0

0

0

0

0
0

∠U

4

2

(%
)
9
7dd
u
O
!)39tgQ

0

0

0

0

0

0

O

父
U

6

4

2

1

(㌔
)9
1qd
u
O
!)｡
ata
G

JEERTRANSACTIONSONAUDl0.SPEECH,ANDLANGUAGEPROCESSING.VOL.17,NO.1,JANUARY2009

0 -5 0 5 10 15 20

-+ WWG-ISA

:ニ X s7C_cD (3)
一一0--MV-CD

= SSEHfHAT / / ‡ 二 二′一 一′
■r//ノ/
../ o /
∫// ノ▲一一一
∫/y J

L'// /I

ー10 -5 0 5 10 15 20

S/N(dB)

Fig.6.SDRversusSNRinatwo-dimensionalcaseinConditionD(Direc-
tionalMicrophones)atpermissibleerror(e,)=50[(1)sing一esource.(2)(wo
sources,(3)threesources].

thesmallsamplesusedforcalculatingtheRMSE.Thisfigure

showsthattheRMSEsofGCCIPHATandGCC-MLarelarger

thanthoseobtainedusingthe~othermethods.Thesevaluesin-

creasemostlyinrelationtothepermissible､error.Thesemethods

haveinsufficientsuccessfuldetectionstodisplayallpermissive

errorswhen･Ms- 3.Bycontrast,MUSIC-CD,WWG,and

WWG-1SAhavesmallRMSEs.Theyarealmostconstantwhen

ep>100･Wecanobservethatthesemethodsdegradeslightly
asMSincreases.TheirperformancesintemsofRMSEareal-
mostequivalent.
InconsiderationofmeresultsofSDR,MCR,andRMSEob-

tainedinConditionD,wecancon丘m thatⅥWG-ISAachieves
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Fig.7.MCRversusSNRinatwo-dimensionalcaseinConditionD(Direc-
tionalMicrophones)atpe-issibleerror(ep)-50【(1)twosources,(2)three
sources】.

thehighestdetectionrateamong血eme山odsthatwerecom-

paredinmultiplesourceenvironmentswhileretainingdetection
accuracyequlValenttohigh-resolutionmethods.

4)Two-DimensionalCase(ConditionH):Wepresenteval-
uationresultsforthetwo-dimensionalcaseinConditionH.

Figs･9and10,rtspectively,depictSDRandMCRresults･
Fig.9(1)showsthatMUSIC-CDandWWGattainSDRslarger
than90% whenMs - 1ÅttheSNR ≧ 5dB,whereasthe

o血erme血odsyieldlessthan50%atSNR - 5dB.Wecan

observethatWWGIISAisfarsuperiortotheothermethods

whenMs≧2[Fig.9(2)].TherespectiveSDRsofMUSIC-CD,
WWG,andWWGIISAatSNR - 10dBwhenMs - 2

are27%,48%,and90%.RegardingtheMCRperformance,
similarresultstothosei血ConditionDareobtainedfわrⅥWG

andMUSIC-CD,buttheMV-CDpe血manceisdegraded

comparedto也atinConditionD.

Subsequently,theRMSEresultsaredisplayedinFig･11･

This丘gureshowsthattheRMSEsofGCC-PHAT,GCC-ML,
andMV-CD arelargerthanthoseobtainedusingtheother

methodsanddegradegreatlythrough anincreaseofMs･In
contrastto山oseme山ods,theRMSEsofMUSIC-CD,WWG

andWWG-ISAaresmallanddegradationthroughtheincrease

ofMsismoderate.WecanobservethatWWG-ISAhasthe

smallestRMSEsam ongthemethodswhenMs-2atep≧ 150
andwhenM8-3atep≧loo°
Theresultsobtaihedforthetwo-dimensionalcaseinCondi-

tionHdemonstrate血at血eproposedWWG-ISAmethod･has
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higheraccuracyandmuchmorerobustnesstomeincreaseof

soundsourcesthantheothercomparedmethodsdo.Wecon一

氏rmedthatWWG-ISAcanattainhighperfomanceintwo-di-

mensionallocalizationofmultiplesoundsqurcesfbr山ecasein

whichtheincidentslgnalsarealteredbyHRTFs･

C.DetailedlnvestigationforConditionH

Inthissection,WefurtherinvestigatetheSDRperfomance

inConditionH.Fordetailedinvestlgation,Wealsoexaminethe

dependencyofSD良on山esourceseparationand也eirabsolute

directionswhentwoconcurrentsourcesarepresent.Weomit
presentationof仙eresultsof也etwoGCCme血odsbecauseno

resultworthnotlngWasObtained.
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Fig.9.SD良versusSNRinatwo-dimensionalcaseinConditionH(HRTF)
atpermissibleerror(ep) -50【(1)singlesource,(2)twosources,(3)three
sources】.

1)RandomSourceDirectioninElevation10nlyIFirst,we

examinetheSDRperformanceoftheelevationl0nlycase,in

whichsourcedirectionsaregeneratedrandomlyinthefrontal

verticalplane.Theangularrangeforsourceelevationisfrom

-55010900;andthatforestimatingspatialSpectraisfrom-60o

to90owithste?oflO･Thefrontaldirections(0-00)and
backwarddirsct10nS(0- 士1800)wereunifiedandtreatedas
oneregion.Therefore,theresultsincludefront-backconfusions.
Theotherconditionsforsimulationもi･ethesameasthoseofthe

azimuth-onlycase.

Fig.12showstheresultsobtained.AsdisplayedinthisBgure,
血eoveralltendencyresemblesthatof仙eazimu山一onlycase

describedinSectionVIB.2(Fig.5).TheSDRsofWWGand
WWG-ISAinmultiplesourceconditionsarelower血an也osein
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Flg.10.MCRversusSNRinatwo-dimensionalcaseinConditlOnH(HRTF)
atpermissibleerror(ep)-･50[(1)twosources,(2)threesources】･

theazimuth-onlycase.Inthiscasealso,WWG-ISAoutperforms
theothermethods.

2)DependencyonSourceSeparationandAbsoluteLDCation:

Next,WeexaminethedependenceofSDRonthesourcesepa-
rationandtheirabsolutedirections.WecalculateSDRswhen

twosources(sourceAandsourceB)arepresentattwodif-

ferentdirections,maintainingconstantangularseparationof4,.
Here,SDRmeasurementsoftwokindsareperformed.Oneis

theazimuth-onlycase,inwhichsourceAissetat(OA,PA)and
sourceBissetat(OA+4,,pA)varyingOAWithfixedpAand4,.
Theotheristheelevation-onlycase,inwhichsourceAissetat

(OA,PA)andsourceBissetat(OA,PA+4･)varyingpAWith
fixedOAand4,.Thetotalnumberoftrialsforeachvarieddi-

rectionofOAOrPAis1200.Onlythesignalcontentischanged
fromtrialtotrial.WenotethaHheresultantSDRcurveswere

almostunchangedbyvarylngthenumberoftrialsfrom600to

1200inthepreliminaryexperiment.

Fig.13showstheresultsobtainedintheazimuth-onlycase

whereOA WasVariedfrom1180ofo1800withastepof5o
withpA -Ooandsourceseparation4,-50.TheSNRwas
setto10dB.TheresultsareshownasafunctionofβA.We

observethatSDRsofallthemethoddegradeatazimutharound
0- 土900.ThisdegradationcorrespondstothefactthatITD
isalmostconstantaroundthisazimuthandthattheresolution

alongazimuthbecomeslow･Wenotethattheresultsobtained
whenthesourceseparationswereめ-looand200alsohave
suchdegradationaround♂- 土900,butthedegradationisless
thanthoseatゅ-50.
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Fig.1I.RMSEversuspe-issibleerrorinatwo-dimensionalcaseinCondi-
tionH(HRTF)atSNR-10dBl(1)singlesource,(2)twosources,(3)three
sources].

Finally,Figs.14and15showtheresultsobtainedintheele-

vation10nlycasewhereelevationpAWasVariedfrom155oto
900Withstepof50withsourceseparation¢-50.TheSNR
wassetto10dB.TheresultsareshownasafunctionofpA.

Fig.14correspondstothecaseinwhichtheazimuthOAisfixed
toOoandFig.15correspondsto900.
WeobservethatWWG,MUSICICD,andMVICDtendto

exhibithigherperformancesaspAgetsClosertoOowhenOA -

Oo(Fig.14),whereasthosewhenβA -900(Fig･15)exhibit
lowerperformancesastheelevationapproachesOo･Wenote
thatthistendencylSWeakerwhenthesourceseparationswere
め-looand200inbothcasesofβA-OoandβA-900･These
resultsindicatethattheangularresolutionsalongtheelevation
ofthesethreemethodsarehigheraroundelevation-Oointhe

frontalverticalplane,butarelowerwhenOA-900･
Ontheotherhand,WWGJSAexhibitshighSDRsinmost
elevations.ThisresultdemonstratesthatWWGIISAcanreduce
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Fig･12･SDRversusSNRinaone-dimensionalcase(elevationonly)inCon-
ditionH(HRTF)atpermissibleerror(e,)-5ol(I)singlesource,(2)two
sources,(3)threesources】.

degradationarisingfromthelimitedresolutionofWWG.We
notethatdegradationsofWWG-ISAdowntoabout70%in

somPelevationsareobservablewhenOA-j=1800(Fig.14,left
half).Thosedegradationsaremainlyattributab]etotheresult
obtainedusingtheheadmodel(M2)whichhasmanyfront-back

e汀OrSintheseelevationswhenβA - 士1800.Itisinteresting
toexamineasmallerseparationthan50,butHRTFsmeasured

uslngSmallerangularstepsarenecessaryfb∫evaluation.

ⅤⅠ.CoNCLUSION

Thispaperpresentedanewme也odoftwo-dimensional

DOAestimationforanincidentsignalaffectedbyHRTFs.The
proposedmethodisbasedontheproceduredesignatedasincre一
mentalsourceattenuationappliedtotheweightedWienergaln.
Wecomparedtheperformanceintermsofsourcedetection

rates,maximumpeakcorrectrates,androotmeansquarede汀Or

63

-90
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Fig.13.SDRversusazimuth(OA)inaone-dimensionalcase(azimuth10nly)
inConqitio.nH(HRTF)atpermissible.error(ep)-50,SNR=10dB･angular
separatlOnlnaZimuth4,-50,elevatlOnPA =Oo.

= WWG-ISA
~~■~~WWG

Top -一一･MUSIC_CD
90 1-Jh -MV_CD

Il--Jrii_-i

0

Front

Azimtltb-t180deg.190 Azimuth-0deg.

Fig.14.SDRversuselevation(pA)inaone-dimensionalcase(elevation-only)
inConditionH(IiRTF)atpermissibleerror(ep)=50,SNR-10dB,angular
separationめ-50,azimuthβA -Oo,土1800.

with仇etwoequlValentstothegeneralizedcrosscorrelation
functionandtothepopularhigh-resolutionmethodsofMUSIC
andMVwi血coherencedetection.Resultsshowthat,although

therespectiveperformancesofboththegeneralizedcross
correlationfunctionsandthehigh-resolutionmethodsdegrade
remarkablywithmore血antwosourcesintheconditionwhen

氏lteringbyHRTFsaltersthespectralcontentoftheincident
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AAm.th=190deg. -90 A2imuth-90deg.

Fig･15･SDRversuselevation(pA)inaone-dimensionalcase(elevation-only)
inConditionH(HRTF)atpermissibleerror(ep)=50,SNR=10dB,angular
separation4･=50,azimuthOA - 土900.

slgnal,theperformancedegradationoftheproposedmethod

issmallanddetectionratesare92%intheazimuth-onlycase,
90%intheelevation-onlycase,and90%inthetwo-dimensional

caseaも血epem issiblee汀Or- 50,evenincaseswhere山e
actualbackgroundnoisewithSNR -10dBandtwosources
arepresent.Furthermore,theproposedmethodattainedthe

highestdetectionaccuracyamongthemethodsexamined,as

indicatedbytheresultsoftherootmeansquarederror.These
resultsdemonstrate仙esuperiontyoftheproposedme山odover

othermethods,particularlyinadverseconditionswithmultiple

soundsources.Al山ough血enumberofdetectablesourcesis

increasedbytheproposedmethod,thedetem inationofthe

numberofsourcesremainsasanimportantproblem.Weare

consideringtheuseofthemaximumpeak'Sheightobtainedat

eachstepoftheproposedincrementalprocedure.
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