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Hands－freeSpeechRecognition

UsingaMicrophoneArray＊

Take＄hiYamada

Abstract

Tbkthesk払cns朗OnmicmpllOnearr耶tOre血ehand針丘既叩e∝hmognl－

tioninrealenvironments．hhandB－freesit11ations，uSerSCan8Peakatarbitrary

positionswhilemoving．Therefore，itisveryimportantforhighqualityspeech

acquisitionusingmicrophoncarraystolocalizeataneraccurately・However，it

i＄VerydimculttolocalizeamovingtalkeraccuratelyinnoISyandreverberant

environments．Thetalkerlocalizationerrorsresultinperformancedegradation

ofspeechrecognition．OnewaytosoIvethisproblemistointegratethespeech

recognitionproces＄andthetalkerlocalizationintoaunified丘amework・Thisthe－

sisproposesanewspeechrecognitionalgorithmbasedona3－dlmensionalViterbi

search．The3－DViterbimethodextractsadirection－timesequenceofparame－

tervectorsbysteeringabeamtoeachdirectioninevery丘ame，thenfindsthe

mosthkelypatllina3－dimensionaltrellisspaceconposdoftalkerdirections，

inputframesandHMM8tateS・Thismeansthatspeechrecogmitionandtalker

localizationareperfbrmedsimultaneOuSlywithinastatisticalLfamework・

Toperforminitialevaluationofthe3－DViterbimethod，reCOgnitionexperi－

mentsforsimulateddatawerecarriedo11t．Theremltsshowthat5PeeChfeatureB

♯DocbrTbe㌫5，D叩artmentOfIn払rma七ion Processhg，Grdu扇e S止odofInhrma扇on

SdencちNa相加tukofSdenceandTedmolo訂，NAm－Ⅰ㌻DT9郎1031，MぴCh24，199臥
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extractedinlow SNR conditions areinsu瓜cient to estimate atalker direction

accurately．Inthisthesis，thefo1lowingsolutionsareconsidered：（1）theuseofa

pitchharmOnicswdightfunctionand（2）theuseofadaptivebeamforming．The

efFbctofthesesollltionswereevaluatedthroughrecognitionexperimentsforreal

data．Theresultsconfirmthatthe3－DViterbimethodacbieveshighrecogmition

performanceforamovingtalkercaseaBWellasfora丘xed－pOSitiontalkercase．

Keywords：

Speechrecognition，realenvironments，hands一打eesituations，microphonearrays，

talkerlocaliヱation
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ChApterl

Introduction

1．1　Hands－freeSpeechRecognitipninRealEn－

vironments

DuriⅠ唱thelaBtdecadctheperformanCeOfautomaticspeechrecognitionha8be印

improveddraBticallybyapplyingstatisticalapproaches，namelyhiddenMarkov

models（HMMs）andneuralnetworks【1，2，3，＿4］・Continuousspeechrecogni－

tioniscllrrentlyp11ttOpraCticaluseforapplicationssuchasdictationsy＄temS，

COmmand－and－COntrOIsystems，databaselnq－11ryandtouristinformationsystems・

MostaNailablesystemshaNetOmeetantlmberofreq11irementstoachievehigh

recognitionacc11raCy．Someofthemarespeaker－independence，hugevocabulary

（morethanahundredthousandwords），rObustnessforspontaneouB苧p？eChand

environment－independence．Inparticular，an11rgent neCeSSitylS enVironment－

independencebeca11SetheperformanceofmostrecognlZerSSeriouslydegradesif

theyenco11nterenVironmentalmismatchesbetweentrainlngandtestingcondi－

tions．BysoIvingthisproblem，thepre8ent8pCeChrecognitionteclmologycould

be11Sedinawidevarietyofenvironments．

1



AsimplewaytoachievehighrecognitionperformanCeinacertainenvironment

istotrainarecognlZerWithspeechcollectedinthisenvironment・However7it

isunrealistictocollectalargeamountOfspeechiIlalargenumberofdifrbrent

environments・Therefore，mOStreCOgnizersaretrainedwithnoise一正ee（clean）

SPeeChandforceuserstouseahead－mOuntedorhand－heldmicrophonetoreduce

environmentaldifference8betweentminlngandtestingconditions・However，itis

troublesomeformostuserstobeencumberedwithamicrophone．Tbmakethe

bestuseofthespeechmodality〉uSerS＄houldnotbeencumberedwithmicrophone

equlPmentand8houldbeabletospeakatacertaindistanCe丘omamicrophone

Whilemovlng・Therefore〉anissuetobeaddressedishand＄－＆eespeechrecognition

Whichisalsoreferredtoasdistant－talkingspeechrecognition・Hands一正ee＄PeeCh

recdgmitiontechnologycancontriblltetOtheincreaseofflexibilityofthe■present

applicationsandcanbeusedtocreatenewapplications．・

Speechacquiredbyamicrophonefar丘omthetalkerisdistortedbyenviron－

mentalinterfbrence．TheenvironmentalintefEerenceisdividedintotwofactors：

additivenoiseandconvolutionaldistortion．

●TheadditivenoiseincludesbackgroundnoisesllChasmechanicalnoiseof

COmputer－fansandair－COnditioners，Othertalkersandsoundoftelevision

andmusic．Tlleadditivenoisealsoincludeselectricalnoiseofatransd11Cer

whichiscomposedofamicrophone，anamplifier■よふdalow／high－paBS＆l－

ter・Fig11rel・1（a）showsarelationshipbetweenthedesiredspeechandthe

dditivenoise．

●Theconvolutionaldistortioncontainsroomacousticswhichtypica11ylead

toreverberation8andcharacteristicsofthetranSd11Cer．Theconvolutio11al

distortionisTePreSentedasanimpulsercsponse丘omthetalkertothetrans－

duceroutput・Figurel・1（b）＄howsarelationshipbetweenthedesiredspeech

2



andtheconvolutionaldistortion．InFigurel．1（b），HlistheacoustictranS－

ferfunctionfromthetalkertothetransducerlnp11tandH2istheacoustic

transferfunction from the tranSducerinput to the o11tp11t．Hlis time－

varylngWhcnthetalkermoves，WhileH2isapproximatelytime－ihvarylng・

Tbimproverecognitionperformanccforthedistortedspeech，reSeaXChoncom－

pensationforthesefactorsisnecessary・

Thefinalobjectiveoftllisthesisistorealizehands一打eespeedlreCOgnition

insmal1conferencerooms，WhereuserscanspeakatふdistanCeuptO2－3meT

ters免・Omamicrophonewhilemovlng．Sinceperformancedegradationinadverse

environmentsisseriousevenforisolated－WOrdrecognlZerSWithalimitedvocablト

Mecllanicalno阜se，

0仇ertalkers，
soundortelevision

andmusIC，．．．

Electri（泡1

moise

0っ〕…・ふ・ヰ｝－や
Micropl10ne

（b）

CIlaraCteristics

Oり〕：苛：占r笥二Cer
Micropl10me

Speech

re（：OgmZer

Speedl

reCOgmZer

Figurel・1・Relationshipsbetweende8iredspeechandenvironmentalinterference・

（a）Additivenoise・（b）Convolutionaldistortion・
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1ary，thealgorithmsproposedinthisthesisarete＄tedusingasimpleisolated－WOrd

recognitionsystem・Tbcompensatefortheenvironmentalinterference，thisthesis

introducesamicrophonearray－basedapproachandproposesanewspeechrecog－

nitionalgorithmbasedona3－dimensionalViterbisearch．Themostattractive

fea・tureOfthisalgorithmistointegra，tethespeechrecognitionprocessandthe

talkerlocalizationintoaunifiedframeworktodealwithamovlngtalker．

1．2　IJiterature Review

TheperformanCeOfmostrecognlZerSSeriouslydegradeswhentraihingandtesting

environmentsdon’tmatch・Manyteclmiqueshavebeendevelopedtocopewith

environmentalinterference suchaB additive noise and convol11tionaldistortion．

Thesetechniquesarebroadlydividedintotwdappmidies‥、坤eechenhanpement

andmodelcompensation・Thissectionbrie且yde早Cribes／themainteclmiquesfor

eachapproach・Detai1ed8ummariesoftheseteclmiqu由■andalargenumberof

Otherteclmiquestanbefound＿＿＿in［5，6，7］・

Speechenhancemehtteclmiquesareusedtofi1terolltadditivenoiseandcon－

VOlutionaldistortionbeforerecognitionprocessstarts．Figurel．2shムwsablock

diagramofacommonrecognlZer・Theretrievedspeechisfedintothepattern

matchingmoduletogetherwiththecleanspeechmodelsthroughthefeatureex－

●Spectralsubtract享On［8］andWienerfi1tering［9］｝havebe占nproposedtore－

moveadditivendiBe・Usingthespectralsubtractiontechnique，thepower

SpeCtrumOfthecleanspeechisobtainedbysubtractingthepowerspecT

trumOfthcadditivenoise血・OmthepowcrspectrumOfthedistortedspeecll．

UsimgtheWiener丘1terlngteClmique〉thecleanspeechisestimatedbyRl－

teringthedistorted8PeeChwithanon－CauSalWiener丘Iterestimated丘om

4



thedi＄tOrtedspeechandaprwriknowledgeofadditivenoise・BecallSethe

characteristicsoftheadditivenoiseareneededtoapplytheseteclmiq11eS，

theyareestimatedfromnon－SpeeChframesifonlyaslnglemicrophoneis

used，andfromareferencemicrophonelocatedatthesourceofthenoiseif

twomicrophonescanbeused・Theperfor甲anCeOftheseteclmiquesstrongly

dependsontheaccuracyofdetectingthenon－SPeeChframesandtlletyPe

ofadditivenoise（8tationaryornon－Stationary）・

●Cepstrummeannormalization（CMN）［10］haBbeendevelopedtoremove

the e鮎ct ofconvolutionaldistortionin a．slnglemicrophoneframework・

Convolutionaldistortionin the time domain res111tsin additive noisein

thecepstral（log－SpeCtral）domain・ThecepstrumOftIleCleanspeechis

obtai11edbysubtractingthecepstrumOftheconvol山ionaldistortionfrom

thecepstrumOfthedistortedspeech．Thecepstr11mOftheconvolutional

distortionisestimatedbyaveraglngOVertheentirecepstrumSequenCeOf

thedistortedspeech．When11SingCMN，theimplicitass11mptionisthatthe

acoustictransferfunctionfromtlletalkertothetranSducerolltplltistime－

invarylng・Howcver，theacoustictradlS鮎rfunction血omthetalkertotlle

CleanspeecIl

mode15

〔∃
Microphome

D
Feature Pattern Recognition

extractiom matching results

Figllrel．2．Ablockdiagramofacommonrecog血1Zer・
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tranSducerinputistime－Varyingwhenthetalkermoves（seeFigurel．1（b））．

ModelcompensationtechniquesadaptthecleanSpeeChmodelstothetest

COnditions・Thedistortedspeechisfbdintothepatternmatchingmoduletogether

Withtheadaptedspeechmodelsthroughthefeat11reeXtraCtionmodule．

●Modeldecomposition［11】andmodelcomposition［12，13，14］havebeen

PrOpOSedtocompensateforthee鮎ctofadditivenoiseandconvol11tional

distortioninaslnglemicrophone丘amework．Modeldecompositiondecom－

posesthedistortcdspeechbyusingthecleanspeecllmOdc18andenviron－

mentalinterfbrencemodelsdmingtherecognitionprocess・Modelcompo－

SitioniBt＝loselyrelatedtomodeldecomposition・Distortedspeechmodels

are■composedh）mthecleanSpeeChmodelsandtheenvironmentalinter＿

fer血ce血odelsbeforetherecognitionproces＄・Additivenoi畠emodelsare

trainedwiththenon－SPeeChframes．Al＄0，COnVOlutiムnaldistortionmodels

aretrainedwiththeimpulseresponse丘omthetalkeitotlletranSducer

OutPut・Tballowuserstospeakatarbitrarypdsitionswithoutm■easurlng

theimpulserespon＄eeVerytime）reCentlyafewteclmiqueshavebeendevel－

oped［151．Theseteclmiquesestimatetheconvollltionaldistorti。nm。dels

fromthedistortedspeech）thecleanspeechmodelsandtheadditivenoise

models・However）theseteclmique8StillhaveaprobleminthecaBeWhen

thetalkerismovlng・Itisnecessarytoestablishafhmeworktodcalwitll

amovlngtalker．

Asmentionedabove？mOStteChniquesassumetllat：

●theadditivenoiseisstationary，

●theconvolutionaldistortiozliBtime－invarylngand

●aPrioriknowledgeofenvironmentalinterferenceiBaVai1able．

6



However，theseassumptionsdonotholdformanyPraCticalenvironments・Tb

realizehands－freespeechrecognitioninawidevarietyofenvironments，anideal

teclmiquemusthaNethefo1lowingfeatures：

●SuppreSSion ofthe efrbct ofadditivenoise，Whetherstationaryor non－

Sta七ionary，

●remOValofthee鮎ctofconvol11tionaldistortion，Whethertime－invarylngOr

time－Vadylngand

●adaptationtounknowncnvironmentsandchangingenvironments・

Recently，theuseofmicrophonearrayshasbeeniIIVeStigatedasanewparadigm，

whicho銑！rSadistinctperformanceadvantageoversingle－Channelalgoritllm8［16ト

Amicrophonearrayiscomposedofmultiplemicrophoneslocatedat di鮎rent

positions．TheolltplltSignalofeachmicrophoneincludes・nOtOnly・aCOuSticin－

formationblltalsospatialinformationaboutsoundso11rCeS・Therefore，Signals

originating丘omdistinctdirectionscanbeseparatedbyspatiotemporal丘Itering・

Inotherword＄，adesiredsignalcanbeacq11iredselectivelybyformlngadirec－

tivepatternsensitivetothedirection・ThismeanSthatthebeamformlngCan

e鮎ctivelys11pPreSSOthersoundsollrCeS，WhetherstationaJyOrnOn－＄tationary，

includingreverberations・F11rthermore〉amOVlngtalkercanbedealtwithbe－

ca11Sethedirectivepatterncanbeelectronicallysteeredtoarbitrarydirections・

Thus，thisthesisfocusesontheuseofmicrophonearrays・

1．3　Thesis Overview

Thisthesisi＄OrganizedaBfo1lows・Chapterlgivesanintroductionandreviews

cllrrently11SedteclmiqlleS．Chapter2describesthebasicsofmicrophonearray

7



processlng：beamformlngandaJCOuSticso11rCelocalization・Thischapteralsodis－

c11SSeStheirapplicationtoIlands一丘eespeechrecognition・Chapter3describes

a．newdatabaBeforLmicropIlOnearrayreSearChwhichincl11desspeechdataofa

movingtalker．Thisdataba，SeCOntainsgenerateddatasim111atingidealconditions

whichapproximatelycorrespondtothoseofananeChoicchamber・Thedatabase

containsalsorealdatarecordedinarealroom．Chaptcr4describesancwap－

proachwhichintegratesthespeechrecognitionprocessandthetalkerlocalization

intoauni丘edframeworktodealwithamovingtalker・Inthischapter，a・neW

speechrecognitionalgorithmbasedona3－dimensionalViterbiseardlisproposed・

Theperformanceofthe3－DViterbimethodisevaluatedthrolユghrecognitionex－

perimentsforsimulatedandrealdata・Chapter5describestheapplicationof

adaptivebeamformingtothe3－DViterbimethod・Theefftctofadaptivebeam－

formingisevaluatedthroughrecognitionexperimentsforrealdata．Chapter6

summari2：eSthecontributionsofthisthesisandgivessuggestion＄forfuturework．

8



Chapter2

MicrophoneArrays

Amicrophonearrayiscomposedofmultiplemicrophoneslocatedatdi鮎rent

position亭．Signalsreceivedbyamicrop皐onearrqycontainacousticalandspatial

informationaboutsoundsources．ByuslngSpatialrelationshipsamongsound

sourcesandmicrophones，Signalsoriginating丘omdistinctdirectionsqanbesep－

arated．Thatis，adesiredsignalcanbeacq11iredbyformlngadirectivepattern

sensitivetothe direction，Whetherothersoundsourcesarestationaryor non－

stationary，includingreverberations．Sincethedirectivepatterncanbesteered

toarbitrarydirections，amOVlngtalkercanbedealtwitll・

Thischapterdescribesthebasicsofmicrophonearrayproces＄lngandit＄ap－

plicationtohands一正eespeechrecogIlition．・Section2・1explainstheprinciple

Ofdelay－and－Sumbeamfoming【17，18］・．Section軍・2alsoexplainstwoacoustic

sourcelocalizationalgorithms：SPatiotemporalanalysis【19，20］andcross－POWer

8PeCtrumphase（CSP）analysis【21，22，23，24］・Final1y，Section2・3discusses

problemsofcurrentspeechrecognlZerSuSlngamicrophonearray・

9



2・1　Beamforming

BeamformlngisthenameglYentOmicrophonearrayprocesslngWhichacquires

ahighqualitysignalbyformlngLadirectivepatternsensitivetothepTOpagat－

ingdirection・Inthelastseveraldecades，anumberofbeamformingalgorithms

havebeendeveloped・Delay－and－Sumbeamforming［17，18］istheoldestandsim－

Plestalgorithmandissti11apowerfu1algorithmtodaybecauseofitssimplicity，

COmp11tationale銃ciencyandreliability．However，thedelay－and側mbeamform－

1ngalgorithmhasthcproblemthatmanymicrophonesふren占ce去sarytonaJrOW

thewidth ofthe main beam ofthe directivepattern．Tbachievea．so－Cal1ed

highresolutionbeamWithoutincreasingthenumberofmicrophones，anum－

berofd騰rentbeamformlngalgoritlm占havebeen■proposcdsuchasadaptive

beamforming【25，26，27］，Sub去pace－basedbeamforming［28］，matChed■■ilteraJray

processingandmultiplebeamforming［29，3b］．Thesealg。ritlmsachiev。・supe－

riorsignalacquisitionperforhancebyad如tingtd‾specificconditions．Inthis

thesis，thedelay－and－Sdhl■beamfoimingalgoritlmisu占edfbrinitialevahationof

thespe占chrecognitionalgorithmproposedinChapter4．Theiemainderofthis

SeCtionexplainstheprincipleofdelay－and－Sumbeamformlng・

Figure2・1showsablockdiagramOfthedelay－and－Sumbeamformingalgo－

rithm・AplanewaveLromdirectionOi＄reCeivedbyamicrophonearraywhich

iscomposedofMmicrophones■setuplinearlyandseparatedatdistanCed．The

Signalxm（l）receivedbythemthmicrophoneisrepresentedasfo1lows：

腋m（f）＝〇1（f－（m－1）T），　　　　　　　（2．1）

WhereT＝dcose／candcisthesoundpropagationspeed．Theoutputsignaly（t）

Ofdelay－and－Sllmbeamform1nglSgivenby

y（りニ∑ごm（ま＋（m－1）丁）．
m＝1

10
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Theamplitudeofthesignal丘omdirectionebecomesMtimesaslargeasthe

originalsignalbytheco－Phasingoperation・Ontheotherhand，Signalsfromother

directionswi1lnotbeco－Phased．Thismeansthata・dircctivepatternSenSitive

todirectioneisformed．Figure2．2（a）～（c）showthee鮎ctofnoisefeduction

bydelay－and－＄um beamformlng・AnonglnalspeechwavefbrmofaJapanese

utterance／ikioi／anditsnoisyversiム11areShowninFigure2・2（a）and（b），Where

thespeechsignalandawhiteGaussiannoisesignalcomeftom30degreesand

120degrees，reSPeCtively・Figure2・2（c）showstheenhancedversionu＄ingthe

delay－and－Sumbeamformingalgorithmwith16microphones・TheresultssllOW

thatthewlliteGaussiannoiseiss11CCeSSfu11ystlpPreSSed．

Equation（2・1）canbewritteninthefrequencydomainasfo1lows：

‰（J）＝′ざ1（J）e‾桝（m‾1）dco呵‘， （2・3）

whereJ㌦1（f）isthespectrumofthesign可receivedbythemthmicropl”lleand

fisthefrequency．ThespectrumY（f）oftheoutputsignalofdelay－and－Sum

O

■

∫、Illり

ロOdロ
0

∫ヱ仙l∫∫仙

［画…・…［至至］
∫∫仙　　　　l∫′∽

回

∫仙＝▲lJ∫′糾

Figure2・1・AblockdiagramOfthedelay－and－Sumbeamformingalgorithm・
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anditsenhancedversionofthesameutterance．
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beamformlnglSrepreSeAtedasfo1lows：

・y（J）＝．∑‰（J）e桝（m‾1リc扇／c
竹1＝1

（2．4）

Theoutp11tgainG（4・，f）ofdelay－and－Sumbeamformingindirection¢isderived

丘omEquation（2．3）血d（2・4）誠払uows：

裾）＝謝＝
sh（〟∬Jd（c偶¢－COSβ）／c）

sh（灯Jd（cos¢－C00β）／c）
（2．5）

Figure2．3showsdirectivepattemscalculated仕omEquation（2・5），Wherethe

waveh）ntarrivaldirectiollis90degrees（0＝90）・hFigure2・3（a），thenumber

。fmicrophonesi88（M＝8），thedistaLnCebetweenadjacentmicrophonesi817

cm（d＝17）adldthefrequencyis500Hz（f＝500）・ThewidthWofthemain

lobecanbegivenby

Ⅳ＝2sh‾1
、lトり－

（2．6）

Equation（2．6）showsthatthewidthofthemainlobeisnarrowedaBthefrequency

ismied．hFig．L，e2．3（b），th。＆equencyistwice云Iargeasthat‾inFigure2．3（a）・

Equation：（2．6）alsoshowsthatthewidthofthemainlobecaJlbenamowedby

increasingthenumberofmicrophon6sorspreadingthedistancebetweenadjacent

microphones・InFig11re2・3（c）and（d），thenumbero．fmicrophonesandthe

di或anα㌫tⅦen叫a∽nthicrophdnesa代t前代舶・如酢由血0紀hF和代

2．3（a），．eSpeCtively．Spatialalia＄ingoccurswhenthedistanccbetweenadjacent

microphonesi＄tOOwide．InFigtLre2・3（e）and＿（f），thesecondarylobesbecome

aslargeaBthemainlobe・ToavoidspatialaliaBing）thefollowingconditionmust

bsatis負d．

‾2んは’

wIle代んはktheNyq扇雨正明nenCy・
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2．2　Acoustic SourceI．ocalization

WhenawavefrontLamivaldirectionofadesiredsignali＄known，beamformlng

algorithmscanefrectivelyreducenoise・However）inhands－freesituatiqnswhere

userscanspeakatarbitrarypositionswhilemovlng†thewavefrontaJrivaldirec－

tionisgeneral1yunkn0wn・Ifasteeringdirectionisd騰rentfromthewaveftont

arrivaldirection，thedesiredsignalisdistortedduetothefrequencydependency

ofdirectivepattems（seeSection2・1）andothersoundsources・Therefore，it

isveryimportantforhighqualitysignala£quisitionbybca・mformingalgorithms

tolocalizeatargetsoundsourceaccurately・Duringthela8tSeVeraldecades

acou＄ticsourcelocalizationalgorithmssuchaBSpatiotemporal．analysis【19，20］，

c，。SS－p。WerSPeCtrunphase（CSP）analysist21，2畠，23，24］adldeigenvector－ba占ed

analysis【31】havebeenproposed・Ⅰ鱒pqrticular，thespatiotemporalanalysisand

theCSPanalysi＄arewidelyuscdforspeechrecognlZerSuSlngamicrophonearray

becauseoftheircomputationale瓜ciencyandstability・Thissectiondescribesthe

spatiotemporal鱒alysisandtheCSPanalysisindetai1・

Inthespatiotcmporalanalysis）a・Spatialpowerspectrumiscalculatedby

steerlngabeamtOeaChdirection・Tosimplibrtheproblem，thedelay－and－Sum

beamformingalgorithmisusedforthispurpose・Thespatialpowerspectrum

P（¢，f）isderivedftomEquation（2・3）and（2・4）asfollows：

P（¢，J）＝∑ズm（J）㌔呵（m‾1）dco勅

㌫（J）＝ズ1（J）e‾桝（m－1）dc嗣／c，

（2．8）

（2．9）

and

where4．isthesteeringdirectionandeisthewave丘ontarrivaldirection・If

thesteeringdirection¢isequaltothewavefrontarrivaldircctionO，theolltput
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powerofdelay－and－Sumbeamform1nglSmaXimized・Therefore，thewavefront

amivaldirectionOcanbeestimatedbyhdingthemaximumvalueofthespatial

POWerSPeCtrum・Whentherearem111tiplesoundso11rCeS，thewavefrontarrival

directionscanalsobeestimatedbyfindingthepeakvaluesofthespatialpower

SPeCtrum・Fig11re2・4showsanexampleofthespatialpowerspectrum，Wheretwo

WhiteGaussianmiseslgnalscome企om30degreesand120degrees・InFig11re

2・4〉thespatialpowerspectrumisaveragedoveral1frequencybands・Thespatial

powerspectrumhaBpeakvaluesat30degreesandat120degrees）Showingthat

thewave血ontarrivaldirectionsareestimatedcomctly・

IntheCSPanalysis，thedelayofarrival（DOA）betweensignalsreceivedby

twomicrophones，aSShowninFigure2．5，isestimatedtdobtainthewave丘ont

Soundsourcedirections

73

72

71

宣：；
l■

ぎ68

ら‘7

66

65

640 20　40‘O SOlOO1201401601別）

Direction【degrees】

Figure2・4・Anexampleofthespatialpowerspectrum，WheretwowhiteGaussian

noiseslgnalscomefrom30degreesand120degrees・
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arrivaldirectione．TheCSPfunctionisdefinedby

CgP（た）＝DFT‾1

DFT【〇1（州DFT【∬2（几）1■

lDFT【∬1（可‖DFT【∬2（瑚
（2．10）

wh。renandkisthetimeindex，DFT卜】（orDFT－1［・］）isthediscret畠Fourier

tranSform（ortheinversediscretcFouriertransform）and＋isthecomplexcon－

jugate．TheCSPfunctionglVeSStableestimationperformanCebywhitenlngthe

magnitudespectraofxl（n）and才2（n）compaJedtothenormalcross－COrrelation

function．TheDOAcanbeestimatedbyfindingthem拡imumvalueoftheCSP

function．Whentherearemultiplesoundsources？theDOAscanalsobee＄timated

by丘ndingthepeakvaluesoftheCSPfunction・Figure2・6showsanexampleof

theCSPfunction，WheretwowhiteGaussiannoisesignalscome血om30degTeeS

and120degre■es・TheCSPfunctionhaspeakvaluesat－0・43msec・andatO・25

msecwhichcorTeSpOndto30degreesand120degrees・

D（需●・・＼．。
●　　　●

ち匝＝町制

Figure2．5．Thedelayofarrival（DOA）betweensignalsreceivedbytwomlCrO－

pbones・
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Signalscomefrom30degreesand120degTeeS．
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2．3　Problems ofCurrent Speech RecognlZerS

UsingLaMicrophoneArray

ApplyingmicrophonearrayprocesslngtOhands－freespeechrecognition，1SSueStO

be addressedare：

●themicrophonead・rayCOn負guration；

●thebeamformingalgorithm；

●thetalkerlocali乙ationandtrackingalgorithm・

Therecognitionperformanceisa鮎ctedbythemicrophonearrayconfiguration

（thenumberofmicropholleSandthearrangementofmicrophones）andthebeam－

formingalgorithm・Onewaytodecidethesefactorsisatrial－andTerrOrapprOaCh

［32］・＝owever・thisapproよchisisual1yimpracticqlbecauscrecognition．experi－

mentshavetoberunforalotofthepossiblecombinations〉Whichtakesalot

oftime．Todecidethesehctorsautomatical1y，itisnecessarytodevelopamear

sufeWhichreAectstherecognitionperformanCe・Onerecentlyproposedmeasure

tode5ignmicrophoneaJraySisthenormalizeddistortiontosignalratio（NDSR）

【33，34，35，36］．Th。NDSRgivesgoodpredictionムfth？reCOgnitionperfo；ふance

andisthereforeausefu1measureto evaluatebeamformingalgorithms・How－

ever，tOmaXimizethee鮎ctofnoisereduction）areliabletalkerlocalizationand

tradingalgorithmisnecessaryeveIlifanoptimalcombinationofthemicrophone

arrayconfigurationandthebeamform■1ngalgoritlmisavai1able・Inparticular，

thetalkerlocalizationandtrackingalgoritlmbecomes・moreimportantasthe

directivepatternisshaJpened・Therefore〉thisthesisfocusesonthelaBtissueof

thetalkerlocalizationandtrackingalgorithm．

Inthelastseveralyears，anumberofspeechrecognition systemsllSlnga

microphonearrayhavebeendeveloped［37，38，39，40，41，42，43，44，45，46，47，48，
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49】・Mostsystemsarecomposedofatalkerlocalizationmodule，abeamforming

moduleandaspeechrecognitionmoduleaBShowninFigure2・7・Thesesystems

esti皿ateatalkerdirectionineveryframe，thensteerAbeamtothedirection．

Highqualityspeechacquisitionbybeamformlngalgoritlmsisachievedonlyin

Situationswherethetalkerdirectioniskn0wn・However，thetalkerdirectionis

general1yunknowninhandsイ代eSituationsbecauseuserscantalkatarbitrary

positionswhilemovlng・Ifthesteerlngdirectiondi鮎rsfromthetalkerdirection，

theoutput8PeeChisdistortedduetofrequencydependencyofdirectivepatternS

andothersoundsources・Thelocalizationofmultiplesoundsourcesisgenerally

possiblebyuslngtheacousticsourcelocalizationalgorithmsdescribedinSection

2・2・However〉itisverydi組culttodistinguishatalker免・Omtheothersound

SO†rCeS・Severaltalkerlocalizよtionalgoritlmshavebeen♭robos占d［60，51，52，

45，46，47！48，49］・Thesealgoritlmsestimateat云kcrdirectionbyonlyusing

inforhationaboutspeech8uChas＄hort－termpOWer，long－termPOWerandpitch

harmonics・Therefore，theperformanCeOfthesealgorithmsstronglydependson

thecharacteristicsoftheothersoundsources・Figure2・8showsanexampleof

talker■loFalizationre5ultsandsignaltonoiseratio（SNR）whenatalkerislocated

atanangleof40degreesandawhiteGaussiannoisesourceatanangleof90

degrces・Thedirectionwiththemaximumshort－termpOWerisselectedinevery

D

D

占
localizatiom Beamfbrm】mg

Speedl

reeognitiom

Figure2・7・Ablockdiagramofconventio血l8PeeChrecognitionsystemsuslngaL

micropllOnea汀ay．
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frameandistakenasthetalkerdirection．Itcanbeseenthatthenoiseso11rCe

ismistakena8thetalkerfortheframeswithalowSNR．Sinceinconventional

SyStem＄themicrophonearrayprocesslnglSaPre－prOCeSSOrtOSPeeChrecognition，

itisverydi侃ct11ttorecoverthebeamformingerrordmingtherecognitionprocess．

TbsoIvethisproblem〉tlleintegrationofthespeechrecognitionprocessandthe

talkerlocalizationintoauni五ed丘ameworkisdescribedinChapter4．

2．4　Summary

ThischapterdescribedthebaBicsofmicrophone‘arrayprocesslngandtheirap－

plicationtohands一正eespeechrecognition・Section2・1explained・theprincipleof

delay－and－Sllmbeamformi＝噂，andits血・equenCyreSpOnSebehaviorwasdescribed

indetai1・Section■2・2explainedacousticsourcelocalizationby．spatiotemporal

analysi8andCSPanalysis・Final1y，S9Ction2・3discussed■problemsofcurrent

SPeeChrecognlZerSuSlngamicrophonbarraLy．SeveralisslleSthatshouldbead－

dressedinapplyingmicrophonearr叩StOhands－ffeespeechretogmitionwerealso

described．
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Chapter3

ADatabaseforMicrophone

ArrayResedrch

Itisveryimportantforthedevelopmentandevaluationofmicrophonearraypro－

cessingtocouectalargeamOuntOfsignalsrecordedthroughmicrophone■arraysin

variousenvironments・Recently，SCVeraldataba8e＄havebeenco11ectedtoevaluate

theperformanceofbeamformmgIaJCOuSticsourcelocalizationandspeechrecog－

nitionalgorithmB［53，叫．However，theuseofthesedatabasesi8VerydifRcult

becausethemicrophonearrayconfiguration（e・g．thenumberofmicrophonesand

thearrangementOfmicrophomes）isspecifictothedatよbaBe・

Thischapterdescribesa■newdatabaseofmicrophonea∫raydataindetail・

This database contain＄Simulatcddataand realdata．The simulateddatais

usedfordevelopmentandinitialevaluationofthespeechrecognitionalgoritlm

proposedinChapter4・Therealdataisusedforevaluationofthi8algoritlmin

arealroom．Themostattractivefeatureofthisdatabaseisthatspeechdataofa

movmgtalkerisincluded・TheremainderofthischapterisorganizedaBfo1lows・

Section3．1describesthcdataco11ection procedureforthe realdataL Section

3．2alsodescribesthedata，generationprocedureunderidealconditionswhich
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approximately correspond to the acoustic conditionsin an anechoic chamber．

ThisdatabaBeispartial1yopentothepublicthroughtheRealWorldComputing

Parhership（RWCIり【叫・

3．1　RealData

Therealdatarecordedthroughamicropl”neanrayiscollectedinarealexper－

imentroom・TheroomissufrOundedbysoundabsorptionwallsonthefour

sidesandthe且00r・Areveふranttime（Tk））oftheroomisapproxlmatelyO．18

SeC・Thereisbackgroundnoise鈍ChaBCOmp11ter－fanSandair－COnditionersinthe

AlistofequlpmentfordatacollectionisshowninTable3・1・Themicrophone

aNrayuSedinthi8the8i8iscomposedof140mniJirectivemicrophonesasshownin

Figtlre3・1・The14microphonesarelineaclylocateda＾di8tanCeSOf2・83cmwhich

Tbble3．1．Alistofequipmentfordatacollection．

MicmpllOnea汀叩r ONSOKU

16－dannelAD／DAconversion SDSDASBOX

16ぺhamelmicrophoneamplifier

withlowpassfilter＄

ONSOKUOAF－411

山川dspeaker JBLContm15Pl厄

LotldspeakerampliR餌　　　　　YAMAHAP4050
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isthemaximumdistancetoavoidspatialaliasing（seeEquation（2・6）），Whcrethe

samplingfrequencyis12kHz．The16－ChannelAD／DAconver＄ionsystemisused

forthcdatacollection，Where14channelsareforthemicrophoncarrayandthe

。thertwochannelsarereservedforfutureneed＄（e．g・ahead－mOuntedmicrophone

andar壷rencemicrophone），

Microphonearraydataiscollectedforthefo1lowlngSet－uPS：

（a）ThepositionsofthetalkerandthewhiteGaussiannOisesourcearefiⅩed・

（b）Thetalkermoves，WhilethcpositionofthewhiteGaussiannOisesourceis

Figure3・2（a）and（b）illustratethetふoset－uPS・＿Twoloudspeakers払cingthe

microphonearrayareusedinsteadofthetalkerandthewhiteGaussiannoise

source．Thedistancebetweenthemicrophonearrayand eachlo11dspealkeris

Figure3・1・Amicrophonearrayusedfordatacollection・
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array・
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about2m．216phonetical1y－balancedwordsofamalespeaker（MHT）fromthe

ATRJapaneSeSPeeChdatabaseSet－At56lareusedaBSpeeChdata・InFigure

3，2（a），thetalkeri這locatedatanangleof90degrees（infrontofthemicrophone

array）andthewhiteGaussiannoi＄eSOurCeatanangleof40degrees・hFig11rC

3．2（b），thetalkermovesfrom70degreesto140degreeswhileutteringeachword，

walkingataspeedofabout80cmpersecond・ThewhiteGaussiannoisesource

islocatedatanangleof40degrees・

3．2　Simulated Data

Microphonearraydataisgeneratedtosimulateidealconditionswhichad・eap－

proximatelyequaltothoseofananechoicchamber・‾Thi8meanSthatthereisno

backgroundnoiseandreverberations・Thisdataisverytl＄efu1fordevelopment

andinitialevaluationofmicrophonearray－basedalgorithms・

AsignalcomingfromacertaindirectionisgeneratedusingEqtlation（2・1）・If

th。delayTinEquation（2．1）isrepresented甲nT（んisanintegerandTisthe

samplingperiod），thedelayop？rationisequaltoashiftofnsamples・Ifnot，the

delayoperationcanbeapproximatedbyanFIRRlterasfo1lows：

九（J）＝坤一（丁＋仰）叫汀（ト（丁＋旬）／r）），
（3．1）

whcretisthesampleindexandTbisthedelayforcallSality・

Thetwoset－uPSdescribedinSection3・1are畠imulatedasshowninFigure

3．2（a）and（b）．ThemicrophonearrayconRguration，thesampling丘equencyand

thespeechdataarethesameaSthoseusedinSection3・1・hFigure3・3（a），the

talkerislocatedatanangleof90degreesandthewhiteGaussian110isesource

atanangleof40degrees．InFigurc3・3（b），thetalkermovesfromOdegreesto

180degreeswhileutteringeadlWOrd・ThewhiteGaussiannoisesourceislocatcd
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aAanangleof40degrees・ThespeechdataofthemovingtalkerisgeneratedaB

fbllows：

ごm（几）＝∑わ（扁），m（J）ェ（乃－J），
J＝0

（3・2）

Wherehe（n－1），m（l）istheimpulseresponsefromthedirectione（n－1）tothemth

microphoneinput，e（n－1）isthetalkerdirectionatthesampleindexn－l，Lis

theRlterlengtIlandx（n）istheso11rCeSignal．

（a）

2．83

（b）

2．83

W血iteGau5Sian

mOISe SOurCe

丈〉

c職od
…ロ

d

D］Talker

Ⅵ職iteGaussiam

nO15e5；OurCe

か
00

匝ker
l品○

○
c職o

d

Figure3・3・Twoset－uP＄forthegenerationofthesimulateddata．
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3．3　Summary

Thischapterdescribedanewdatabaseofmicrophonearraydataindetai1・Section

3．1describedthecollectionoftherealdata．Section3．2alsodescribed data

generationunderidealconditionswhichapproximatelycorrespondtothoseofan

anechoiccbamber．
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Chapter4

Hands－freeSpeechRecognition

Based on3－D ViterbiSearch

Thetalkerlocalizationandtrackingalgorithmiscriticalforhighqualityspeecll

acquisitionbybeamformingalgorithmsbecausethetalkerdirectionisunkn。Wn

inhands－ffeesituations・Generally〉aCOuSticsourcelocalizationispossibleby

uslngthealgorithmsdescribedinSection2・2eveniftherearemultiplesound

SOurCeS・However，itisverydi凪culttodistinguishatalkerfromothersound

肌rCeS・Conventionalalgorithmsestimatethetalkerdirectionbyonlyuslng

iIlformationaboutspeechsuchasshort－termPOWer）long－termPOWera瓜dpitch

harmOnic＄［50，51，52，45，46，・47，48，49］・Theproblemwiththesealgoritlmsis

thattheperformancestronglydependsonthecharacteristicsoftheothers。und

SOurCeS・Sincemostrecognizersusingamicrophonearray［37，38，39，40，41，42，

43，44，45，46，47，48，49］usethemicrophonearrayprocessingasapre－prOCCSSOrtO

SpeeChrecognition，itisverydi伍culttorecovererrorscausedbythebcamformlng

procedureduringtherecogmitionprocess．

Tocopewiththisproblem〉thisthesisintrodllCeSaneWaPPrOaChwhichin－

tegratesthespeechrecognitionprocessandthetalkerloca，lizationint。amni丘ed
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ffamework．Section4．1describesthis approachindetai1and proposes anew

speechrecognitionalgorithmbaBedona3－dimensionalViterbisearch［57，58，59，

60，61，62，63］．Section4．2givesanoverviewovertherecognitionexperimentsru

fbrthisthesis．InSection4．3，initialevaluationofthe3－DViterbimethodthrough

recognitionexperimentsforsimulateddataisdiscussed・Section4・4describesa

pitchharmonicsweighthnctionandevaluatesitse鮎ct・Section4・5evaluates

theperformanceofthe3－DViterbimethodthroughrecognitionexperimentsfor

4・1pIntegrationofSpeechRecognitionProcess

and TblkerI．ocalization

Adirection－timeseqlユenCeOfparametervectors（e・g∴mel一打eqllehcycepstralco－

e侃cients）canbeobtainedbysteeringabeamtOeaJChdirectionforeveryframe

asshowninFigure4・1・Each｝boxstandsforaparameterVeCtOrandthesolid

lirLeisthetalkerdirection・The．p禦ameterVeCtOrSPnthetalkerdirectionare

extractedfromthcspeechacquiredbyabeanformingalgorithm・ThereforeIthe

talkerdirectionmaybeestimatedbymatchingthedirection－timeseq11enCeOf

theparametervectorswiththespeechmodels・Thismeansthatthetalkerlocal－

izationandspeechrecogmitionareperformedsimultaneously・Thisapproacllis

由一m111ateda古仏1lows：

拘，a）＝訂gmaXア（Ⅹ，q，dJM），
（q，d）

（4．1）

where（q，a）isthemostlikelycombinationofthephonesequenceqofthespeech

andthedirectionsequencedofthetalker†MisthespeecllmOdelandxisthe

di，eCtion－timesequenceofparametervectors．Giventhespeechmodel＄M，（q，a）

canbeobtainedbytheViterbisearchalgorithmwhichfindsthemostlikelypath
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ina3－dimensionaltrellisspacecomposedoftalkerdirections，1nPutframesand

HMMstatesshowninFigure4・2・Thelikelihoodisgiveby

α（曾，函）＝鰐（α（9′，弟牒⊥1）

1logα1（9′，9）＋logα2（d′，d））

＋log軌，Ⅹ（d，乃））， （4・2）

WhereqistheHMMstateindex，disthedirectionandnistheframeindex．

Furthermore，al（q’，q）isthetransitionprobabilityfromtheHMMstateqlto占，

a2（dI，d）isthetranSitionprobability血・OmtlledirectiondItodandbistheoutput

probability・Thetran＄itionprobabilitya2（dl，d）representshowlikelythetalker

moves・However†itisverydi凧＝ulttotrainthisprobabilityautomatically．In

thisthcsis，aCCOrdingtothefactthatthetalkermovestoneighboringdirections

atmostdmingabo叫10mseccorrespondingtotheframeperiod，therangeof
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thetalkermovementsisrestrictedasfo1lows：

d2（d′，d）＝

〈さこfこ

，】d一列≦△d

ld－d′l＞△d

where△distherangeOfthetalkermovements・

（4・3）

4・2　ExperimentConditions

Toperforminitialevaluationofthe3－DViterbimethod？isolatedTWOrdrecognition

experimentsareconducted・hthisdlaPter）aSPeaker－dependentcaseisdealt

withtoremovetheeぼectofspeakerva・riability・Recognitionexperimentsina

speaker－independentcaseareshowninChapter5・

AnoverviewofexperimentconditionsisshowninTable4・1・Thespeechrec－

ognizerisbasedonatied－mixtureHMMwith256distributions【64］・TheHMMs

Direction

Illlヽ1st

⊂二⊃〔］．

⊂二⊃〔］

⊂二⊃0

イ■

Figure4・2・A3－dimensionaltrellis8PaCeCOmpOSedoftalkerdirections，lnput

丘amesa皿dHMMstates．
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are54context－independentphonememodels，Whicharetrainedwith2620words

Ofamalespeaker（MHT）oftheATRJapanesespeechdatabaseSet，A．Thetest

dataareanother216phonetical1y－balancedwords・Thespeechsignalissampled

at12kHzandwindowedbya32msecHammlngwindowevery8msec．Then

theparametervectorsof16th－Ordermel－hequencycepstralcoe熟：ients（MFCCs），

16th－Order△MFCCsandlst－Order△powerarecalculated．

Inthiscllapter〉thedelay－and側mbeamformingalgorithmi8uSed・Figure

Table4．1．Anoverviewofexperimentconditions．

Sampling企equency12kHz

mamelengtb　　　32msec

Frameperiod　　　8msec

Pre－emphasis l－0．97z‾1

paramete，Ve。t。rS16－Ordermel－frequepcycepstralcoeLRcients（MFCCs），

16－Order△MFCCs，1－Order△power

HMM Tied－mixturewith256distrib11tions，

54context－independentphoncmemodels

nainingdata　　　2620wordsofthemaleMHT

Testdata　　　　　216phonetically－balanCedwordsofthemaleMHT
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4．3showsadirectivepatternforthemicrophoneamyconfigurationdescribed

inSection3．1，WhichiscalculatedfromEquation（2・5）foreachfreqサenCy・It

canbeseenthatthewidthofthemainlobebecomesnarrowerasthefrequency

raisesandthatspatialaliasingdoesnotoccur・Thedirection－timeseqtlenCeOf

theparametervectorsissampledeverylOdegrees（0，10，…，180degrees）because

preliminaryresultsshowedthatrecognitionperformancedoe＄nOtdegradewhen

adi鮎re11Cebetweenthesteeringdirectionandthetalkerdirectioniswithinj＝5

degrees・

1kHヱ
ヱklIz

4kIIz

6kIIz
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lりト　　′′●
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Figure4・3・Adirectivepattemforthemicrophonearrayconfigurationdescribed

inSectioJ13．1，WhichiscalcuhtedfromEquation（2・5）foreachffequency・
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4．3　InitialEvaluationofthe3＿DViterbi

Methodfor Simulated Data

Tbperformimitialevaluationofthe3－DViterbimethod，reCOgnitionexperiments

areconductedforthesimulateddatadescribedinSection3・2・Wordrecognition

accuracyandtalkerlocalizationaccuracyforthe丘Ⅹed－pOSitiontalkercase

8howninTable4・2・Thetalkerlocalizationaccuracyisdefinedasfo1lows：

TLA＝
肌m如oJmeぐまJγαmeβ

几髄mkγOJfdd叩eedJγαmeβ
×100【％】， （4．4）

Where number qfcorYutPamesi8the number offhmesfor which the talker

directioniscorrectly■戚imated（0，10，…，180degr恍S）・hSinglemicrophone，

SPeeChrecorded bythe8thmicrophoneofthemicrophoneamayis鮎dtothe

Table4・2・Resultsofinitialevaluationofthe3－DViterbimethod・Wordrecog－

nitionaccuracy（WA）［％］andtalkerTlocali2Lationaccuracy（TLA）【％】aJe8hown・

Simulateddataforthe且Ⅹed－POgitio？talkercaseaReuSed．

mean SNR20dB SNRlOdB

WA：TLA WA TLA WA TLA

β盲叩Jem陀r印加れe　　　　　　　　　9臥2　・－　80．0　　－　お．9

伽ね針αれd－叩町鮎閻亜椚而喝

わ1九e cmfね肪eγ・d血㌍わ（m

96．2　100．0　94．9　100．0　90．7　100．0

βeねy－αmゴー紬m毎αゆⅦ言明

一山娩c㈹Veれ蕗（mαgね払汀わcα言ゎα知和

96．2　100．0　83．3　　62．0　34．2　32．4

タ＿β1月ねγゐ豆me兢d 96．2　99．0　72．6　40．9　28．2　17．9
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recogTlizer．InDelay－and－Sumbeamhrmin9tOthecorrecttalkerdirection，the

correcttalkerdirectionisknown．Thetimesequenceoftheparametervectors

isobtainedbysteeringthebeamtothecorrecttalkerdirection・InDelay－and－

ざ祝mあeαゆm如ひ抽coれVem如れαJね鮎rわcαg盲zα如れandβ－βⅥferあ盲me伽d，

thec。rreCt talkerdirectionisunkn0wn．In Delay－and－Sum beaγr巾rmingwith

convenlionaltalkerlocalization，adirectionwiththemaximumshort－termPOWer

isselectedaBthetalkerdirectionforeveryframe，thenthetimcsequenceofthe

parametervectorsisobtainedbysteerlngthebeamtotheestimateddirection・

In3－D Viterbimethod，theViterbisearchinthe3－dimensionaltrellisspaceis

performed，Where△dinEquation（4・3）islO・Theresultsaresummarizedas

払1lows：

●ThewordrecognitionaccuracyofDelay－and－Sumbeamjbrmin910thecorrect

ね鮎γd五代C知れisimprovedby14．9％払raSNRof2ddBandby64・8％

foraSNR・oflOdBcompAredtothatofSin9lemicrophone・Itiscon£rmed

thatthedelay－and－SumbeamfomlngPalmostsuppressesthee鮎ctofthe

whiteGaussiannoisewhenthecorrecttalkerdirectionisknown．

●Tbewordrec喝nitionaccu∫aCシof上）e和一αmd－ざ那mあeαγゆm如タび鵡coれ－

venlionaltalkerlocalizationdecreasesbyll．6％foraSNRof20dBandby

56．5％foraSNRoflOdBcomparedtothatofDelay－and－SumbeamJbrmin9

lothecorr℃Cltalkerdirection．Thisiscausedbythelowtalkerlocalization

aCCllraCyて

●Thewordrecognitionaccuracyof3－DViferbimethoddecreasesbylO・7％

foraSNRof20dBandby6．0％foraSNRoflOdBcomparedtothatof

βeg叩－αれd－ざumわeα汀巾m叫び鵡coれUeれ如れαJね伽rgocdJ盲zα如れ・

Tdkerdirectionsestimatedby3－D ViterbimelhodforaJapaneseword／ikioi／

foracleanCOnditionandforaSNR20dBareshowninFiglユre4．4．Sincethe
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talkcrdirectionestimatedby3－DViterbimelhodforacleanconditioni＄almost

correct，thecorrectrecognitionresultisobtained・HoweverIthetalkerdirection

e＄timatedby3－DViterbimethodforaSNRof20dBincludesmanyerrOrSand

theword／ikioi／isincorrectlyrecognizedastheword／poNpu＋／・For■eXample，

at血ameindex97thelikelihoodforthecorrectphoneme／i／at90degreesis

lowertムanthatforthewTOngphoneme／oN／at60degrees・Theresultsshow

thatthespeechfeaturesextfactedinthelowSNRconditionsareinsu抗cientto

estimatethetalkerdirectionaccurately．Inthisthesis）thefo1lowlngSOlutionsare

considered：

●Theuseofaweightfunctionwhichraisethelikelihoodinthecorrecttalkcr

directionbyusingpitchharmOnicsinformationaboutspeech・

●Theuseofbeamformingalgorithmswithahighresollltion・

Thenextsectiondescribesapitchharmonicsweightfunctionandevaluatesits

efrect．Thesecondsol11tionisaddressedinChapter5．

4．4　APitchHarmonicsⅥ毎ightFunction

4．4．1　Formulation

Asmentionedabove，SPeeChfeaturesextractedinlowSNRconditionsareinsu侃－

cienttoestimatethetalkerdirectionacc11rately．TosoIvethatproblem，itwillbe

e鮎ctivetoraisethelikelihoodindirectionswithspeech－likecharacteristics・Since

pitchharmonicsinformationaboutspeechcanbeusedasameaBurCOfspeech－1ike
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Characteristics，aPitchhamonicsweightfunctionisintroducedasfollow＄：

w（d，叩）＝log

∑（ペd，几′））〝
九′＝れ－（y－1）

∑　∑（ペ♂，花′）I〝
♂＝0，1′＝れ－（y－1）

（4・5）

Wherec（d，n）i8themaxlmumValueofthecepstralcoefRcientsinthehighque－

frencyregion，Whichisobtainedbycepstralanalysisforthebeaniformedsignalin

thedirectiondatthe丘ameimdexn．Furthemore，Pistheparametertocontrol

thcweighte鮎dandl／istheparametertoadjusttlleCOntinuationofthepitch

hamonics・q（d，n）andw（d，n）becomelargerasmoreofthepitdlhamonicsare

hduded．w（函）通読dedto仏erig山p細山叫Ⅶation（4．2）．

FigtLre4．5sムowsa血eXam示1eofc（d，n）andw（d，n）obtainedfo．theph。neme

／i／ataframeforaSNRof20dB．hFigure4．5，Pan4z／aJeSettO4．OandlO，

thetalkerdirectionislocatedatanangleof90degTeeSandthewhiteGaussian

noisesourceatanahgleof40degrees・．Itcanbeseenthatc（d・n）andw（d，n）in

thctalkerdirectionislargerthanthoseintheotherdirections，Sincethephoneme

／i／includesthepitchhamonics．
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4．4．2　Results ofExperiment

Toevaluatethee触tofthepitchharmOnicsweightfuIICtion，reCOgnitionexperi－

mentsare（Onductedforsimulateddata．ThewordrecogmitionaccuracyaJLdthe

talkerlocalizationaccuracyhrthefixed－pOSitiontalkercaBeareSbowninTable

4．3．β－βⅥf訂鋸me班d扇血書仇eび印加舟那加れktIle組meaSβ」）V崩朗竹

methodin恥ble4・2・In3－D tnterbimethodw％ththewei9htb＆nCtion，thepitch

harmonicsweightfunctionisused，Where△dinEquation（4・3）．islO，Panduin

Equation（4・5）are40and20．Theresultsshowthatthetalkerlocalizationaccu－

racyofβ－かⅥ如鋸me鮎d血統鮎ひ吻加舟那加れk血provよby36．7％bra

SNRof20dBandby53．3％foraSNRoflOdBcomparedtothatof3－D

methodwithoutthewei9ht舟ncuon・Asaresult，thewordrecognitionaccuracy

Table4・3・Evaluationofthee鮎ctofthe上〉itchharmonicsweightfunction．Word

recognitionaccuracy（WA）［％】andtalk＆localizationaccuracy（TLA）［％】are

＄hown・SimulateddataforthefiⅩed－POSitiontalkercaseareused．

Clean　　SNR20dB：SNRlOdB

WA TLA WA TLA：WAh TLA

∫豆nタJemわr叩ゐ0乃e　　　　　96．2　　一　肌0　　－　お．9

βe和一αmゴー飽mむ餓巾Ⅷ豆関

わ伽cm才ね脆erd五代C蕗∽
96．2　100．0　94．9　100．0　90．7100．0

β＿βl勺ねr最me娩d

扇触f仏eひe如加舟れC軌m

96．2　99．0　72．6　40．9　28．2　17．9

β－β1月ねr鋸me班d

血飢加独和吋伽血加
96．2　　99．1　94．9　77．6　88．4　71．2
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ofβ＿βⅥねrbまme伽dび抽伽w吻加舟mc如れisalmoste甲血＝otもatof上）eJ叩－

and－Sumbeaゆrmin9tOihecorrectltalkerdirection・Tblkerdirectionsestimated

byβ－βⅥねrわ盲me伽dひ鵡伽び吻加舟れC如れ弧dβ－β帽erあ古me伽dw肋0ぴf

thewei9hthnctionforaJapaneseword／ikioi／foraSNRof20dBareshown

inFigure4・6・ItcanbeseenthatthetalkercaLnbelocalizedmoreaccuratelyby

uslngthepitchhaJmOnicsweightfunctioninthespeechperiod・
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／ikioi／foraSNRof20dB（forthc触ed－POSitiontalkercase）・
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Thewordrecognitionaccuracyandthetalkerlocalizationaccuracyforthe

movingtalkercasearealsoshowninTable4．4．In3－D tmerbimelhodwithout

娩ew吻加舟れC加わ，△dinE叩叫on（4．3）islO．Inβ－βⅥねγあ豆me仇odび助兢e

Wei9hthnction，△dinEquation（4・3）islO，Pandz／inEquation（4．5）are40and

lO．Theres山tsare和mmaJized．a5払1lows：

●ThewordrecognitionaccuracyofDelay－and－Sumbeamjbrmin9tOlhecorrect

talkerdirectionisimprovedby12・0％foraSNRof20dBandby64．3％

foraSNRoflOdBcomparedto■thatofSin9lemicrophone．

●Thewordrecognitionaccuracyof3－D Viterbimethodwithoutthewei9ht

hnctiondecreasesby17・1％foTaSNRof20dBandby59．7％foraSNR

oflOdBcomparedtothatof‾Delay－and－Sumbeaゆrmin9t。Ihe。。，r。。t

Thble4・4・EvaluationoftheelfectofthepitchharmonicsweightfuilCtion．Word

recognitionacc？raCy（WA）［％］anやtalkerlocalizationaccuracy（TLA）【％］are

Sl”Wn・Simulateddataforthemovlngtalkerca5eisu＄ed．

Clean SNR20dB SNRlOdB

WA TLA WA TLA WA TLA

戯nタねm盲cr呼ん0れe　　　　　95．8　　－　79．6　　－・22．2

βeJ叩－αれdっ珊あeα〝函mわタ

わ班e c¢汀eCfね挽erd五代C如れ

95．8　100．0　91．6　100．0　86．5　100．0

β－βV盲ferあ盲me兢od

血舶混血Ⅷ吻甘か血血
96．2　86．7　74．5　44．7　26．8　21．0

．†・♪　t■訂＝阜∫川．JJ＝りJ

血塊伽びeiタ加舟れC如氾

96．7　84．0　93．9　63．184．7　51．9
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ね挽erd豆recf盲0れ．

●Tlletalkerlocalizationaccu∫aCyOfβ一β∽加ゎ盲me払odび抽兢eひe盲g加舟几C－

tionisimprovedby18A％foraSNRof20dBandby30・9％foraSNRof

lOdBcomparedtothatof3－DVilerbimethodwilhoutthewei9ht舟nction・

Asaresult，thewordrecognitionaccuracyof3－D Viterbimethodwiththe

ひe盲g加舟れC知れisdmostequaltotbatof上）eねy－αれd－βむmあeαゆγm如ね

娩e c（）mCfねJたerd盲recf去0乃．

Tblkerdirectionsestimatedby3－DⅥterbimelhodwiththewei9htfunctionand

3－DⅥterbimethodwiihoutthewei9htbmctionforaJapaneseword／ikioi／for

SNRof20dBare8howninFig11re4・7．Itcanbeseenthat3－D Viterbimelhod

wilhihewei9ht舟nctiontracksthemovingtalkerinthespeechperiod・

Final1y，thee鮎ctofpandz／inthepitchharmonicsweightfunctionisin－

vestigated，Wherepistheparametertocontrolthe・Weighte蝕∋Ctand王′isthe

ParametertOadju＄tthecontinuationofthepitcIlharmOnics・Fig11re4・8and4・9

Showtheeffectofpandz′forthefiⅩed－pOSitiontalkerca占eandthemovingtalker

caseforaSNRof20dB，reSPeCtively・InFig11re4・8and4・9，theverticalaxis

isthewordrecognitionaccuracyandthehorizontalaxisisthecombinationofp

andz／・WheI”issettol，thewordrecognition、aC？uraCybecomeshigheraspIS

increased．However，WhenpISSettO∞Whichcorrespondstothecasethatonly

onedirectionisselectedasthetalkerdircctionaccordingtothemaximllmValueof

thecepstralcoe凪cientsinthehighque丘encyreg10n，thewordrecognitionacc11－

racydecreases．Thismeansthattheintegrationofthespeechrecognitionprocess

andthetalkerlocalizationismoreef臨ctivethantheconventionalapproach．In

Fig11re4．9，WhenpISSettO40，thewordrecognitionacc11raCybecomesloweras

yisincreaBed．Thisiscausedbymovementsofthetalker・
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4．5　Evaluation ofthe3－D ViterbiMethodfor

RealData

Thesimulateddat．ausedforinitialevaluaiionisgeneratedforidealc6nditions

WhichapproximatelycorrespondthoseofananechoicchaLmber・However，inprac－

ticalsituations，therearebackgroundnoiseandreverberations・Inthissection，tO

investigatetheperformanceofthe3－DViterbimethodinarealroom，reCOgnition

experimentsarecondllCtedfortherealdatadescribedinSection3．1．

Severalteclmiqueshavebeendevelopedtocompensateforthecharacteristics

Ofatransducerandthedistortionduetoadifrtrencebetwe甲thesteerlngdirec－

tionandthetalkerdirection【65，66，67］・Inthefo1lowingexperiments，CepStrum

meannormalizationtlO］isappliedtothepre－prOCeSSedspeech．

Thewordrecognitionaccuracyforthefixed－pOSitiontalkercaseisshownin

Table4・5・InTable4・5？aSNRof21dBcorrespondstothecasewherethere

arenowhiteGaussiannOisesources・How？Ver，thereisbackgroundnoise血・Om

COmPuter－Lansandair－COnditioners・In3－D Viterbimethodwithoutthewei9ht

．如－Cゎれ，△dhEqⅦation（4・3）islO・In・β－β∽ねrゐ壱me兢odび独仏eひ吻加

hnction，△dinEquation（4・3）islO，andpandz／inEquation（4．5）are80and

lO．Theresult8areS11mmarizeda8fo1lows．

・ThewordrecognitionacムⅦraCyOf上）e和一αnd－β鋸mわeαゆrm如わ伽。。m。f

talkerdirectionisimprovedby9・7％foraSNRof18dBandby38．0％for

aSNRoflOdBcomparedtothatofSin9lemicrophone．

●Thewordrecognitionaccuracyof3－Dtmerbimethodwilhoutthewei9ht

hnctiondecreasesby33・8％foraSNRof18dBand．by61．2％fbraSNR

OflOdBcompared■tothato‖袖由一dれd－ざumノぁ紬ゆγm如わ銑ecomcf

ね脆er（孟夏recfわれ．
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●Thewordrecognitionacc11raCyOf9－DⅥferbimethodwiththewei9ht舟nc－

tionisimprovedby26．4％foraSNRof18dBandby39・4％foraSNRof

lOdI〕comparedto仙atofβ－βⅥferあ豆me払odw抽¢鮎f伽ひ吻加舟れC如れ・

Thewordrecognitionacc11raCyforthemovlngtalkercaseisshowninTable4・6・

In3－Dmterbimethodwithoutlheweight舟nction，△dinEquation（4．3）islO・In

3－D Vilerbimethodwiththeweighl舟nction，△dinEquation（4．3）islO，andp

andz／inEquation（4．5）are80andlO・Sincethecorrecttalkerdirectionco111dn’t

bemeaBtlred，eXPerimentsofDelay－and－Sum■bearゆrmin9tOthecorrecttalker

directioncouldn，t becarried o11t．Theres111tsshowthat the wordrecognition

accuracyof3－DⅥferbimethodwiththewei9hl舟nclionisimprovedby21・3％

foraSNRof18dBandby29．2％foraSNRoflOdBcomparedtothatof3－D

Ⅵねrわ豆me仇odび鵡川上土九eぴe匂加ゎれCf宜0れ

Table4．5．Evaluationofthe3－DViterbimethodinarealroom．Wordrecognition

accuracy［％］isshown・RealDataforthe触ed－pOSitiontalkercaseareused・

SNR21dB SNR18dB SNRlOdB

β軸Jem盲cγOp加れe　　　　　　　鍋・8　　　　76・8　　　　37・0

βe和一αれd－飽m鮎w頑椚而叩

fo兢e comcfね挽er（f盲rec亡わ乃

92．1　　　　　86．5　　　　　75．0

β－β1月feγみime銑od

証跡川／／h　椚巾JIJ．山肌右・Ⅷ

89．3　　　　　52．7　　　　　13．8

β一β1月ねγあ豆me≠んod

び肋班ewe盲g加舟乃C如れ

92．5　　　　　79．1　　　　　53．2
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Theresultsshowthatthepitchharmonicsweightfunctioniseffectiveinareal

roomforthcmovingtalkercaseaBWellaBforthefiⅩed－pOSitiontalkercase．Also，

itcanbeseenthattheperformanceimprovementby3－DViterbimethodwiththe

Weight舟nctioncomparedtoSin9lemicrophoneissmall．Sincetheperformance

OfDelay－and－Sumbeamjbrmingtothecorrecltalkerdirectionisinsu凪cient，ahigh

resollltionbeamformlngalgorithmisnecessary．

Table4・6・Evaluationofthe3－DViterbimethodinarealroom・Wordrecognition

accuracy［％】i8Shown・RealDataforthemovingtalkercaseareused．

SNR21dB SNR18dB SNRlOdB

∫豆乃タJem豆cr叩加乃e　　　　　　92．5　　　　77．7　　　　38．4

β＿β1月ferわ豆me仇od

び抽0祝fめewe亘g加声門C如乃

89．8　　　　　60．6　　　　　23．1

β－β＿1月ねrあ盲me娩od

ひ抽血びe妙伽c■如乃
89．3　　　　　81．9　　　　　52．3
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4．6　Summary

Thischapterfoc11畠edonatalkerlocalization andtrackingalgorithm．Section

4・1introdllCedanewapproachwhichintegratesthespeedlreCOgnitionprocess

andthetalkerlocalizationintoaunifiedframeworkandproposedanewspeech

recognitionalgorithmbasedona3－dimensionalViterbisearcIl．Section4．2gave

anoverviewoftherecognitionexperiments．InSection4．3theinitialevaluation

Ofthe3－DViterbimethodthroughrecognitionexperiment＄forsimulateddata

WaBdescribed．Theresultsshowedthat speechftaturesextractedinloふSN

COnditions甲einsu組cienttoestimatethetalkerdirectionaccurately．TosoIvethis

problem，Section4・4introd11Cedapitchharmonicsweightfunctionandevaluated

itseffbct．Theresultsshowedthattheperformanccofthe3－DViterbimethod

drastical1yimprovedforthemovingtalkercaseaswellaBforthefixed－pOSition

talkercaBe・Section4・5inve＄tigatedtheperformanceofthe3－DViterbimethod

inarealroom・ThereBultsshowedthatthepitchharmonicsweightfunctionis

efrtctiveinarealroom・AIso，itwas8hownthatahighresolutionbeamformlng

algorithmisnecessarytoacllievehighrecognitio11performanCeforpracticaluse．
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Chapter5

呵ands－fre■eSpeechRecognitidn

UsingAdapti↓eBeamfor血ing

InChapter4，reSultsofexperimentsshowedthatthepitchharmonicsweightfunc－

tionisveryd艶ctivewhentheSNRimprovementbyabeamformlngalgorithm‾is

insu瓜cient．AIso，itwascon負rmedthattherecognitionaccuracyinarealroom

isstillinsu凪cientforpracticaluse・ThischapterfocサSeSOnadaptivebeamform－

ingasahighresohtionbeamfomingalgorithm［25，■■26，27j．Figure5．1shows

conceptualdirectivepatternsofdelay－and－Sumbeamformingandadaptivebeam－

formlng・Thedelay－and－＄umbeamformlngalgorithmformstheso－Calledsuper－

directivepatternWhichisindependentofnoisesourcedirections・Thewidthof

themainlobecanbenarrowedbyincreaLSingthenumberofmicrophones・How－

ever，itisundesirabletoincrea5ethenllmberofmicrophonesbecauseitincreaBeS

thecostoftheequipment．Ontheotherhand，theoutputgalnOftheadaptive

beamformingalgorithmis■attenuatedespecial1yinnoisesourcedirections・There－

fbre，adaptivebeamformlngCanaChieveahighSNRimprovementcomparedto

del叩－and－Sumbeamform1ngwithoutincreasingthenⅦmberofmicrophones・

ThischapterdescribestheapplicationofadaptivebeamformlngtOthe3－D
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Viterbimethod［68，69，70，71】・Section5・1explainsanadaptivebeamforming

algorithm．Section5・2evaluatesthee仔ectoftheadaptivebeamformingalgorithm

thro11ghrecognitionexperimcntsforrealdata・Finally，Section5・3evaluatestlle

PerformanCeOfthe3－DViterbimethodthroughspeaker－indcpendentr6cognition

experimentsforarealmovlngtalker．

5．1　AdaptiveBeamforming

Figure5・2showsablockdiagramofadaptivebeamforming・InFigure5・2，S（w）is

thespectrumOfthedesiredsignalandY（w）isthespeFtrumOftheoutputsignal・

G．n（w）istheaLCOuStictranSferfunction丘omthedesiredsoundsourcetothe

mthmicrophoneoutputandHm（LJ）isthefrequencyresponseofthemthfi1ter．

Thefreq11enCyreSPOnSeF（u）ofadaptivebeamformingtothedesiredsignalis

Delay－and・SumbcamJbrming Adaptivebeambrming

Target

dire（：tiom

■■■

′■

′　　■

■●●■■■■●－■

■■■＝■－●

ヽ■

ヽt

－こ・・・・、曲e。．i。n
SOur（：e

、・・・、、′′

■■■■－■■

10d砂

Odt事‾

■■

l

■′

Target
dire（：也on

ヽ、ヽ

Noise

SO11r（：e

′■仁沸こ＼警tion

ヽ●、●

■■■

10dIト・●●
●■

OdB

Figllre5．1．Conceptualdirectivepatternsofdelay－and－Stlmbeamformlngand

adaptivebeamformlng．
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represemteda5ぬuows：

ダ（u）＝∑Gm（∪）仇l（u），
m＝1

（5．1）

WhereMisthenumberofmicrophones・TheconceptofadaptivebeamformlnglS

tominimizetheoutputpowerwhileconstrainingF（w）toafrequencyresponse．

Inthisthesis，anAMNORconstraint［27】asshowninEquation（5．2）isused．

β＝／け一叫）l2血・　　　　（5・2）

The AMNORco■nstraint adlievesmaximumnoisereduction，Whileallowlnga

Smム11distortionDinthe企eq11enCyrCSpOnSetOthedesiredsign■al．

∫l川
口

町叫

主、・（二丁一

旬佃

叫lチ？、I

［亘函　竿ノ

［壷

Figure5・2・Ablockdiagramofadaptivcbeamformlng．
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5．2　EvaluationoftheEfEbctofAdaptiveBeam一

払rming

ToevaluatetheeffectofadaptivebeamformlngOntheperformanceofthe3－D

Viterbimethod，reCOgnitionexperimentsarecondlユCtedforrealdata・

TheconditionsoftheexperimentsarethesameasthoseinSection4・2・In

thefo1lowlngeXPeriments）CepStrummeannOrmalizationisappliedtothepre－

processedspeech・TheRltercoe凪cientsforadaptivebeamformln寧areCalcnlated

uslngpre－reCOrdednoisesignalsinthefo1lowlngtWOSet－upS‥

（1）T土1ereisonlybackgronndnoise・

（2）Thereisthewhite申ussiannoisesourcea8Wellasbackgroundnoise・

Directivepatternsofadaptivebeamformlnganddelay－and－S－1mbeamformlngare

SIlOWninFigure5．3．InFig11re5．3，thedirectivepatternofadaptivebeamformlng

iscalculatedfortheset－uP（2）・Thcdelay－and－Sumbeamfomingalgorithmforms

the s11Per－directivepattern．It can be＄eenthat the output gain ofadaptive

beamforminginthewhiteGよussiannoisesourcedirection（40degrees）islower

thanthatofdelay－and－Sllmbeamformlng．

Thewordrecognitionacc11raCyforthe負Ⅹed－pOSitiontalkercaseissllOWnin

Table5．1．In Table5．1，a SNR of21dB corresponds to the case that there

arenowhite Gaussiannoi＄eSOurCeS．However，thereisbackgrollndnoisefrom

COmp11ter－hnsandair－COnditioners．In Sin9lemicrophone，SpeeChrecordedby

the8thmicrophoneofthemicrophonearrayis鮎dtotherecognlZer．InDelay－

αれd－g祝mあeαゆm盲喝わ娩ecomcfねJたerd慮γeC如れandAd呼如eあeαゆmれg

lo the correcttalkerdirection，thecorrect talkerdirectionisknown．Thetime

5eq11enCeOftheparametervectorsisobtainedbysteeringeachbeamtothecorrect

talker direction．h3－D Viterbimelhod wilh delay－and－Sum bearTtfbrmin9and
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3－D Vilerbimethodwith adaptive beaゆrmin9，the90rreCt talkerdirectionis

unknown・Thedirection－timesequenceofthcparametervectorsisobtainedby

eachbeamformlngIthenthe・Viterbisearchintlle3－dimensionaltrellisspaceis

performed，Where△dinEquation（4・3）islO，andpandz／inEquation■（4．5）are

80andlO・Theresults甲nbesummarizedasfo1lows：

●ThewordrecdgnitionaccuracyofAdqptivebearT痢rmingtothecorrecttalker

directionisimprovedby2・3％foraSNRof21dB，by4．7％foraSNRof

18dB，by‾14・3％foraSNRoflOdBcomparedtdthatofDelay－and－Sum

わeαγrゆrm亘れgね娩ecomcfね挽erd石化C如乃．

ーAMNOR

・・・”・・・・Delay・and－S11mbeambrmer

J
、ミ

l・

′400

0　　・5　　．10　．10

daim【dB】

．5 0

Figllre5・3・Directivepattemsofadaptivebeamformlnganddelay－and－Sumbeam－

formlng．
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●Thewordrecognitionaccuracyof3－D Viterbimethodwithadaptivebeam－

hrmingisimprovedbyl．4％foraSNRof21dB，bylO・7％foraSN

of18dB，by30．1％fbraSNRoflOdBcomparedtothatof3－

me娩odひi兢deねy－αれd一ざむmわeαγrゆmわタ・

ThewordrecognitionaccuracyforthemovingtalkercaseisalsoshowninTable

5．2．Inβ－βⅥねrあ盲me班odw抽de払y－αれd－βumわeα〝巾m如andβ－βl相知働

methodwithadaplivebeaゆrmin9，△dinEq11ation■（4．3）islO，andpandz／in

Equation（4・5）arc80andlO・Sincethecorrecttalkerdirectioncouldn’tbemea－

sⅦred，eXperimentsof上）eJ叩－αnd－∫ひmわeαゆmわダわ娩eco汀eCfね挽erd如c如乃

Table5．1．Eval11ationofthee鮎ct oftheadaptivcbeamformlng．Wordrecog－

nitionaccuracy［％】isshown・RealDataforthefixed－pOSitiontalkercaBeare

ⅦSed．

SNR21dB SNR18dB SNRlOdB

戯れ〆em豆cγ呼ん抑e　　　　　　　　　89．8　　　　76・8　　　　37・0

βeJ昭一叩d－ざむmあeαγr主わm壱関

わ娩e comcfね挽eγ・djrecf豆0乃

92．1　　　　　86．5　　　　　75．0

A血〆ねeあeαゆm亘れタ

わ兢e c（）mCfねgたeγ・d石化C£われ

94．4　　　　　91．2　　　　　89．3

β＿βl花feγ・ゐ豆me仇od

び首班deJ如－αnd－£祝mあedゆm盲れタ

92．5　　　　　79．1　　　　　53．2

β－βl花ねγわ豆me娩od

扇班αdqp如eあeαゆrm盲れg

93．9　　　　　89．8　　　　　83．3
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andAdqplivebeaゆrmin9tOthecorrecttalkerdirectioncouldn，tb？Camiedout．

Theres111tsaresummarizedaBfbllows．

●Thewordrecognitionaccuracyofthe3－DViterbimethodforthemovlng

talkerca£eisalmostequaltothatforthe丘Ⅹed－POSitiontalkercase．

●Thewordrecognitionaccuracyof3－D tmerbimelhodwiihadaptivebeam－

Jbrmin9isimprovedby3．2％foraSNRof21dB，by6．9％foraSNRof18

dB，by2臥7％払ra・SNRoflOdBcomparedtothatofクーβⅥねrみ盲me娩od

血塊deねy－∽dっ珊あeαゆm哀れタ．

Theresultsconむmedthatadaptivebeamformingdrastical1yimprovesthc

performanCeOfthe3－DViterbimetl”dcomparedtodelay－and朝mbeamfomlng

forthemoving－talkercasea5We11aBforthe丘Ⅹed－pOSitiontalkercase．

Table5・2・Evaluationoftheef艶ctoftheadaptivebeamforming・Wordrecognl－

tionaccuracy［％】isshown・RealDataforthemovingtalkercaseisused．

SNR21d】∋　SNR18dB SNRlOdB

罰和タJem盲cr呼加れe　　　　　　　　　92．5　　　　77．7　　　　38．4

β－β1月ねr古壷me娩od

血塊d崩昭一αれd一ざ鋸mあeαゆm吻

89．3　　　　　81．9　　　　　52．3

β－βl巧ねrわ盲me娩od

び鵡αd叩励eゐeαゆmれg

92．5　　　　　88．8　　　　　81．0
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5．3　Evaluation ofthe3－D Viterbimethod

Speaker－independentHMMsandaReal

MovingTalker

htheprevioussections†aloudspeakerisusd．insteadofamovingtalkerand

speaker－dependentrecognitionexpcrimentsareperform由・hthissection，tO

eval11atetheperformanceofthe3－DViterbimethodinamorepracticalsituation，

speaker－independentrecognitionexperimentsareperformedforarealmoving

talker（notaloudspeaker）．

TheHMMs血e54context－indepcndentphonememodels，Whicharetrmied

withsentencesof64speakersofthe：ASJJapanesespee血database・Cepstrum

meannOmalintionisappliedtothepre－prOCeSSedspeech．Speechdataofareal

moviⅠ唱taneriscollectedusingaset－upShc・WninFigure5・4，Whichisalmostsame

aLSthatusedtocollecttherealdatadesdbedinSection3．1．Thetalkermoves

from7qdegreesto140degreeswhileutteringeachword・Thetalkerhcesthe

mkmp血onea汀叩弧dwdbよtaspedofabo雨餌m阿Se00nd．Tbed励ね瓜以

betweenthetalkerandthemicrophonearrayi＄aLbo11t2m・216phonetical1y－

balancedword＄OftheAmJapanesespeechdatabaseSet－Aarerecordedbythe

microphonearrayandahead－mOuntedmicrophone（SENNHEISERHMD410）・

ThewordrecognitionaccuracyisshowninTable5・3・hHead－mOuntedmicrD－

phone，SPeeChrecordedbythehead－mOuniedmiムムphoneisfbdtotherecognizer．

hSin9lemicrDPhone，SPeeChrecordedbythe8thmicrophoneofthemicrophonc

a汀叩k鮎dtotber∝Ogni次r．bβ－βⅥねrみ豆me班細雨銑αd呼如e加温頑bm豆叩，

△かhE甲血ion（4・3）klO，弧dJ↓弧d〝車軸00tion（4・5）a代銅弧dlO・me

r飢1tsshowedthatthewordrecognitio110f3－D Viterbimethodwith adqptive

bearTdbrmin9decreasesby8．8％comparedtoLM－mOuntedmicrophoneandis
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Figllre5・4・Speechdatacollectionofarealmovingtalkcr．

Table5・3・Evaluationofthe3－DViterbimethodforspeaker－independentHMMs．

WordrecognitionaL：CuraCy［％］isshown・Speechdataofarealmovingtalkeris

ⅦSed．

SNR21dB

月ゼαd－mOむれfe（ゴm豆crqpん0乃e　　89．3

戯乃gJemicrop九0れe　　　　　　78．2

β－βV記erあ盲me銑od

び抽αd呼ぬe、ぁe¢巾mれg

80．5
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slightlyhigherthanthatofSin9lemicrophone・

5．4　Summary

Inthischapter，theapplicationofadaptivebeamformlngtOthe3－DViterbi

methodwaBdescribed．Section5．1explainedthealgorithmofadaptivebeam－

form1ng．Section5．2evaluatedtheefrbctofadaptivebeamformingthroughrecog－

nitionexperimentsfbrrealdata・Theresultsc？nfirmedthatadaptivebeamform－

ingdraBtical1yimprovestheperformanceofthe3－DViterbimethodcomparedto

delay－and側mbeamformlngforthemoving－talkerca点eaSWellasforthe£Ⅹed－

positiontalkercase・Final1y〉Section5・3evaluatedtheperformanceofthe3－D

Viterbimethodthroughspeaker－independentrecognitionexperimentsforareal

movingtalker・Theresultsshowedthatthewordrecognitionof3－D

me伽dび鵡αd呼如eむeαゆm吻decr？舶eSby8・8％compa∫edto肋αd－mO視れねd

m盲cr呼ん0陀eandissligbtlyhigherthanthatof方言れダJem豆cn）p加ne・
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Chapter6

Conclusions and FutureⅥ7brk

6．1　Conclusioms

Thisthesisha＄focllSedon／theuseofamicrophonearraytorealizehands一打ee

＄peeChrecognitioninsmauconftidムc占room■s，‾whereuserscanspeakatadistance

upto20r3metersfromamicrophonewhile′mムvlng．

Chapter2explainedtheprincipleofdelay－and－SumbeamformiIlgandacoustic

＄O11rCelocalizationbyspatiotemporalanalysisandCSPanalysis・Thischapter

alsodiscussedproblemsofcurrentspeedlreCOgnlZerSuSlngamicrophonearray

andseveralissuestobeaddressedimapplyingmicrophonearraystohands－free

SpeeChrecognition．

Chapter3describedanewdatabaBeOfmicrophonearraydataindetai1．This

databaseincludesspeechdataofamovingtalker．Thedatacollectionprocedure

inarealroomandtlledatagenerationproceduretosimulateidealconditions

Whichapproximatelycorrespondtothoseofananechoicchamberwereexplained．

Chapter4addressedtheproblemofatalkerlocalizationandtrackingal－

gorithm・Thischapterintroducedanewapproachwhichintegratesthespeech

recognitionproccssandthetalkerlocalizationintoaunifiedframcworkandpro－
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posedanewspeechrecognitionalgorithmbasedona3－dimensionalViterbiseaJCh・

Toperforminitialevaluationofthe3－DViterbimethod，reCOgnitionexperiments

fbrsim111ateddatawerecondtlCted．ThcresultsshowedthatspeechLeattlreSeX－

tractedinlow SNR conditions areins11組cient to estimate the talker‾direction

accurately．TbsoIvethisproblem，apitcllharmonicsweightfunctionwasintro－

ducedanditsd砧ctwasevaluated．Theresultsshowedthattheperformanceof

the3－DViterbimethoddrastical1yimprovedforthemovlngtalkercaseaswell

asforthefiⅩed－pOSitiontalkerca5e・Furthermore，theperformanCeOfthe3－D

Viterbimethodinarealroomwasinve＄tigated．Theresultsshowedthatthepitch

haJmOnicsweightfunctioniseLrectiveinarealroom．AIso，itwasconfirmedthat

ahighresol11tionbeamformingalgorithmisnecessarytoachievehighrecognition

performahceforpracticaluse．

■Chapter5described the applicationofadaptivebeamformingtothe3－D

Viterbimethod．TbeValuatethee鮎ctofadaptivebeamformlng，reCOgnition

experimentsforrealdatawerecarriedo11t■．Theres111tsconfirmed■thatadaptive

beamformingdrasticallyinprov由■theperformanCeOfthe3－D Viterbimethod

COmParedtodelay－and－Sumbeamformlngforthemoving－talkercaseaswe11a占

fbrthe触ed－POSitiontalkercase．Furthermore，theperformanCCOfthe3－DViterbi

mcthodwa5eVal一1atedthro11ghspeaker－independentrecogmitionexperimcntsfor

arealmovingtalker．It wasshownthat theuseoftIle3－D Viterbimethodin

COmbinationwithadaptivebeamformlngyieldsslightlybetterres111tsthan1ユSlng

Onlyasinglemicrophone，forwhichadaptivebeamformlngandthe3－DViterbi

method cannot beused．
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6．2　FutureⅥ7brk

Althoughthe3TDViterbimethodisapromlSlngWaytOrealizehands－freespeech

recognitioninrealenvironmentsIthefo1lowlngPrOblemsstillremainforpractical

use．Theseare：

●thecostofthemicrophonearrayequipment，

●thecomputationale瓜ciencyofthebeamformlngalgorithms，

・thecomputationale凪ciencyofsearchinginthe3－DtrellisspaceaJld

●thee鮎ctofmultipletalker5．

AhighSNRimprovementcanbeacbievedbyincreaslngthen11mberofmicro－

phonesirrespectiv？Ofthebeamformingalg9rithms・However，thisisimpractical

becauseoftheincreased cost oftheequlpment and ofthecomp11tationtime．

Therefore，reSeaJChonachievingahighSNRimp†9VementbyuslngaSmaunum－

berofmicrophonesisnecessary・Real－tiⅡ1eprO？e5SlnglSVeryimportantforspeech

recognitionapplications・Anotherissuetobeaddressedisthecomputationalet

ficiencyofthe3－DViterbimethod・ThismightbeachievedbyuslngaStaCk

decodingapproach［72］・Thedev寧lopmentof叫eIeal－timesignalprocessingsys－

temiscurrentlyproceededbymembersofourresearchgro11p．Theperformance

Ofthe3－DViterbimethodmight degradeifm111tipletalkershave tobedealt

withlInthiscaBe，itmightbeusefultoapplyanN－bestalgorithmforsearching

inthe3－dimensionaltrellisspace【73］．AIso，thisparadigmmightbeappliedto

recognitionofsoundscenes，namelyrecognitionofmultiplesoundsourceswhidl

incl11detalkersand noisesollrCeS．
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