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Two-DimensionalDOAEstimationofSoundSources

BasedonWeightedWienerGainExploiting

Two-DirectionalMicrophones
Yoshifumi Nagata,ToyotaFujioka,andMasatoAbe,Membef;IEEE

Abstract-WeproposeanewmethodforestimatiJlgdirections
ofarrival(I)OAs)ofsoundsources,bothinazimuthalandeleva-
tionangle,uslngtlVOdirectionalmicrophones.Thismethodadopts
weightedWienergain(WWG)forDOAestimationWWGisan
estimateoftheWienergainthatweproposedforuseinautomatic
galnCOntrOltoel山ancespeechthatisdegradedbyadditiyenoise.
AngularresolutionofWWGarisesfromspectralsubtraction(SS)-
basednoisereductioninyolvedimtheWWGcalculation,lVhichen-
hancesthesignalfromthelookdirectionwhilesuppresslngSlg-
nalsfromotherdirections.BecauseWWGinvolvestwoIChannel

SS,whichcandealwithinstantaneousnoise,noisesourcesneed
nottobestationary,astheymustbelVithordillarySIIlgle-chamel
SS.Wefurtherproposetheexploitationofapairordirectionalmi-
crophonesWhosefrontdirectionsarearrangedinrotationals)Ⅶ1-
metry.Thedmedifferenceandamplitudedifferencebetweenthe
two-channelsignalprovidedbythemicrophonesareutiliZ:edto
yieldatwo-dimensionalresolutionofDOA.WeevaluatedtheproI
posedmethodthrough computersimulationsandCompareditto
threeDOAestimationmethodsthatartbasedonacross-correla_

tionfunctionandtwopopularhigh-陀SOlutionmethodsofmultiple
slgnalclassiGeationandminin1umVariancemethod.Evaluationre-
sultsofthesourcedetectionrateandestimationaccuracydemon-
stratetheremarkablesuperiorityorourme仙odcomparedtothe
othermethodsinconditionswheremultiplespeechsourcesexist.

IIZdex TermsIDireedonalmicrophone,direction ofarrival
(DOA)estimation,elevationangle,two-channel,multiplesignal
classification(MUSIC),minimumvariance(MV),Wienergain.

T

Ⅰ.INTRODUCTION

HEARRIVALangleofasoundsignalisconsideredto
beimportantinfol･mationformanyapplicadons:noisel･e-

duction,Speechdialogsystems,robotaudition,etc･Amongthe

manydirectionofalljval(DOA)estimationmethodsthathave

beenproposedforan.aysignalprocessing(e.g.,[1])withvarious

numbersofsenso1-S,thetwo-charuleltechniqueispallicularly

attractivebecauseofitshardwarecostsaJldprocesslngCOStS･

However,performancellmitationsofthetwo-charuleltechnique

lnamultiplesourceenvironmental'eImportantbecausepopular

high-1･eSOlutionmethodssuchasmu一tipleslgnalclassificadon

(MUSIC)[2]andminimumvaliance(MV)method[3]arein-
effectiveforconditionsinwhichthesoundsourcesaremore

numerousorequalinnumbertomicrophones.Consequently,a
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two-chanJlelsystempermitstheuseofonlyonesource.Thede-

tectablenumberofsourcesinaDOAestimadonisanimpollant

factol.,ParticularlyforsystemswithasmallnumberofmiC1-0 -

phones,becausethenumberofsoundsourcescanchangefl-e-

quentlylnapl-aCticalcondition･Soundsoul-CeSCaneasilyover

whelm thetheoretical一imitofamethod.Eveninsuchcases,

stableperfomlanCeisdesk-abletoretainestimationability,par-

ticular一yfoI-aSlightincreaseinthenumberofsoul-CeS.The1-e-

fore,weareinterestedinthebehavio1-0ftheDOAestimation

systemincaseswhel̀ethesoul-CeSa1-emOl.enumerousthanthe

theo1-eticallydetectablenumber.

Thetheoretical一ydetectablenumberofsourcesinDOAesti一

nationdependsonthepJlnCIPleforreducingthecontr)buttonof

thesourceslgnalsarrivlngfromoutsidethelookdirection.Most

highィesolutionme山odssteel.nullsonthea汀aydirectivltytO

thesourcedirectionstol'educethecontrlbutionofsourceslg-

nals.Thisoperationprovidessharppeaksatsourcedirections

onthe"spatialspectrum,"whichisaplotofthean-ayresponse,

asafunctionoftheimaglnalY一ookdirection.Thenumberof

detectablesourcesinthehigh-resoludonmethodiskJIOWntO

beequaltothenumbe1-0fnullsthatcanbegeneratedonthe

directivity:ItisusuallyM -1,whereM isthenumberofmi-
cl℃phones.Thislimitationseemstohavebeenmodel●atedby

themethodusinganonlinearcomp一ementarybeanjoIlllerl4】;

itwasl･aisedto2(M -1),i･e.,two,foratwoIChannelsystem･
Howevel.,thismethodinvolvesnonlinearsearching,whichcan

becomputationallylntenSivefoュ.b1-Oadbandtwo-dimensional

(2-D)DOAestimationbecausethenonlheal-Seal-ChmustbeI.e-

peatedforeverylmagLnaIYlookdil'eCtionandforeveryspectral

componentthatisnecessarytoobtainaspatialspectnlm･The

methodbasedonclassicaltimede一ayestimationuslngthegen-

eralizedcrosscoǹelationfunction【5]doesnothavethattheoreL

icallimitation,butitsdetectionperfomlanCeisgenerallylowel'

thaJlthatofthehigh-resolutionmethodsbecausenoiseI-educ-

tioninvolvedinthismethodismerelytheresultofaveraging.

WeconsidertheDOAesdmationprobleminamuldplesound

sourceenvironment･Tosimplifytheproblem whileretairung

itsrealism,Werestricttheconditiontocasesinwhichevery

soundsourceradiatesanonstationarybroadbandsignal,suchas

speech･1nthiscondit10n,Weinferthatal1soul.CeSPeCtramutu-
allydiffer.Furthermore,eachsourcespectrumchangesiJldepen-

dentlyovertime.ThisnonstationantylmPlies山atsomespectral
componentsorlglnatemainlyfromonesourceataspeCはedf1-e-
quencyorwidlinaspecifiedtimeframe.Ifthosespecb-alcom-

ponentswerekJIOWn,WeCOuldselectthemandaveragethespa-
tialspectrumobtainedfromeachofthemuslng,e.g"MUSIC･
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Thereby,weobtainthespatialspectrumthatreflectstheDOA

ofa一lsoul-CeS･Consequent一y,anincreasednumberofdetectab一e

sourcesispossible,butitisusuallydi用culttokJIOWSuchcom-

ponentsbefol.etheDOAsal-ekJIOWn･

Toperform "blind"averaglngOfAleSPatialspectrum dlat

I.equu'eSnOI-elationbetweenspectralcomponentsandtheir

ol.lglnalsources,wepl'OpOSetheuseofweightedWienel.galれ

(WWG)[6]forDOAestimation.TheWWGisanestimateof
theWIenergainWehaveproposedtoutilizeforspeechen-

hancement:WWGisbasedonautomaticgaincont1-01(AGC).

Twoweigh血gfunctionsthatareappliedfol̀thegalnestimation

yieldanaccurateestimateoftheWienergaln,evenincondi-

donswhet-eimpulsivenoisesexist.Oneweightingfunctionis

relatedtothetwo-channelversionl7]ofspectralsubtractionl8]

(2chSS);theotheI･isafunctiontowhitenthenoisespectlum

forimprovlngnoisereductioninthestepofaveraglngalong

thefrequencyaxisin WWG calculation.The2chSS-related

functionusesthespectraldifferencebetweenthedesil-edslgnal

arrIVlngfromthelookdirectionandothersignals.Noisere-

ductionin2chSSpI･OCeSSISnotbasedonnul一steenng,buton
SS.Forthatreason,atheoreticallimitationofthedetectable
numberdoesnotexist.Weconsiderthatthischaracteristicof

WWGisusefultoestimateDOAhatwo-channe一system.

Esdmadonofthesoul̀Ce'Selevationangleposesanimportant

problem.Two-ChannelDOAestimationsystemsusuallyexploit

tinledifferencesofsignalsbetweenchannels.Therefore,only

山eazimuthall●eSOlutionofang一eisavailablewhenmicl̀Ophones

arealTangedinahorizontalplane.Inthiscase,directionalmi-

CrophonelSusefultoobtainresolutionintheelevationangle.

Thedifferenceinamplitudearisesbetweenthechannelsifthe
frontdirectionsofthedirectionalmlCrOPhonesarealTangedei一

山el̀nOttOCOincideornottobe一ongto山 ehorizontalp一ane.This

infomationcanbringl~eSOlutionintheelevationangle.There-

fore,Wefullherproposetoexploitslgnalsthatareacquiredby

apairOfdirectionalmicrophonesthatarearrangedinrotadonal

syrrunetl'y.ThisalTangernentCanclarifyboththetimedelayand

theamp一itudediffel●encebetweenchanJlels.Forthosereasons,
itisexpectedtoyleld2-DI.eSOlutionofDOAestimation･

TheremaindeI.Ofthispapel.isol.ganizedasfouows･Sectionll

descllbesabriefsunmal.yOfspeechenhancementbasedon

WWG.SectionlildescribestheproposedmethodofDOAesti-

mationbasedonWWG.SectionIVdescribestheexperimental

setupforevaluation.SectionVdescribesevaluationof山epro-

posedmethodcomparedwithMUSIC,MVandthreecross-

correlation-basedmethods.FiJlal1y,SectionVIsurrnlarizesthe
conclusion.

lI.SpEECHENHANCEMENTBASEDONAUTOMATICGAIN

CoNTROLWTTHWEIGHTEDWIENERGAIN

A･Automalt-cGainConfr10/Wt'lhWeightedWtlenerGain

Weassumethattwodirectionalnlicrophonesal-eplacedina

noisyenvironmenttOreceiveidenticaldeslredsignals,asshown

inFig･LLetthediscretetimesamplesoftheslgnalsreceived

atthemicl●Ophonesbe

;I:(i)=S(i)十･n一ユ･(i)
y(i)-S(i)+ny(7:) ( 1)

4)7

Rch

Flg.IMicrophoneaTTangementforspeechenl1anCementbasedonWWG･

where:r(i)andy(i),reラPeCdvely,denotetheLIChanneland
RIChannelmicrophoneslgnals,5･(i)isthedesiredsignal,and

na･(i)andn･y(i)arethenoisesreceivedatrespe.ctivemicro-
phones.Subjecbngtheabovesam p一estoshort-timediscrete

FouriertransfoITn(DFT),weobtain

X,..A-S...A+NxIL,A
Y".A-S".ん+Nym,k (2)

whereX,-,AaJldY,-,んdenotetheDFToftheこ11･(i)andy(i)for
theframe･1柑ndthekthfrequencybln;S,I,AdenotesthatofS･(i),

andNx;-巾 andNy,,小,.･eSpeCtively,denotethoseofnE(i)and
77Jy(i).
Considerthecaseinwhichthe aveI.ageOftheI-eCeivedsigna一s

Z,..Ill-(X,小+Y,.;/i)/2ismultipliedbyascalargainp,ifor
approximatingthedesil･edsignalcontainedhZ,ゆ as

S,i.ん-ZnM,L･ (3)

Gainpr.1SObtainab一easaweightedleast-squaressolutionto

minimizethefouowlngcostfunctionassumlngthatgalnP,iand

weighthgfunction申"klareCOnStantWithintheperiodoftime-

aVeragmg,aS

J(p･H.)-∑
JJ
lZ,i,入P･n- ST,たl'2q',i,ん (4)

｣′1.亡人-
J<=n-i

∑ lZ,:̂･p,一一S,,ltl2帰 (5)
3-71-L

where(-)denotestime.averagingand'1 + idenotesthe
numberofframesfortlme.averaging.BecauseJ(p,.)isa
quadraticformofpmtheoptlmumValueofp,.isobtainedby

lettingdJ(p77)/dp,I=0.Then,weobtain

∑ (2TW p･‖-2RelSW ])帰 -0 (6)
ん

whel･eRe[]denotestheopel-ation山attakesaI.eatpal一ofthe

complexnumber･Becausethedesiredsignalandthenoisesare

assumedtobeuncorrelated,需布 -T京評 ･Therefore･the
weightedvet-SionoftheWienergalnlSObtainedas

P･lJ=
∑̂･GssH･.ん¢n.i
∑んG=1.日,人中,I,ん

(7)

GどS,n,ん-T研 -元気 J'i:-i.S,k'2 (8)
J=7t-L

where
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and

G;I,,-,A-TW -言古 J'云■L.Z,.̂･l2 '9'
J-ll.-L

respectivelydenotethepowerspectraofthedesil'edsignaland

thepllmarySlgnal.Thepowerspecb.aofX,I.kandi',I.l･areOb-
tainedsimi一arlyas

G a･J,,.,̂･-TW - ㌫ j苦 LIX,.̂ '2 (.o'
J-ll,-L

G"A,̂･-W -㌫ '<ど L.Y,A-l2 'll'
1-(,-L

lfnointerferenceispresentandthebackgroundnoiseisun-

coll-elatedbetweenchannels,Gssp,k･in(7)canberep一acedby
thecrossspectmm,as

I J<- /叶 エ

G ユ･y ;↑小-節 - 云 言 了 ∑ x 言.kY j ,k (12)J-17･-L
where(辛)signiGesoperationofthecomp一exconjugate.
Thereby,(7)becomes

ハ ー =

∑1.Re(Gユ･y.7-｡ん)やn,A
∑/bG之.川 ,̂沖 ,小

(13)

Weassumethat軋 .んhasarea一value.Theimaglnarypallof

Gユy;,J;A.Canbeignoredbecausethesigna】sthatcomefromthe
一ookdh-ectionareassumedtobeidenticalamongchannels･
Next,weassumethattheI●eCeivednoiseslgnalscontaln

broadbandinterferencealTi.Vingfromangle4anduncorl■elated
backgroundnoise.TakingIntoaccountthatthereceivedinter

fel'enCeSignalsdifferinamplitudeandphaseinthemicrophone

an'angementdescllbedabove,(2)becomes

X†-.A--S,i.L･+V,..ん+D払 日,A
y,一,.ん-S".A+αdd/n,んe-'2'J3TIt'/K+BU,日.ん (14)

whereDx.Iも…んandDy,lllaretheDFTsofuncon-elatedback-
groundnoise,Vlt.AistheDFToftheinterference,α叫 isthe
relativeamplitudeoftheinterferencenomlalizedbythatcon-

tainedilltheIJchannelsignal,j'sis血esamplingfrequency,T
isthetimedelayoftheinteげel･enCebetweenchanne一s,and〟
repl̀eSentSthepolntlengthoftheDFT･
lnthiscase,thenume1-atOrOf(】3)isexpl-eSSedasthefoト

lowingbysubstituting(14)into(13)

∑ Re(a.1･y,,..,̂･)虹 ん
i

=∑ RC(TW +叫 TW e-J2祇 TA'/K)中...A.･ (15)
A

Iftheweightingfunctionせ,-.I;functionstowhitenthesecond

termln(15)andthephase27rfsTん/K isdistributedunjfomdy
withintherangeof17日07T,thesummationalongfrequency

binireducesthesummedpoweroftheinterferencetoalower

levelthanthatofthedesiredsignal.Wecancloselysimulate

thisconditioninmostcasesbytakiJlgaSu用Cientinter-micro-

phonedistance.Becauseitisdifficulttoestimatetheinterfer-

encespectrumdirectlyfromobservations,wehavechosenせ71.人

toappI.OXimatethemveI.SeOfthenoisespectl●umaS

中 ,.,i･-1/a(I(I,.i"
Odd.I,.:A-IX,.,A-Y",ll2

言古 等 LIX,,̂･-Yj,L'2 (18'
1-ll-L

whereGd(I.,.Aisthepowerspectrumofthedifferencedsignal
X,i.A-Yn.JC.Thedesh･edslgnalisreducedbythediiferencing
operationfol-useaSanapproximationofthenoiseslgnal.ln

addition,Gd(I.,.L･isusedbythe2chSS-basednoisereduction,
asdescribedlater.

Componentsoftheinterferenceslgnal山atiscontahedinthe

differencedspectrumareexpressedasdlefollowlng:

li;,良-1信 (1-叫 ,んe~'2T/ETA/K)･ (19)

lfαO,l･-1,thisoperationcanproducezerovaluesontheinter-
ferencespectrum･Noisespectrumdistortionthatisattributable

tothedifrerencmgopel･ationcannotbedisl･egardedfol･2chSS-

basedspeechenJlanCement･ltiscompensatedintheprocessof
2chSS,asdescribedinthenextsection.

Ontheotherhand,thespecu-alzerosthatareattllbutableto

differenclngareavoidableusingthemicrophonean'angement,

asshowninFig11,because(Y4,.k≠1･Inaddition,thedistoltion
doesnotdirectlyaffectthebroadbandgaulestimationbecause

theaveraglngOVerSpeechfrequencybandcanmoderatethatef-

fect.Forthatreason,weuseや,i.,人Withoutcompensationasthe
whitenulgfuncdon.WenotethatbaredifferenclngX,I.ん-Y,I.A
provideszerosillthesourcespectrumforallfrequenciesinthe
casewherethesoundsoul.Ceisl… ediatelyhfrontof山ea汀ay.

However,intheDOAestimationprocessuslngWWGasde-

scribedlaterinSectionIll,themicrophoneslgnalsaretobe

modi角edbefol･edifferenclngaccordingtotheimagmarylook

dil.eCtiondtoobtainaspatialspectrum.Becauseeachmodはca-
tioncol･reSPOndingtoeachchannelisdifferentfromeveryother

whenadoesnotcoincidewiththefrontdil'eCtion,aspectralzero
isavoidable.OtherwISe,Whenacoincideswiththesourcedirec-

tion,thesoundsourceisno一ongerregardedasanoisesource,

butasadesiredsource.Thegain(13)isoptimauyObtainedwith
thefunction中,whichre月ectstheothernoisesources.There-

fore,WedonotneedtoregardthiscaseasanexceptlOn･

B.2chSSIBasedWet'ghftngFLInClt'on

lnadditionto山eaboveavel.aglngW仙 whitenmg,wehave

htroduced2chSS-basednoisereductionfor1.educmgcon.e-

latednoisecomponentsinGryJt.,k12chSSisamodi允cation
oftheGh用ths-JinlgenerallZedsidelobecanceler(GSC)【9],

whichpel･formsnoisecancellationusingthedifferencedsignal

betweenthechannelsasaI-eferenceslgnaland也eaveraged

slgnaloftheinputchannelsasthepnmal.ySlgnaLWhet-eaS
GSCestimatesatransferfunctionbetweenthereferenceand

theprlmaIYSlgnal,2chSSestimatestheinlaglnalYtransfer
functionbetweenthepowerspectl.aOfthetwoslgnals･This

imaglnalYtransferfunctionisasetofreal-valuedcoe用cients

Au廿10rlZedllCenSedusellmltedtoIEEEXplcreDownloadedonNovember17,2008at1937fromlEEEXplore ReslrlCbonsapply



NAGATAetaITWO-DIMENSIONALDOAESTIMA110NOFSOUNDSOURCES

calledcompensationcoefficients･Inoursetup,theprimary

powerspectrum col･reSPOndsto C ry.n,人andthereference

powerspecullmcorrespondstoGdd.,i.A.Toa一lowthesecoITe-

Spondences,wemodihed2chSSas

ess.,I,ll-IGユU:.,,A-I-TGdd:...̂･/'ノnニk (20)

軌も.Jc,-,-

FGlty.,.‥Ll軋 .k1.-,,

lG.i.yJ,,んl-7GddA/JL,,i.A
lG榔 7-.;んl

lnthoseequations,GLYS;,林 isanestimateofthedesiredpower
specmm,7isapositiveconstanttocontro一thestrengthofthe

subtraction,)/",んisthecompensationcoefficient,and恥 .ん.･′lS

theresu一tant2chSS-basedweigh血gfunct10n.

Wecalculatedthecompensationcoe用clentL,r,.haS

]/IL.ん=

pH.ん-

Qxy‥n,ん-

D,小

IQa･y;～;kl

く

i

(23)

lX叫 - Yn,Ll2人+Dn_1;吊1-A)
(noiseperiod) (24)

Dn-1,人 (speechperiod)

X,:.kYn,h･人+Ql･y7れ-1.沃1-A)
(noiseperiod) (25)

QllyJ.-1:i･ (speechperiod)

whereD".l･istheaverageddifFerencedspectruminthenoise
period,qa･yEJ,=kisthecrossspectl.uminthenoisepeliod,and
人representstheteal-nlngfactor.Thenoisepehodisdetermined

accordingtothecriteriondescribedlatel.inthissection.

TheWWGisthetotalgainthatlSObtaiJledbycombiJling(13)

W仙 (22)as

p;7(β,↑)-
∑ 人Re(Ca･･!/,n,L)せ;I:.潮 ;A,I,

∑ I..(JT':二.,.､′.0',:､人
(26)

whereβisapositive乍onstantthatishtroducedtoconu■olthe
st1-engthofthewhitenlng･Becausethenoisepellodsal･eVel･y

short,itisdifhculttoobtainaccuratecompensationcoe用cients

I/H,A-in(22)incaseswhereImpulsivedisturbancesallse.How-

evel~,insuchcases,whitemngcombinedwithnoiseI-eduction

realizedbytheabovegainhasbeendemonstratedtobeparticu-

一arlyeffective･Parametersβand7Weredeterminedempillcally

becausethisisanadhoccombination･Forestimationof軋 .ん.1,

wedeterminedthenoiseperiodbasedonthefollowlngCritellon:

C,↓-p;-(β.7)I"n.L=1.0. (27)

BecauseafixedvalueI,小 ･-1･Oisusedasthecompensation
coefncient,thiscriterionrequlreSnOdetectionofthenoisepe-
1iod.

Finally,speecheI山ancementbasedonAGCwithWWGis

perfomledas

Sn,A-ZHJJP,I.(P,～)･ (28)

BecauseWWGistheestimateofbl'Oadbandsignal-to-signal+
noiseratio,WWGcanberegardedasadegl･eeOfexistenceof

dleSlgnalaJTivlngfromthelookdh-ection.Forthatreason,we

▲

-≡

419

Flg.I)_ ArrangementofdlreCl10nalmlCrOphoneslnrO【at10nalsylnmetry.

considerthatWWGisausefulparametel.forspeechenl1anCe-

ment,forspeechdetection,andfol'DOAestimation.

WecanextendWWGofthetwo-channelsystemtoamuL

ticharulelversionuslngaSimpleaveraglngOfWWGobtained

fromdiffel-entCOmbinationsofcharLnelpalls,aS

〟(β,↑)-
∑｡∑ んRc(G1,,I,A.)中3,1錘 ,,I.'･;-,
∑p∑ L･a:=抑 .̂0,3(I.A

wherePisasetofthecombinationsofalldifferentpaHISOf
channelsandp･q(p≠q)arethetwochannelnumbersfromset
㍗.

Ⅲ1.DOAEsTIMATIONBASEDONVW G

A.Two-ChannelMt'cll0PhoneSysTemfor2-DDonEstimalt'on

Next,wedescribetheproposedmethodofDOAesdmadon

basedonWWG.Weassumethattwodirectiona一microphones

areplacedasdepictedinFigl2･Twothicksol]dan'owsshow

thefrontdiュ-ecdonsofthemicrophones.Themicrophonesare

placedattherespectiverootsofthearrows.Thesedirectionsof

L-channelandR-charLnelmicl'OPhonesareexpressedinpolar

coordinates;theyarerepresented,l･eSpeCtively,asdL-(Oo,po)
and(lR-(-00,-Po).Bothmicrophonesareassumedtohave
identicaldirectivity.Thisall.angementI.ePreSentSalerOtational

synlmetlつ′Of1800.Thesensitivitiesofthetwomicrophonesat
directions(00,00)areidentical;thoseattheotherdh-ectionsare

differentinmostcases,excluding血･ection(-1800.-180◇),
whichistheinvel･SeOf(OO,OO),Weignoretheeffectofthesignal
fromtheinversedirectionbecausesensitivitiesattheinverseare

lowerthanthatof(00,00)whenusualdh-ectionalmicrophones,
e.g"uni-cardioidmicrophones,areused･Consequently,weas-

sumethat山eonlysignalthatarrjvesfrom(00,0◇)provides
identicalSlgnalsbetweenthechannelsI

WWGtakesala唱eValuewhenslgnalsareidenticalbetween

channels.ThemagnitudeofWWGisbetween0and1inmost

cases.NegativevaluesofWWGl'arelyoccurbecausespectral

componentsthatp1-0VidenegativecoITelationusuallyaccom-

panythosehavingpositiveco汀elationincasesofbroadband

slgnalp1-0CeSSlngJfnegativegalnisobtained,Wecanuseze1-0

instead,aslnaX(p;-(P,7),0)･

B.WWGSpaltaISpeclrLLm

ThespatialspectrumofWWGforDOAestimationrequu.es

thevalueofWWGthatcoITeSPOndstoanarbitl-arydil'eCtion･
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ThisvalueisavailablebysimulatlngaCaSeinwhichthelookdi- L｡1
rectionofthesystemissteeredtothatdil̀eCtion.Tbsteerthelook

directiontoaspeci角eddi1-eCtion,theinputspectrumX,../し.Y,tた

ismodifiedbothinphaseandamplitudeas

X:;A(cl)-X,..I.･AD,A-(a)
Y,て_ん(cl)-1',LんAy,k(cl)

AJ,A((I)-1/DJ.i･(cl)

･4y;ん(a)-exp(j27rfsT(lk/K)/Dy=ん(a)

l

1

､1

1

0

1

つん
3

3

3

3

3

n川l川U
IHt川U
nは■川U
nⅦ■用い

whered-(0,9)isthelookdirectlOn,先 k(a)andAy,A(a),re-
spectively,identifythecompensatlOnSpectraforX,-.んandY,i,ん,
71distheintel一一Channeltimede一ayofthesignalanlvlngfromdi-

rectiona,andDx･k(d),Dy･Jc(d)arethereladvedlreCtivityヮor-
malizedbytheresponseofeachmicrophone'sfrontdirectlOn･

WeassumethatD託･た(COandDy.i･(d)areknown,byaprelim-
inal●ymeaSul-ementifnecessary･Thecompensat10ndescribed
abovecreatesaCOincidencebetweenthechanne一sinbotham-

plitudeandphaseofthesignalcomponentsonglnatlngfromthe

sourceatthelookdirectiond.Forsimpliclty,inthissection,we
describetheequationsomittlngtheframenumber～.
Becausep'isdependentonGTy.G之二,andGad,Wemodify
themtoyieldGly,a;̂7andG乙dusing(30)-(33)andobtalnthe
steeredversionofWWGcorrespondlngtOthelookdirecdona
aS

p/(P,7,d)-∑′LIRelGとy,k(,I)]0/;う(a)帰 一(a)
∑人Gと.柿(桝 ;ア(a)

Glty,A(の=Xl/U*(a)Yh'(a)-ally,′戒 ′ん(d)A.,./i((I)

(34)

Gと;.jt,(d)-I(XL(a)十Yi(a))/212 (35)

=Gl.at,AIA｡,ん((I)l2/4+a".JAy!iJ(a)l2/4
+RelG.Ty,んA;た(d)A.J.A(d)]/2

G5d.′b-(cl)-lXL(d)-YkT(a)I2
-Ga･ユ･.んIAl･.A(d)l2+Gyy.'tlAy.l･(a)l2
-2RelG芯y,kA㍍(d)Ay;k(d)]

whel･e

鶴((I)-1/G'dd,L((I)･

@'kl,-′(d)-
IGとy,/I(d)l-↑G5dノレ(〟)/i/A(a)

lCL,,A(a)l

(36)

(37)

(38)

(39)

arethemodiljedwelghtingfunctions･Also,I/k(a)isthemodi-
hedversionofdleCOmpenSationcoefficient7ノん;T,i(d)depends
ontheI-eSultsofdesil'edsignaldetectionshownin(24)and(25).

Then,.estinlationofvLl(a)requh.essignaldetecdopinev917look
diI-eCtlOnaledbythesteenng.WeomitthiscalculatlOnand

use1/L=(a)-1forauんanddbecausethisestimationiscom-
putationallyIntensive,particularlywhennumerouslookdirec-

tionsarerequired,asinthe2-DDOAestimation.Consequently,

from(34),wecancalculatesteel･edWWGusingtheobsel･Ved

specb-aGa･∫フGyyandGェywithoutre-avel･aglngfol･Obtaining
thesteeredspectraCity(d),G'_,こ(a)andGムd(cI)tomakeitcor-
respondtoeverylookdirection.Thus,WecanobtaintheWWG

spatialspectlllm WithI-educedcomputationandcanestimate

DOAfromthespectrumuslngPeakpicking,asdescribedina

subsequentevaluation.

RLlJ

Flg3 BI∝kdlagramOftheproposedDOAes【mlat10n.

C.ProcessmgSystem

AblockdiagramoftheproposedDOAestimationsystem

basedonWWGisdepictedillFig.3.

First,theDFTsofthereceivedsignalsareobtainedvia

fastFouljertl■anSform (FFT),Thepowerandcrossspecb-a

Gc訂,GIJy,andGayareestimatedfromtheFFTspecb.a.Next,

themodihedspect..aGl･y,k(a),G'Z;,k(a),andGLd,A.(a)al-e
calculatedf1-0m山epowel̀andcl.OSSSpeCtl.auSIngeXpl.eSSions

from(35)to(37)accordingtothelookdirectiond.Thespatial
spectrumisobtainedbychanglngdinthespeclnedl･angeSOf
azimuthande一evationangle.

hthissystem,WeuseFFTof512-polntlengthwithaHan-

rungwindow,aframeshiftof256polntS,afrequencybandfol･

calculatlngthespatialspecb'abetween260Hzand4kHz,and

aninteI.-micI.OphonedistanceT･Of15cm.Thenumberofaver-

agLnglterationstoestimatespectraGll訂心Gyy,l･,aJldGuy,̂･to
3(L- 1,93ms)wasdetel･minedthroughpreliminaryexperi-
ments.Inaddition,asdescribedintheeva一uationsection,weset

theindexoftheweigh也ngfunctionβto0.75,thestrengthofthe

2chSSっ′tO3,theL-channelmicrophonedirectiondLtO(600,
600),andthatofR-chanJlel(lRtO(-600.-600).

lV.ExpERIMENTALSETUP

A.MeasuresforEvaluatt'on

1)Soul･CeDeTectt'onRate:PerformanceofDOAestimation

hasbeenevaluatedlntheliteraturelntermsOftheshapeofthe

spatialspeck.um･Aspectsthathavebeenemphasizedinthose

eva一uationsincludeangu一arI-eSOlution,peaksharpness,andac-

curacyofpeakdil･ection.Thoseaspectsal･eimpol･tantforquan-

titativeevaluation,butweconsidel-thattheydonotI-ePreSent

overallefhciencywhenusedinapracticalsystem･Weconsidel･

thatstabilizingfactorsthroughuseofvarioussourcedirectlOnS

andthroughvaJ'iousnumbersofsourcesarealsoimportantbe-

causebothcanvaryunexpectedlyinpl.aCticalsituations.The

DOAsofafewdominantsoul･CeSal･eexpectedtobeestimated

eveninsuchconditions.lnaddition,abl.uptperfolⅧanCedegra-

dationcausedbyasmauirlCreaSeinthenumberofsourcesis
notdeslrable.

Fo1-theput-posesdescribedabove,wep1-OpOSe山euseofthe

soul-Cedetectionrate(SDR)asanevaluationmeasure

SDR(Ns)=K,u｡｡cS,(Ns)/Kto.<11(N.q). (40)
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lnthatequation,NDistheassumednumberofsources,
Kt｡ctll(Ns)isthenumberoftllalsofDOA detection,and
K su｡｡ess(Ns)isthenumberofsuccessfulb'ialS･Fol-SDR
measurements,thespatialspectraarehl-StCalculatedus)ng

eachDOAmethod;thenthepeaksinthespatialspectraare

detectedassumingthatNsisknownaprF'ort'.Dil･eCtionsof

thedetectedpeaksarecomparedtotheactua一ones･Then,the

detectionisjudgedaseithersuccessfulorfailedaccordingto

thatcomparison･Manysetsofsourcedh-ectionsaregenerated

randomlytoavoidthebiasintroducedbyaspecincsoul-Ce
direction.Then,eachsetisusedtosimulatethesoundfieldfor

calculatlngspatialspectra.Thereafter,thenumberofsources

Nsisvariedandthedetectionl･ateSareObtainedforeachDOA
methodandineachⅣ ｡.
TheSDRmeasurelSSenSltivetocriteriathatdeterminethe

detectionassuccessfulorfai一ed.TherefoI･e,WeShal一latel･intro-

duceHpermissibleen.or,"whichdefinesapermissib一emarglnOf

theangulal-distancebetweenthetl.ueSoul.Cedirectionandthe

pe akdlreCtion･Toevaluatetheperformance,theexperirnental

I-eSultsofthisstudyareshownasafunctionofthepem1isslble
e11●01＼

2)AccLEraCyOfDα4:TheSDRmeasul'ehasestimationacI

curacybecauseSDRisshownasafunctionofthepelⅧissible

en-or,ThataccuracyishigherwhenahigherSDRisachieved
withsmallerpelⅧissibleelTOl-.Neverthe一ess,toexhibittheaccu-

racyofDOAdh'ectly,Wecalculatetherootmeansquarede1-rOr

oftheangulardistancebetweenth e truesourcedirectionand

detectedpeakdirection.

B.St'lJullalt'ollCondt'lt'onS

Forthissimulaljon,weassumeafreesound月eldinwhlCh

eachsourcesounda汀ivesatthemicrophonesasaplanewave･

Therefore,aletimedelayandamphtuderesponseofeachsource

soundateachmicl'Ophonearementionedtocalculate山emicÌ0-

phoneslgnals･WeassumethattheamplitudeI-eSpOnSedepends

onthealTivalangleofsound,asdetemlinedsolelybymiC1-0-

phonedll.eCtivlty･Itisnotewollhythat,eveninthecaseinwhich

noiseisassumedasunc011-elatedbetweenchannels,soul.CeSlg-

nalsfunctionascoITelatednoiseinmultiplesourceconditions.

EvaluatlOnuSIJlgacquireddatainrealconditionsorevalua-

tionuslngSimulatedormeasuredimpu一sel●eSpOnSeSisdes山頂ble

becausere月ect10nandreverberationareimpollantconsidera-

tionsfol.practica一use･Howeve1-,measurementOfmicrophone
directivltylSnecessarylnthesecasesforaccurateevaluation

becausetheproposedmethodofDOAestimationassumesthat

microphonedh-ectivityisknown.Suchhvestigationisbeyond

thescope of山ispaperbecauseinvesngationinareverberant

conditionI-equlreSadditionalintensivetreatment･

～

C.SpeechandNot'seData

I)SpeechDaTa:Fortheprelimina】YinvesdgationinV-Aand

utteI.edbyonemaleandonefemale･MoÌeOVeI-,WeuseSpeech

samplesofanother50sentencesfromaJapanesespeechcoll)uS

l10]utteredbyonema一eforevaluationofSDR,asdescllbed

inV-C,andfo1-DOAaccuracyinV-D.Themaleutte1-erOfthe

TABLEI
CHOJCEOFSpEECHSAMPLESFORPRELMINARYINVESTIGAT]ONS

421

fomlerthreesentencesandthatin山espeechdatabasearedif-

ferent.Wedenotethedatasetoftheformel'Sixspeechsamples

ofthethl･eeSentencesaS"Data(A),=andtheremaining50sam-
p一esasHData(B)･=

ForthepreliminarylnVeStlgation,wechoosesomesamplesin

Data(A)dependingonthenumbeI●Ofsoundsourcesassumedin
thesimulationcondition,asdescljbedinTableI.Thenumberof

sourcesisfromonetofive;themark"o"lnTable1indicatesthat

山espeechsampleisusedf01-Calculat10n.On山eo山el'hand,

wetakespeechsamplessequentiallyfrom50samplesinData

(B);thesamplesarerotatedaftel-thelastsampleistaken･The

beginnmgofallutterancesisadjustedtocohcideapp1-0Ximately
htime.

2)Not'seData:ThlSStudyusesbackgroundnoiseforevalu-

ation.Ithadbeenrecordedpl-eViouslylnacomputerroomthat

hadcomputerfannoise.

D.MelhodsforCompart'son

Forcomparison,weusethreemethodsbasedonthecross
correlationfunctionthataJ･eOftenusedfol･DOAortimedelay

estimation･Wealsousetwopopularhigh-resolutionmethods:

MUSICandMV.Thesetwohighィesolutionmethodsal-egen-

eÌauyapplicabletoconditionsinwhichthenumbe1-Ofmic1-0-

phonesislargerthanthatofsources(M >Ns)･Weareinte1--
estedincaseswherethiscondltiondoesnothold,i.e.,M ≦凡.
Weconsldel･thatthesemethodsal'eapplicabletosuchcondi-

tionslnCasesWherethesourceslgnalsarebroadbandandnon-

stational･yforthereasonstatedinSectionI.

Regal･dingthecross-col-I-elation-basedmethod,wemention

theordinarycross-CorreladonfunctionandaletwotypesOf

generahzedcross-correlationfunctions(GCCs)thathavedif-

ferentweigh也ngfunctions.WeI-eSPeCtlVelydesignatethese

th･eemethodsasHOCC,''HGCC-1,Hand"GCC-2."Weasslgn

OCCasthemethodusmgtheordharycrossspectl-um,WhlChis

equlValenttotheordinarycrosscorrelationfunction･Thetime

avel･agedspatia一spectrumofOCCiscalculatedas

socc((I)-∑ RelGlly,.:A(a)]
l･

(41)

WeasslgnGCClltoanequivalenttoGCCwiththeamphtude

speCmmwhitenedbytheinverseofthecrossspechmGa･y.日.A･
TheGCC-1methodhasbeenreferredtoas"PHAT"inthelit-

VIB,werecordedspeechsamplesofthreesentencesthatwere el･aturel5].Wecalcu-atethedmeaveragedspaba-spectrumof

thismethodasthefollowlng:

sGCCl1(a)-∑ Re[G;y,,LJJ(a)]/lG三yJ..,;(a)卜 (42)
J､
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Here,GCC-2isasslgnedtoanequlValenttoGCCwiththe

amplitudespectrumwhitenedbytheweighthgfunctionr人(a)
shownbe一ow,as

F,.A-(d)-(n2,～/lL1-ぐ.3,̂･)lG二･y,..人(d)r] (43)

(,≡.A-lG叩,,.,kl2/(Gl.ユ･;,.;LGyy;n-A) (44)

where(≡.んisthesquaredcoherencefunctionbetweenthechan-

nels･Thewelghtingfunctionr,-,k(a)isintendedtomininlize
theunco汀elatednoisepowel.betweenchamels[5].Weusedthe

factthat(,≡.A.doesnotchangedependingonthesteeringdi.･ec-
tionain(43).Wecalculatethetimeaveragedspatialspectrum

ofthismethodasthefbllowlng:

sGCC-2(a)-∑ RclGly,,7,/i(a)】r,小(a)･ (45)
A

Forthetwohigh-I-eSOlutionmethods,weaveragethespatial
spectI.abothonthefrequencyaxisandovertimeas

Slit;SIC(CT)-10 (46)

sIIV(a)-∑1/(ak(d)*垢aA(jl)) (47)I.I
whereR,..l･denotesthecovariancematrixoftheinputsignal

R,..A-XH,んX:I.A X".んY,:.AY".人X･,:,人Y".lY,.～,A
-[言霊 富ま霊 ] (48,

ande,..A-denotestheelgenVeCtOrCOITeSPOndlngtOthesmallel.

elgenValueoftheeigendecompositionofRT-.k.Themodevector
ak((1)isexpressedas

ak(a)-tDx:ん(a).DU.A:(のexp(-j27rfsTdk/K))T (49)

whet.e7-(1istheinter-charLneltimedelayofaslgnalan'ivlngfl'Om

diI･eCtiona,fsisthesamplingfrequenc.y,andKistheFFTpoint
length.DiagonalelementsofthecovarlanCematlixRn.karein-

C,rea£edbyO･1%of(G:i- ,h+Gyy･nl)/2tostabilizJetheeヲI
tlmationofitsinversematlixandeigendecompositionnumen-

Cally･n eyarerespectivelyl̀equiredfo1-MVandMUSIC･
lncalculatlngtheMUSICspectmm,theelgenVeCtOl̀that

representsthenoisespaceisgenerallyrequired･lfwewereable
todetermine aleSPeCtralcomponentsthatonglnatedfromone
sou一-CeSlgnal,Wecouldthenuseonlythosecomponentsand

仙el-ebyobtain山 eelgenVeCtOl.aSthatwhichco汀eSpOndstothe
smal一erelgenValue.UrLformnately,ltisdi用culttoselectthose

componentsinamultiplesourcecondition.FoI.thatreason,We

usealeeigenvectorthatcorrespondstothesmallerelgenValue
foraucomponentsasanappl.OXimation.Spectralcomponents

thata】.econtributedbymultip一esourcesprovidenoc011-eCt

peaksofsources,buttheydopl･OVidegl･adualspatialspecb-a

inmostCaSeS･ThesespatialspectI-aOnlyraisethebackg1-0und

levelintheiraveragedspectl'um.Thel.efore,correctpeaksthat

arepl･0videdbydleSPeCtralcomponentsthatollglnatefrom

onesoul-Cearemaintained･Consequent一y,DOAestimationof
multlPlesourcesispossibleuslngMUSIC

ForaveraglngtheMUSICspectrum,weaveragethelogspec-

trumbothintimeandinfrequency,asexpressedin(46).Other
methodsofaveraglng,e.g.,takinga一ogarithmafterlinearav-

eraging,arepossible.However,avel-agingby(46)showeda

stableandsuperiorresultinprelimmaryexperimentscompared

tothoseofotheraveraglngmethodsIAveragLnginthefrequency

axisispossibleinthestepofestimatulgthecovariancematIjx,

asadoptedinthemethodusingafocusingmatrix(e･g.,日日).
However,averaglngOfthemultip一efrequencybinincreasesthe

chanceforcontlibutionbysignalsfrommu一tiplesourcestothe
cova】jancematrix.Thiscontributionrendersthe2×2covari-

ancematljxashavingnonoisespace･Therefore,weusenoav-

eraglngalongthefrequencyaxisinthecovariancemab'ixesti-
mation.

Spatlalspect1-aal.etyplCallydisplayedindecibelsintheliter-

atuI.e,but山isstudyusesallneaI.scaletodisplaythembecause
thedynamicrangeofthespatialspectrumissufhcientlysmall

tousealogscaleinthecaseofM≦Ns,whichisnottheproper
conditionforMUSICandMV.

V.EvALUA¶ON

A.Dt'reclt'vt'070fWWG

Pl-eliminarytoperformancecompaljson,Weinvestlgated
thedirectivityofWWGtoensurethesuitabilityofparameters

(β,7)ofthetwoweighdngfunctionsandtherelationbetween
themicrophonea汀angementandtheangulal-reSOlution･We

alsocalculatedthedirectivltyaSaSystemresponsethatcon'e-

spondstothearrivaldirectionofaslgnalwhereonlyonesource
isassumedtobepresent.Thesysteml･eSpOnSeisWWGhere･

Forcalcu一ationofdlreCdvlty,WeVariedboththeazimuthand

elevationangleof山eoneassumedsoul･Cefrom-900to900
wltha2ostep.Speechsigna一sinData(A)wel.eCOnCatenated
andusedasthesourceslgnal.Thesignaldul●ationwasabout15

S;WWGwasave1-agedovel-thatduÌation.

First,WepresentresultscoITeSPOndingtodifferentvaluesof

parametersPandつ′,aSShowninFig.4.Here,dlemicrophone

directionissettodL - (GOO,GOO),dR - (1600,-600).
Calculatedresultsareshownasabu'd'S-eyeviewdiagram.

Thelookdirectiond- (Oo.Oo)isatthecenterofeach
角gul-e.Figs.4(A)-(F),respectlVely,coITeSPOndtoresu一ts

when(P,7) - (0.0),(0,1･5)･(0,3),(0･4,0),(0･75;0),
and(0･75,3)･TheresultsshowthatthedirectivityofWWG
pI.OVideslowangular1-eSOlutionwhennoweightingfunctions

areenabled((β,7)-(0,0)),asshowninFig.4(A)･Because
WWGwithβ-7- 0isequiva一enttotheordinarycross
spectrum,wecaninferthattheordinalYCrosscorrelationfunc-
donalsohasinsufficientresolutlOntOdetectmuldplesources

illthisexperimenta一setup･Differentfll0mthatcase,Figl4(ち)

and(C)showthatadiscontinuitybetweendleregionofthe

mainlobearoundthetookdirectionandtheregIOnSulTOunding

themainlobeemergeswhenthe2chSSweigh血gfunctionis

enab一ed(↑>0).The一evelofthesurroundingregiopissufRI
cientlylowandthemainlobewidthdecI.easesaS7lnCI.eaSeS･
Ontheotherhand,themahlobeisconlCalwhenthewhitenJng

funct.oヮisenab一ed(P>0)anddleleve一ofthesun.oundlng
I-egionlSalso1-aised,asshowninFig.4(D)and(E)･Then,
Fig.4(F),whichisobtainedwhenbothweigh也ngfunctionsal-e
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Flg4･DirecllVltyOfWWGversuspararnetersJ･｢(♂.=T4｡=6C-○)(A)(J･｢)=(0.0),仲)(0.1.･5),(C)(0.3),(D)(Oi.0),0=)(0丁510),0=)(0丁5.3).

enab一ed((P,7)-(0.75,3)),showsthedil･eCtivityoftheshal一)

mainlobewithalowsun-oundingreglOn.Theseresultscon翁lⅦ

that2-DangularresolutioncanberealizedbyWWGwitha

circu一arsymmetrictwo-channe一microphon.eandthatbothβ
and7ServetOincreasetheangularresolutlOn,atleastinthe

casewhereaslnglesourceexists.

Next,weinvestigatedtherdationbetweenthemic1-0phone

aITangementanddleangulal'reSOlution.Forsimpliclly,WeSet

theparametersofthemicrophonedll･eCtionas00-90:(lL=
(Oo,Oo) and(lR- (leo,-00).Calculatedl･eSultsusingdif-
ferentvaluesofOoareshowninFig･5･(β,7)- (0･75･3)
wasusedheI.e･Fig･5(A)-(D),I-espectively,co汀eSpOndtol･e-

sultswhen00-00,300.600.andgoo.As thefigurei一lustrates,
themainlObeisbroaderalongtheelevationanglewhenOO-Oo
and300;itnarl･OWSaStheti一tang一e〃｡hcl･eaSeS.Thel･eSOlution
inelevationangleseemstobeatamaximumwhenOc,-900,
butweconsiderthat00-GOOisbetterforpl･aCticalusebecause
ofthefewerbadeffectsthatareattributabletothesignalfrom

theinversedirecd?n(-1800･-1800)･
Weassumedasmglesoul'CeCOnditiontoyieldtheresu一tsde-

scllbedabove.Therefore,wecannotdirect一yconfimlfromthem

thatthespatialspectrumillamultiplesourceconditionalsohas

peakswhoseshapesexactlyre月ecttheabovedh-ectivlty.Nev-

eltheless,weinferdlattheresolutioncallbehigherasthedi-

rectivitybecomesshalt)erandthattheoppositecannotbetrue.

Forthat1-eaSOn,W?useOo=600with(β,7)- (0175･3)for
subsequentevaluabon.

B.Spalt'alSpectra

WecalculatedleSPatlalspectraofthethreemethlodsWWG,

MUSIC,andMVbychangingthenumberofsourcesNsto

emphasizethediffel･enCeOfthepeakshapesdependingonthe

methods･Weomjtdisplaylng山oseofOCC,GCC-1,andGCC-2
becausetheyexhlbltnOC1eal.peakcoll.eSpOndingtothesound

sourceswhennlultiplesourcesexist･SpeechsignalsillData

(A)Wereusedasthesourcesignalandtheかstone-secondof

theutteranceswereused.Calculationsa】.eperformedfbI.aZ-

imuthsof-900<0<900with20stepandelevationangles

-900≦p≦900with2ostep.

Fig.6(I)-(3)respectivelydepicttheresultsobtainedincases

whereNs=1.2,and3.Thesourcearrangementisshownin
TableII･As ShowninFig.6(1),allspectraobtainedusingthese

threemethodsexhibitoneclearpeakattheb-uesourcedirec-

tioninthecaseofNs=1.ThepeakofWWGisbroaderthan
thatobtaineduslngtheothermethods.Therefore,theangulal-
resolutionofWWGseemstobelowerthanthoseofdleOther

methods.lnthecaseof〃8- 2,weobsel･VethattheMUSIC

spectl'umhasonlyonepeak,whlChseemstoresultfromthefu-

sionofthetwopeaksofsoul.CeS1and2,asshowninFig.6(2).

TwopeakscoITeSPOndingtothetwosourcesemergedilltheMV

spectrum,butthepeakhelghtofsource1ismuchsmallel.dlan

加atofsoul.Ce2.Consequently,detectionof山etwosourcesap-

pearstobedifficult.Incontl･aSt,theWWGspectrumexhibits

twoclearpeaksinthetl.ueSOurCedirecdons･

Dh-ectionsofsource1and2p1-0Videthesametimedifference

betweenchannels.Forthatreason,onlytheamplitudedifference

isvalidtodisdnguishthetwosources.WecallObse1-Ve山atresl

olutionoftheelevationaJlgleinMUSICandMVislowerthan

thatofWWG.lnthecaseofNs - 3,asimilarresulttothe
caseofN8- 2isobtained.Thl.eeClearpeaksarevisiblein
theWWGspectrum,asdepictedinFig.6(3),whereasonlytwo

pe aksarevisibleinMUSICandMVspectral

TheMVspectl-umpeakappearssharperthanthatofMUSIC

whenNs- 1becauseofthefewaveragingiteratlOnSOfthe
spectratoestimatethecovaliancema山x(threetimes)iThepeak

shal一)nessintheMUSICspectI.umincreasesastheaveraglng

timesofthespectraincreasewhenNs-1.Nevertheless,the
peaksb1-Oa°enastheaveraglnglterationslnCl.eaSeWhenNb.>1
becauseofthecontllbutionofmu一tiplesou一-CeStOthecovariance

matrix,Theuseofthl.eeaVeraglnglterationsisinfell-edtobe
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Flg5･DlreCt-VILyOfWWGversusmicrophonetlltangles･((,711) =
(0･TK,･3))･(A)(Oolro)= (0000),(B)(Oo･tflo)= (30◇.300),(C)
(Oo･TIo)=(600-GOO),P)(Po･T･0)=(90〇･900)

bestforMUSIClnthisexpel̀imentalsettlng.SimilaI･1･eSultsal･e
obtainedforMV.

AsshowninFig･6(2),theWWGspectI･unlObtainedincases

withmultiplesourcestendstoexhibltbothersomel･lpple-like

peaks･Thesepeakscanincreasefalsedetectionofsources,
thel.ebyrenderinganinaccurateestimationofthenumberof

sourcesIEstimationofthenumberofsourcesisanlmPOllant

problem.However,nogoodmethodexiststosolvethatproblem

whenNLq≧M,Investigationofthisproblemiscontinuing,but
est血ationofthenunlbel■ofsourcesisbeyondthescopeof仙s

paper･

C SourceDetecttonRare

Next,theSDRdesclうbedinSectionIV-Alisexaminedto

evaluateDOAestimationperformancequantitatively.lnaddi-

tiontothetwo-dlmenSional(azimuthandelevation)case,aone-

dimensionalcase(azimuthonly)isexaminedhere.Thenumbel･

ofsourcesNsISSetfromonetofive;1000setsofsourcedirec-

bonsareusedfo1-eachNS.SpeechdatasetData(B)isusedfor
thesourceslgnalsandthe1-equil.ednumberofsamplesistaken

sequentiallyfromthedataset.Thesamp一esal'erotatedafterthe

lastsampleistaken.

Spatialspectrausedfol･DOAdetectional･eCalculatedinthe

specihedangulal･rangecon-eSpOndingtoaone-dimensiona一

caseol.two-dimensionalcase.FordetectmgtheDOAs,We

assumethatthenumberofsourcesNsisknown,asstatedin

SectionIVAland山atthehighestⅣ βpeaksal･eSelectedfrom

thespectra･ThedetectedNspeakdu.ectionsarecompared

tothetrueNssourcedlreCtions.Thedetectedpeakthatis
neaI-eSttOeachtruediュ.eCtlOnismarkedasthec011-eSpOnding

detectedpeakofthetI.ueSoul-Ce.Weusethepermjssibleel･1-01･

tovalidatethecoll.eSpOndence.CoITeSpOndenceisI-egal-dedas
validwhenthedifferencebetweenthetruesourcedirectionand

thecol.1°eSpOndingdetectedpeakissmaHerthanthepelⅦissible

elTOr.Then,weregardthedetectionasbeingsuccessfulwhen
alltruesourceshavevalidcorrespondingpeaksinaone-t0-One

relation.Weregarditasbeingfailedifoneormoretru esources

havenovalidcorrespondingpeak･TheresultantSDRisob-

tainedasafunctionofthepet-missibleen.01..
1)One-Dimenst'onalCase(SDRt'nAzt'muthOnly):First,We
conductedanSDRevaluationfortheazimuth-onlycase.Direc-

tionsofeachsourcesetaregeneratedI.aJldomlytodistribute

仙emuniformlyin山erangeof-850<♂< 850.Theeleva-
tionanglesofal]sourcesaresetasp-OO,whel･eeaChangulal･

dlStanCebetweensoul･CeSisl･eSb･ictedtobelal･gel･thanloo･Spa-

tialspectl'ausedforDOAdetectionarecalculatedintheangular

rangeof-900<0<900with10stepatp-oO･
TheobtainedresultisshowninFig.7.That角gureillustrates

acaseinwhichSNR = 10dB･RegardingtheWWGperfol･-

mance,wecalculatedtheSDRwith(β,7)- (0･75,3)･This
茄gurecompnsesfivepane一sthatcol1-eSPOndtothenumberof

soundsourcesNs.
AsshowninFig.7,anSDRofalmostlOO% isattained

whenNs - 1byGCCll,GCC-2, andWWG atthe

pem issiblee汀01･- 100.Howevel･,theSDRsorMV and

MUSICwhenNs-1al-edegradedbyabout95%becauseMV

andMUSICspatialspectl-aexhibitbroadpeaksincaseswhere

thetruesourceislocatedfarfromthefrontdil.eCtion,e.g.,at

greaterthan8000ratlessthanl800･Thepeakmaximum

doesnotexistwithh thescannmgl̀angeinthosecases.Fol･

theincreaseofNs,thepelformanceofallmethodsdegrades.

WhenNs = 2,thedegradationofthethreecrossICOITela-

tion-basedmethodsisla1-geandthatofOCCispallicularly
la1-gel0n山eotherhand,performancedegradationsofMVand

MUSICatthepermissibleel･rOr- looareabout22%,and

thatofWWGislessthan4%inthecaseof〃8- 2.When

Ns≧ 3,thepelformancedifferencebetweenWWGandthe

othermethodsbecomeslargerandWWGremainstoexhibit

thehighestpelformance.WhenNs- 3,therespectiveSDR

ofWWG,MVandMUSICatthepermissibleelTOr- looare

84%,46% and45%.TheperformancesuperlOrltyOfWWG

ismoreremarkablewhenNs≧4.Theseresu一tsindicatethat

WWG attainsmuchbetterperformancethantheothermethods,

despltetheincreaseofsoundsources.
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(3)

Fig･6Spatlalspectraobtalneduslngthethreemethods.(l)Onesoundsource.(2)Twosoundsources･(3)Threesoundsources･

TABLElI
DRECTZONOFSouNDSouRCES

八㌔ Directio】ー(a乙i1一一uLh.eleヽ′aliolt)
Sourcel(a-I)Source2(之卜?J Sot)rCe3(b-))
I (J200,40C) -
2 (J200,40C) (ZOO,-400)

2)TwoIDt'me17St'ona/Case.Next,theSDRinthe21Dcaseis

examined.Theangu一arrangeofthesourcedirectionsthatwere

randomlygeneratedissetas-850<o<850and1850≦p≦
850,whereeveJYaJlgulardistancebetweensourcesisrestllCted

tobelargerthanloo.Spatialspec°.ausedfo1-DOAdetecdon
arecalculatedintheangularraf)geof-900<0<90oand

-900≦?≦goowith20step.Thel･eSultatSNR- 10dB
isshowninFig.8.As intheone-dimensionalcase,(β.7)-
(0.75.3)isusedtocalcu一ateWWGspectra･
As showninthisfigure,SDRslargerthan93%areattained

byMUSIC,MV,andWWGwhen八㌔ -1at山epel̀mjssible
e11･Or=100.However,theSDRsoftheth･eecross-coll･elation-

basedmethodsaredegradedandthatofGCC-1ispalliculally
一oweveninthecasewhereNs-1.TheSDRdegradationof
GCC-1arisesfromthefactthattheamplitudedifferencebe-

tweendletwomicrophonesisomlttedthl･oughnormalization
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FIB.7.SourceDetectionRate(SDR)versuspermSSlbleerrorlndleOne-di-
mensionalcaseforSNR=10dB(1)Onesource.(2)Twosources.(3)Three
sources.(4)Foursources.(5)FIVeSources.

byrG二･y川,A(a)I,asshownin(42)･Reso一utionintheelevadon
ang一eislostbythisnoImauZation.Fol･theincreaseofNs,the
pellomlanCeOfal一methodsdegradesasNsincreases.When
Ns-2,theSDRofMUSICisdecreasedtoabout35%when
thepermissibleen-or=IO〇･ThoseofOCC,GCC-1,andGCC-2
becomelessthan5%.Neveltheless,thepelfolTTlanCedegrada-
t)onsofWWGandMViJlthecaseofNs-2aresmall.When

Ns≧3,theSDRofMUSICdecreasesrapidlyasNsincreases,
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Flg.8.Sourcede【ect10nrate(SDR)versuspermlSSlbleerrorlnthetwo-dlmen-
slOnalcaseatSNR-10dB(1)Onesource(2)Twosources(3)¶lreeSOurCeS
(4)Foursources.(5)Fll,eSources

illCOnb･asttotheresultofWWG.TheresultofMVisintelTne-

diatebetweenMUSICandWWG.WhenNs-3,therespective
SDRofWWG,MV,andMUSICatthepermissibleerror-loo
al･e60%,43%,and4%.

SimJarlytotheone-dlmenSionalcasedescribedinthepl-e-
viousSectionV-C1,thel･eSultsdescribedaboveforthetwo-di-

mensionalCaseagalniJldicatethattheproposedmethodismuch
morerobusttotheincreaseofsoundsourcesthanareother

methodswlthwh】chltWasCOmpal-edheI-e.
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D.DonAccLEraCy

Finally,toexam血eaccuracyof山epeakposition,weca】culate

therootmeansquarederror(RMSE)oftheangulardistancebe-

tweenthepeakdirectionanditstruedirectlOn･Thesamespadal

spectraobtainedinthepI'eViousSectionV-C2ofSDRmeasure一
mentwiththetwo-dimensionalcaseareusedforthiseva一uation.

Onlythepau･softhemepeakdirectionanditscorresponding

peaksthatresultedfromSuccessfuldetectional.etakenintoac-

count･Thecalculatedresultsareshownasafunctionofthepel'-

missibleerror,aswasdonepreviouslyfortheSDRevaluation.

TheobtainedresultsatSNR- 10dBareshowninFigs.9

and10.TheseRgures,respectively,illustratetheRMSEversus

thepermissibleelTOrinazlmuthandintheelevationangle.We

dlSPlaytheresultonlywhenthenumberofsuccessfuldefec-

tionsisgl●eaterthan5%(50samples)ofthenumberofallb.ialS.

Thereby,weavoidinclusionoflessI-eliabledataofthesmall

samp一esusedfol-CalculatlngtheRMSE.

Regardingtheestimationoftheazimuth'sang一e,Fig.9
showsthattheRMSEsofGCC-1andGCC-2arelowerthan

thoseobtalnedbytheothermethodswhenNs- iatthe
permissiblee汀01･< 120【Fig.9(I)].Thesevaluesincrease
mostlylnprOpOlliontothepel~mjssiblee汀Ol｣ncontrast,the

RMSEsofWWG,MVandMUSICaregreatel-thanthoseof

GCC-1andGCC-2whenthepeImissiblee汀Or<120,butthey
l･emain一owerthan40evenwhenthepelmjssivee汀Or≧120.

1nthecaseofNs- 2,asshownlnFig.9(2),theI-esultsof
OCCandGCC-1arenotdisplayedbecauseOCCandGCC-1

hadtowel-SDRthan5%fol.allpermissibleelTOl'SandGCC-2

didsowhenthepelmissibleerl･Or< 】00･h thiscase,We
observethattheperfomlanCeOfMUSICandGCC-2degrades,

whereasdlOSeOfWWG andMVremainalmostunchanged

comparedtothecaseofNS- i.WhenNs=3and4,as
showniJIFig.9(3)and(4),onlyWWGandMVhavesu用cient

successivedetectionsfordisplay.Weobserve 山atRMSEof

WWGremainslowerthanthatofMVandismostlyunchaJlged

dlrOughincl-easeOfNs.
Inthecaseofestimatlngtheelevationangle,wecanobserve

asinlilartendencytothoseofresultsofazlmuthestimation,as

showninFig.10.Bo山WWGandMVhavesimilarRMSEsthat
aretowerthanthoseofazimuthestimation.lnconsiderationof

thel･eSultsofSDRmeasurementandRMSEmeasuI･ement,We

canconfhlthatWWGachievesdlehighestSDRandaccuracy

simultaneouslyamongthemethodsthatwerecomparedlnmul-

tlPlesourceenvh-onments･

E.AngularRe50lut1-07l

lnthisanalysts,Weinvest】gatetheangularreso一utionof

WWG･Weassumedlatthetwosourcesthathaveequalpowel･

arepresentnearthedil･eCtionof(00,00);wefurlherassumethat

山esourcesignalsal.etakenf1-0mdatasetData(A).TheSNR

wassetto20dB･Weca一culatethespatialspectrainthecasein

whichone(soul-Ce-a)ofthetwosoul-CeSisfixedatda-(00,00)
andtheothersource(source-b)changesitsdil'eCtionnear(00,

00)witha20stepto吊ndtheminiJnumangularresolution.We

denotethedirectionofsource-basdb-(Ob.糾)･
Fil･St,WeShowresu一tsobtainedwhenthedh･ectionofsource-b

lSChangedalongtheazimuthalaxiswhileitse一evationangleis

触edasOo.Thespatialspectll】mOfGCC-2,WWG,MUSIC,
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ー0 5 10 15

PcrmlSSlblcErro】(dog)

Flg9 RMSEinazlmuthangleversuspermlSSlbleerror･(1)Onesource.(2)
Twosources.(3)Threesources(4)Foursources.(5)FIVeSources.

andMValongtheazimuthalaxis(elevation- Oo)isshown

inFig･11･FourpanelsattheleftsideofFig.llcorrespond

tothiscase.Thedisplayedspatialspectraal.eShiftedalongthe
vellicalaxisastheazimuthofsource-bshifts.Thea汀OWSindi-

catethesourcedlreCtions.Asshowninthat汽gure,theWWG

spectrapeakscorrespondingtothetwosourcesaredistinguish-

ablewhentheangulal-distancebetweenthesoul-CeSisgreater

than4O.Therefore,Weinferthatthemirumumangularresolu-

donofWWGalongdleaZimuthalaxisisabout30.similal.1y,
thatofMVisinfen･edfromthemeasuremenHobeabout5Oin

仙issetup･
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PcI一misslbLcEn.oHdeg･)

Flg･10･RMSElnelevatlOnangleversuspernllSSlbleerror(1)Onesource.(2)
Twosources(3)Threesources(4)Foursources.(5)FIVeSources.

Next,weshow山eresultsobtainedwhenthe血･ectlOnOf

source-bchangesalongthee一evationaxis,whileitsazimuth

is角xedatOo.Thespatialspectrumalongtheelevationaxis

(azimuth- Oo)isshownin山efourp竺elsattherightside
ofFigl1llAs showninthat月gure,thernlnimumangularreso-

lutionOfWWGalongtheelevationaxisisabout80;thatofMV
isaboutloo.weobsel･Ve山atGCC-2hasnoI･eSOludoninthe

rangeofthisexamlnatlOnandthattheresolutionofMUSICis

alsolow,palliculallyintheelevationangle･

O
p
n
JLu
仙
t?
≡

0 10 0 10
az]nlLlth(deg.) elcv.lt10ntdeg)

0 10 0 10
azImulhtdcg) elcl'iLtLOnLdeg)

0 10
nz】mLllhLdeg)

0 10
cJc＼'alton(deg.)

iLZimulh(dcg) ele､,atlOn(deg.)

Flg11Angularresolu【10nlnaZlmuthandelevationang一e.

Wenote山atbiaserrorisobservedinMVandMUSIC

spectra,whereasthatinWWGspectraappearstobevelYSmal1l

Moreover,weobservethatMVspectl.aexhibitpeaksofthetwo

sourceswithdifferentheight,althoughthetwosourceshave

equa一poweI.･Thisphenomenoncoincidestothe2-D spatial

spect1-aOfMV,asshowninFig.6(2)andFig.6(3);itseemsto

degrade山eMVperfoI-manCe,

Theresultsdescribedabovevellfythattheminimumangu一ar

resolutionoftheazimudlalaxisinthissetupishigherdlanthat
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ofthee一evationaxisforallmethodsandthatW Ghasthe

highestreso一utioninbothaxes.

VI.CoNCLUSION

ThisstudyproposedanewmethodofDOAestimationusulg

twodirectionalmicrophonesbasedontheweightedWiener

gain.A circularsymmetryarrange血entuslngtwodirectional

mi crophones was also p1-0pOSed to enable estimation not

on一yofazimuれ butofelevationang一e.Wecompa】-edthe

perfolmanCein termsofsourcedetectionratesanddetection

accuracywiththeth･eeequlValentstothemethodsbasedon

thecross-corre一ationfunctionandthepopularhigh-resolution

methodsofMUSICandMV.Resultsshowthat,althoughthe

respectiveperformancesofboththecl･OSS-COITelationbased

methodsandthehigh-resolutionmethodsdegraderemarkably

withmorethantwosources,theperformancedegradationof

thep1-OPOSedmethodismoderateandadetecdonrateof84%

intheazlmuth-onlycaseand60%inthetwo-dlmenSionalcase

wereattainedatthepermi ssibleerror=loo,evenincases
whe1-eactualbackgroundnoisewithSNR-】OdBandthree
sourcesarepresent･Theseresultsdemonstratethesuperionty

oftheproposedmethodovel･Othermethods,particularlyln
adverseCOnditionswheresoundsourcesaremorenumerous

thanmicrophones.AlthoughthenumbeI.Ofdetectablesources

isincl-easedby dleProposedmethod,determi nationofthe

numberofsourcesremainsasanimportantproblem･Weare

continulJlgOurexami nationofthisproblem.
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