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FastImplementationofKIJ-BasedSpeech
EnhancementUsingVectorQuantization

Yoshifumi Nagata,KenjiMitsubori,TakahikoKagi,ToyotaFujioka,andMasatoAbe,Member,IEEE

AbsLr-i-We propose a new method forinplenenting
Karlmnen-Loevetransform (KLT)-basedspeechenhancemeTLt
toexploitvectorquantiZlaGoTL(VQ).Themethodisstlitablefor
real-timeprocessiltg･TheproposedmethodconsistsofaVQ
leamingstageandamteringstage.IntheVQleamingstage,the
autocorrelaGonvectorscomprisingthe丘rstK elemeTLtSOfthe
autocorrelationfunctionareextractedfromleamiTLgdata.Theau-
tocorrelatioTLVectorsareusedascodewordsintheVQcodebook.
Next,theKLTbasesthatcorrespondtoallthecodewordvectors
areestimatedthrough eigeTLdecomposition(ED)oftheempirical
ToeplitZCOYariaTLCematricesconstructedfrom dleCOdeword
vectors･Inthefilteringstage,thealltOCOrrehtioTLVectorsthatare
estimatedfrontheinputsignalarecomparedtothecodewords.
ThenearestoneisdlOSenirLeachframe.TheprecomputedKLT
basescorrespondingtothedhosencodewordareusedfor瓜tering
insteadofperformingED,whichiscomputationdlyintensive.
SpeedlqualityevaluationllSingobjecGvemeasuresshowsthat
theproposedmethodiscomparabletoaconventionalKIlT-based
methodthatperformsEDihthe丘Iteringproces5LResultsofsub-
jectivetestsalsostIPPOrtthisrestllt･Inaddition,processingtine
isreducedtoabout1/66thatoftheconventionalmethodimthe

casewhereaframelengthof120pointsisused･Thiscomplexity
redtlCdonisattainedafterthecomputatiOnalcostintheleamIng
stageandacorrespondingincreaseintheassociatedmemory
reqturement.Nevertheless,theseresultsdemonstratethatthe
proposedmethodreducescomputationalcomplexitywhilemain-
taimingthespeechqualityoftheKLT-basedspeedlenhancement.

thdex7TeTmS-Complexity,Karhunen-Loevetransform(KIJT),
speedleTLhancement,subspace,vectorquahtization.

S

I.INTRODUCTION

PECTRALSUBTRACTION(SS)basedondiscreteFourier

transform(DFT)ll]isawidelyusedtechniqueforspeech

enhancement･Nevertheless,SSsuffersfrom self-generated

residualnoise,calledmusicalnoise,whenthesignal-to-noise
ratio(SNR)islow.

Ontheotherhand,Ephraimetal･proposedKarhunen-Loeve

transform (KLT)-basedspeechenhancementl2].Thismethod
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lSPromisingbecauseitgenerateslittlemusicalnoise･Neverthe-

less,ithastwoimportantdrawbacks･Oneisthelargecompu-

tationalcomplexityinvolvedinKLTbaseestimation,whichis

usuallyachievedbyeigendecompositionorslngularvaluede-

composition･Thisdisadvantagerendersthismethodunsuitable

forreal-timeprocessinglnmostCaSeS･Thesecondproblemis

performanceincolored-noiseconditions･Noisewhiteningpro-

posedinthismethodrequlreStheinverseoftheautocorrelation

matrix,whichcanbenumeriCallyunstableinnarrowbandnoise
conditions.

Regardingthecolored-noiseproblem,Ephraim'smethod

isextendedandan explicitsolutionhasbeengivenl3].This

methodutilizesanoisewhiteningapproach,asusedinits

onglnalmethod.Thepresentpaperincludestheassertionthat

instabilityincomputingtheinversematrix,whichisrequired

forwhitening,canbeavoidedthrough modificationofthe

autocorrelationmatrix.However,thecomputationalcostfor

obtainingtheinversematrixandthefilteringtoaccomplishboth

whiteninganditsinversecannotbedisregarded.Incontrast,
MittalandPham dol4]andRezayeeandGazorl5]proposed

me血odsthatdonotrequlrenoise-whitening･bthosemethods,
thespectralcomponentpoweralongeachKI:Iaxisforthe

currentframeisestimatedfrom anoisesignalthathasbeen

preservedfromapastnoiseperiod.ThisprocesslngCOrreSPOnds

tonoisespectrumestimationthatiscommonlyperformedin

theDFT-basedSS,whereasthenc･isespectrum shouldbe

calculatedineveryspeechframebecauseKLT-basedSSuses

time-varyingbasesforsignald∝omposition･

Regardng the problem of computationalcomplexity,
Rezayeeetal.[5]proposedanadaptiveestimationofRLT
bases.However,theKLTbasesestimationinthismethod

requiresatleastK2multiplicationiterationsineachfram e,
whereKisthefram esam plelength･Thisrequlrementimplies

thatK3 multiplications,whichareproportionaltotheED

complexity,arenecessarytoproduceaK-Pointoutputsignal

becauseaframeshiftof1pointisrecommendedinthismethod･

Alargerframeshiftmightprovidelargercomplexityreduction

inthismethod･However,Speechqualitycandegradeasthe

shiftincreases.Thistradeoffisnotaddressedinthispaper･

BycontrasttotheabovemethodswithaccurateKLTbases

estimation,utilizationofapproximatedKLTbaseshasbeenpro-

posedforreducingthecomputationalcostl6].Thismethoduti-
lizesdiscretecosinetransform (DCT)andreducesthecom-

plexityoftheKLTbasesestimadonto0(N2)･Thisappr?xi-
mationisvalidonlyfortheAR(p)process･Therefore,anIm-

provedmethodexploitingwavelettransform hasalsobeenpro-

posedl7].Thismethodrequiresawaveletpacketsearchofonly

0(NlogN)forKIJbasesestimation.However,thetotalef-

1558-7916/$20.00㊨2006IEEE

Au伽orlZedlJCenSeduselimitedto:MuroranlnstihteofTechnologyLibraryDownloadedonDecember9,2008at03:35fromIEEEXplore.RestTict10nSapply



NAGAm eLaL:FASTn4PLEMENTATIONOFKLT-BASEDSPEECHENHANCEMEm

ficiencyofreducingcomputationalcostandspeechqualityre-
mainsunknown.

Nextweproposeanaltemativemethodfわrapproximating
KLTbasesbyapplyingvectorquantization(VQ).Fromthefact

thatordinaryKLTbasesareobtainedbyperfomi ngeigende-
composition(ED)oftheToeplitzcovariancematrixconstructed

fromtheautocorrelationvector,whichisthevectorcompnslng
ofthefirstKelementsoftheautocorrelationfunction,wechose

theautocorrelationv∝torasacodewordvectoroftheVQcode-

book･TheVQcodebookisdesignedfromasetofautocorrela-

tionvectorsthatarecomputedfromleamingdatabyperfomi ng

clustering･FollowingtheVQcodebookacquisition,theKIJ

basesco汀eSpOndingtoallclustersareestimatedthroughED.

TheaboveprocessesaredoneintheleamlngStagePreliminary
tofilteringforspeechenhancement.

Inthealteringstageforspeechenhancement,theautocorrela-

tionvectorestimatedfromtheinputsignaliscomparedtocode-
wordvectorsinthecodebook.Thenthenearestoneischosenin

eachframe･TheaboveprecomputedKLTbasescorresponding

tothechosenclusterareusedastheapproximatedKLTbases
forfilteringinsteadofperformingEDineachframe.

AsidefromKIJbasesestimation,alargecalculationcostis

requiredforestimationofthespectralcomponentpoweralong

eachKLTaxis･Thatcostisnecessarytodealwithcolored-noise

inthemethodusingToeplitzcovariancematrix.Regardingthis

problem,weapplythemethodoffastpowerestimationintro-

ducedinl6],whichisallowedbyprecomputingthepartofthe
powerestimationusingknownbasesoftheVQclusters.The

totalcalculationcostisreduceddrasticallybyavoidingEDand

thepowerestimationrequiredbyconventionallnethods.

Aspeech-signalpowerspectrumiswellknown tobeimpor-

tantinfomationfわraspeechrecognitionsystem(ら.8.,【8]).The

autocorrelationfunctionandthepowerspectrumhaveoneto

onecorrespondence･Therefore,carefulacquisitionoftheVQ

clusteruslnganautOCOrrelationvectorcanalsocoverspeech-

slgnalvariation,asinaspeechr∝ognitionsystem.

Thispaperisorganizedasfollows:SectionIIprovidesan
overviewofKLT-basedspeechenhancement.Weshowthatan

assumptiontodealwithcolorednoiseproposedbyRezayeeeE

al･isapplicabletoourproposedmethod.SectionIIIdescribes
theproposedmethodbasedonVQ.SectionIVdescribesevalu-

ationresultsoftheproposedmethodinterIm Ofspeechquality

andprocesslngSPeed･Speechqualityevaluationcontainsobjec-

tivemeasureevaluationandsubjectivelisteningtests.SectionV

describesinvestigationanddiscussionoftheerrorinducedby

theVQmethod･SectionVIconcludesthispaper.

II.KI:TIBASEDSpEECHENM CEMENTFOR

CoLOREDNoISECoNDrnoNS

Twovarietiesofsolutiontotheestimationproblemposedby
EphraimandVanTreesexist:oneisbasedonatime-domain

constraintandoneisbasedonaspectral-domainconstraint.
Seel2]forfurtherdetails.Thetime-domainconstrainedesti-

mator(TDCE)wasextendedforthecolored-noiseconditionby

RezayeeandGazorl5]usingtheassumptionthatthenoiseco-
variancematrixisadiagonalratherthananidentitymatrix.This

assumptionisanapproximationandisnotalwaysaccuratefor
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arealnoisecondition,butthisassumptionmakestheproblem
easiertosolve.Evaluationof仙e血awbacksengenderedbydis-

regardingtheoff-diagonalelementofthenoisecovariancere-
malnS.

Ontheotherhand,LevIAdandEphraim l3]presentedan

accuratesolutiontothegeneralcolorednoisecaseutilizinga

whiteningapproachwithoutanexpedientassumption･However,

whiteningalsoconvertstheautocorrelationfunction,whichis

animportantfunctionfortheVQ-basedmethodwepropose･

ThisVQ-basedmethodcanbecomemorecomplicatedbythis

conversion.Forthisreason,wedonotemployanoise-whitening

approach,butinsteadapplytheassumptionofthenoisediagonal

matrixtothespectraldomainconstrainedestimator(SDCE),
whichweadoptedforVQ-basedmethodbecauseEphraimetal･

pointedoutthatSDCEoffersperformanceandimplementation

advantages.Inthissection,werecallthefundamentalofSDCE
anddiscussthecalculationcostofthecovariancematrixandthe

spectralcomponentpoweralongtheKIJaxis.

A.SignalModel

Lety,W,anda(-y+to),respectively,representtheK-di-
mensionalvectorsofthecleanspeech,theadditivenoise,and

thenoisyspeechsignals･Additivenoiseisassumedtobeun-

correlatedtothespeechsignal.ConsiderlinearfilteringwithH,
whichisaK xK-dimensionalmatrix,toestirrmtethespeech

signalas

倉-Hz-Hy十Hw (1)

where9istheestimateofthespeechsignalvector･Then,the

residuale那 rslgnalisglVenaS

r-金一y-(H-I)y+Hw-ry+T.I,･ (2)

wherer,J-(aII)yrepresentssignaldistortion,andr-.,-

HtLJrepresentstheresidualnoisel2].Furthermore,letRy,Rw,
andRz,respectively,denotecovariancematricesofy,W,and

a.Becausethenoiseslgnalisuncorrelatedtothespeechand

additive,RZ-Ry+Rwholds･

TheeigendecompositionofRyisgivenas

Ry-UAyUT (3)

U-luo,u1,..･,uK_1] (4)

Ay-diagl̂y,O,Ay,1,I･"Ay,Kl1] (5)

where(･)Tdenotesthetransposeoperation,andAydenotesa
diagonalK xK matrixthatcontainscleanspeechcovariance
matrixeigenvalues.Ucontainsitseigenvectors.

B.SpectralDomainConstrainedEstimatorforCololedNoise

TheproblemtosolveforobtaimingSDCEisglVenaS

Ho｡t-arg[min司 (6)
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Fromco叩 arisonbetweentheelementsofthismatrixequation

e5,,k≦αたJZ, k-0,1,- ,K-1 (7)

whereHop上istheoptimumfi1tertoprovideSDCE,andeZ,,た-
鳩甘wI2isthekthspectralcomponentpowerofresidualnoise.

請
tr(ryr訂)isthepowerofthesignaldistortionvectorry,
tATRwukisthekthspectralcomponentpowerofnoiseln

theinputsignal,andαた(0≦αk≦1)istheconstanttorestrict
theupperlimitoftheresidualnoisepoweralongaxisk.Tosolve
theaboveproblem,lettheLagrangianbe

〟-1

L(a,po,- ,pK-1)-i+∑pk(重-αhq孟)･ (8)k=()

FromVHL-0,itcanbeshown thatHop.mustsatisfythe
followlngmatrixequation:

(UTHU-I)A,+ApUTHRwU-0 (9)

whereAlL-diagl/Lt),/Ll,･･･,PK-1]･TheKulm-Tuckercon-
ditionsforconstrainedminimization

FLk≧0 (10)

arealSonecessarytoguaranteethesolutionto(9)asoptimal.

Now,Weintroducetheassumptiononcolorednoisecovari-
anceproposedbyRezayeeetal.as

UTLLuU空Aw

-diaglqo2,･･･TCT…;- ,0.を_1]･ (ll)

Rezayeeetal･usedA.,,astheapproximationofUTRu,Uto

qk'(入y,I+lLkq?)-0 (k≠l) (14)

qkl(入y,i+FLkql2)-入y.i (k-I) (15)

arenecessary.Because/A,k-一入y,l/L'12≦oviolates(10),,lkl-
0(k≠I)isforced･Consequently,weobtainapossiblesolution
to(13)whenaisdiagonal,as

Q-Ay(Ay+ApAw)~1. (16)

Ontheotherhand,from(7)weobtain

u冨HRwHTuk≦αhu冨LLutAk (k-0,1,… ,K-1).(17)

YkSkin…篭 /;_FuAn-h崇 .trhe崇 :hindtahgeOnmaineiee,msehni霊 ?nsla.hi:awe:
obtain

寄 -trlE(Tyr訂)]-trlU(Q-I)Ay(Q-I)UT]
K-1

-∑Åy,A(qkhI1)2･ (18)h=O

Becauseαk≦1,weobtain

I

qhk-α孟･ (19)

From(16),(19),andαk≦1,theKuhn-Tuckerconditionsare
satis丘edas

ph-新吉-1)≧0･ (20,

adoptTDCEforcolored-noiseconditionsIThisassulnPtionis Thisresultisidenticaltothatofthecaseinwhichnoiseisas-
expedientforfastimplementation,asstatedpreviously.From sumedaswhitel2]･Therefore,wecanobtainafilterusing

(1I),theeigendecompositionofthenoisyspeechcovarianceis
glVenaS

Rz-Ry+LLetU(Ay+Aw)UT. (12)

Thisequationindicatesthatwetreattheeigenvectorsofthe
noisecovariancematrixasidenticaltothoseofthespeechco-
variancematrix.Seel5]formoredetails.

Next,weapplythisassumptiontoSDCEforimplementing
ourvQ-basedmethod.BysubstitutingUTHUwithQ and
usingtheassumptionRw =UAwUT,(9)becomes

QAy+ApQAw-Ay･ (13)

･k-CXp(-票) (21,

withrespecttothechoiceofweightingfunctionasusedinl2],
[4],wherei,istheconstanttocontrolthedegreeofnoisesup-
pression･

C.CalculationCostofKLTIBasedSpeechEnhancement

KLT-basedspeechenhancementrequlreSalargecalculation
cost,whichismainlyengenderedbyRLTbasesestimation,co-
Variancematrixestimation,andspectralpowerestimationalong
theKLTaxis.WediscusstheiI叩lementationandcalculation
costofthelasttwoissueshere.KLTbasesestimationisreplaced
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withcodebooksearchinginourmethodandisdescribedinthe
nextsection.

1)CovarianceMatrixEstimaEion･'TheempiriCalToeplitz
covariancematrixconstructedfromtheautocorrelationfunc-

tion(e･g･,[9])isoftenusedforspeechprocessingbecauseof
itsadvantagesofcalculationcostandperforlnanCe.Inthees-

timationprocess,theinputsignalisdividedinto丘.ameswith

Ksamples･TheautocorrelatiOnfunction,truncatedbyKpoint
length,isestirrntedfromaseriesoftheseframes,whichcontain
Tfi･ameslocatedbeforeandafterthecurrentframe.Therefore,

thenumberofsamplesforestimatingtheautocorrelationfunc-

tionisgivenas(27'+1)∬･h也eliterature,(27'十1)〟becomes
360or440becauseT=4or5andK=40areusedatan81kHz

samplingrate･

Theautocorrelationfunctioncan beestimatedefLciently

fromthissignalviafastFomiertransform (FFT)with5121POint
length･Alternatively,wecanreducecomputationbyexploiting

duplicationofthesamplesneededforestimationinadjacent
frames.

IncontrasttothecaseofempiricalToeplitzcovarianceesti-
mation,RezayeeeEal.averagedtheouterproductznz:Withthe
forgettingfactorPtoestimatethecovariancematrixas

71
Rz(n)-∑β(A-i)ziZF･ (22)i=1

Theyusedtheframeshiftofonesample.Therefore,morethan
K3Operationsofmultiplicationandadditionarisefromthis
computationtoproduceanoutputsignalofKsaITPles.Appar-

ently,theyavoidedthislargecostbychoosingsmall〟 of20
Samples.Nevertheless,thiscovarianceestimationcanbeadis-

advantagewhenuslnglargerKbecauselargerKtendstopro-
videbetterperformance,asshowninalaterexperiment･

2)EstimationofSpectralComponentPower:Calculationof
thespectralcomponentpowerisrequiredtoobtainnoisepower

q宝in(21)asfollows:

62-tATRLtAk. (23)

Thespeechsignalpowercanalsobeobtainedusingasimilar

expression･HuangeEal.proposedamethodoffastcomputa-

tionforDCTbasestoreducethecoIPPutationalcostforthe

sametypeofexpressionabove【6】.Thismethodisapplicable
totheproposedmethodbecausebasesintheVQclustersare

known pnortofiltering,asintheDCT-basedmethod.Usingthis

method,thecoI叩IexityofcalculatingRwuたOf0(KlogK)
whenRwisToeplitzisreducedtooneinnerproductofaK-di-
mensionalvector･Therefore,K2multiplicationoperationsare
requiredfわrg Y∝tors.

InthemethodbasedonadaptiveKLT,Rezayeeetal.used
timeaveragingwithforgettingfactorPforthiscalculationas

qz(n)-q2(n-1)β+luk(n)Twi(n)l2･ (24)

ThiscoⅡputationrequlreSmorethan K2Inultiplicationopera-
tionsforKvectorsineachframe,whichamountstomorethan

(cleanspeech)

VQleaningstage

Clustercentroid

Eigenvalue
decomposition

Clustercentmid._._KLT_._..
(autocouehtioJl) basis
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Enhanced
spccch

Fig-I.Blockdiagramoftheproposedmethod･

∬ 3I-1tiplicationoperationstoprocess〟 signalsa叩 lesifa

frameshiftofaonesampleischosen･
Asdiscussedabove,amethodusinganautocorrelationfunc-

tionoffersclearadvantagesincalculationcostsofcovariance
matrixestimationandspectralcomponentpowerestimation･

ⅡⅠ.FASTIMPLEMENTATIONOFTHEKLT-BASEDMm oD

As presentedinSectionⅡ-C,conventionalKLT-basedspeech
enhancelnentrequlreSaheavycomputationalloadtoperform
thefollowingthreeprocedures:
1)KLTbasesestimation;

2)spectralcomponentpowercalculation;
3)autocorrelationestimation.

Inaddition,autocorrelation-basedprocesslngPresentsSOmead-

vantagestoreducethecomputationalcostof2)and3)INext,
wepresenttheproposedsystem,whichcompnsesafasterver-
sionoftheaboveeachprocedures:KLT-baseapproximation
isaccomplishedwithoutdirectestimationofKLTbasesfrom

thesignal;spectralcomponentpowercalculationexploitsapre-
computedtable;autocorrelationestimationbasedondivisionof
theautocorrelationfunctionintofractionalvectorsisundertaken

andthereuseoffractionalvectorsamongsuccessiveframes･

A.SystemOverview

Fig.1ShowsablockdiagramoftheproposedspeOchen-
hancementsystem.TheupperhalfofthefigureshowstheVQ

learnlngStage,inwhichthecodewordvectorsofautocorrelation
andKIJbasesareestimatedfromleaningdataofcleanspeech:

thelowerhalfshowsthe丘Iteringstage,whichperformsspeech
enhancementfornoISyspeechinputusingthe丘Itercalculated

fromcodewordvectorsandcorrespondingKLTbases･heach
frameofthefilteringstage,theK-dimensionalautocorrelation

vectorisestimatedfromtheinputsignalandiscomparedto
codewordvectorsinthecodebooktoselecttheonecodeword

thatisnearesttotheinputautocorrelationvector･TheKLTbases
thatbelongtothesameclusterasthechosenvectorareusedas
theapproximationofthecurrentKu basesforcalculatingthe

filter.Detailsofthestagesaredescribedbelow･

1)VQLeaT7u'ngStage:Initially,asetofK-dimensionalv∝-
torscomprisingthefirstKelementsoftheautocorrelationfunc-
tionisestimatedfromclean-speechleamingdata･Clusteringfor
thesetofthevectorsthemdeterminesthecodewordsthatare
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thecentroidofthecluster.Next,empiricalToeplitzcovariance
matricesareconstnlctedfromcodewordvectors.Then,theKI:T

basesarecomputedviaEDforallclusters.Weconsultedl8]and

l10]fordesigningVQclusterandusedtheK-meansalgorithm

withtheinitialclustersgeneratedbythemaximumdistanceal-

gorithm【11]･

2)FilteringStage(1)(ClusterSelection):Inthefiltering

stage,thesampleautocorrelationvectorofinputsignalJyz-

tTz(0),Tz(1),･･I,Tz(KI1))Tisestimatedfrom theinput

signal.Thatofthespeechsignalisestimatedas

Jy,J -Tz-Jy-,,･ (25)

whereJYwistheK-dimensionalnoiseautocorrelationvector.
Thissubtractionisintendedtovalidatethecodewordvectorin

thecodebookforvariousnoiseconditions.Comparisonofsub-

tractedvector今ytothecodewordvectorsintheVQcodebook
isfollowed.Thereby,thenearestoneischosen.Weusedthe

squaredEuclideandistanceformeasmingthedistancebetween

vectors･Thereby,thechosenclusterindexisglVenaS

Nc- ar貰(miin 桓-1yl2) (26)

whereeiisthecodewordvectorbelonglngtOtheithcluster･

EigenvectorscorrespondingtothisnumberUNcareutilizedto
obtainthe丘lter_

Comparisonamongallclusterscan engenderalargecalcu-

lationcost.Therefore,onlyafractionofthecodebookisused

forsearchingassumingthattheautocorrelationfunctionvaries

slowlyfromframetoframe.Thenumberofclusterstobesought

andcolnParedisdenotedasNs,chandislimitedto0≦NSrCh≦
Nall,WhereNailisthetotalnumberofclustersintheVQcode-

book.R)rthispurpose,thein血cesofnearest〃sr｡hClustersare

searchedforallclusterspriorto丘ltering.Usingthem,an index
tableisobtained.

3)FilteringStage(2)(Filtering):Inobtainingthe点Iter,αk

isfirstcalculatedusing(21)IL'蓋and入y,Aarerequiredforcalcu-
latingαk.Theyareobtainedas

o-h2- tA右C,kRwtLNe,k (27)

入y,A-tATNc,kk yt.Nc,k (28)

whereuNe,AisthektheigenvectorinUNS,andRyisthe

Toephtzspeechcovariancematrixconstructedfromly･Ca1-
culationsof(27)and(28)areperformedefAcientlyusingthe

methodpresentedinthenextsection.

Next,themterforspeechenhancementa -UNeQUTN,.is

obtainableusinga -｡iag(克/2),theenhancedsignalisesti一
matedby

身- UNc(Q(UTNeZ))･ (29)

The finaloutputslgnalisobtainable using a Standard

overlap-addsynthesis.

Noisecovariancerequiredin(27)Shouldbeupdatedto

adaptthesystem tonoiseconditionchanges･Weusedthe

maximumspectralcomponentpowertodeterminenoise-only

framesforthisupdate,whichisthemaximum oneamong

Ay,0,III,ly,K-iaccordingtothemeasurefordeterrmnlng
thenoise/speechfram easproposedbyRezayeeetal･When
thefhmeisdeterminedasthenoiseframeandthenumber

ofconsecutivenoiseframesislargerthan2T+1,boththe

noisecovarianceupdateandtheabovefilteringareperformed,
whereasfilteringaloneisperformedotherwise･Noisecovari-

anceisupdatedusingtheautocorrelationvectorobtainedfrom

theconsecutivenoiseslgnal･

B.FasterComputationoftheSpectralComponentPower

Thecalculation costofthespectralcolnPOnentPower

emergingin(27)and(28)isreducedbyexploitingthemethod

proposedinl6].Thismethodisapplicablebecausetheem-

piricalToeplitzmatrixissylnmetriCalandallKLTbasesare

knownpnortofilteringintheproposedmethod･Usingthis

me血od,(27)and(28)arepe血rmedusing

0-≡-bNeJy一一,

入y.k-bNL.今y

wherebNeistheprecalculatedK-dimensionalvectorwiththe

.?'thcomponent

(32)

ThisvectorbNcShouldbecalculatedforallKLTbasevectorsin

allclustersbeforefiltering･

C.ReducedComputationofAutocorrehltionVector

Thiscomputationalcostcannotbedisregardedbecausethe

autocorrelationvectorisestimatedfrom(2T+i)Ksam plesof

theinputsignal.Typically,FFrisusedforthisestimation.How-

ever,CalculationusingOnlyFFrisnotabsolutelyefficientbe-

causethismethodcomputestheautocorrelationfunctionofFFT
length,whereasitsfirstKcomponentsareneededhere･There-

fore,weproposeamethodtofurtherreducethecomputational

costbyexploitingthefactthatthetwoseriesofsignalsfores-

timatingautocorrelationvectorscorrespondingtotwoadjacent

frameshaveduplicationof2TK+K/2samples,whereasthe

differenceisonlyK/2sampleswhentheframeshiftischosen

asg/2･
Fig.2showsdatasegmentsforestimatingautocorrelation

vectors.LetzndenotetheK-dimensionalsignalvectorforthe

currentframen,I(m)denotethesampleofbeginningpointof

zn,andgndenotethesignalsegmentrequiredforestimatingthe

autocorrelationofnthframe,wherem isthesamplenumber･

Inaddition,15･,I+i,(i-- ,-1,0,1,-)denotesthosesignal
segmentsthathavelengthoffralneShiftofL･Furthermore,we

assumethatfram elengthKisanintegermultipleofframeshift
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B一
.
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船

SF

rI_･L･I
Jn-3L m+3L m+5L

=m_M 1,m-2Lm-Lm m+L m+2L=m+MLm十4L=m+K棚LLn+6L

!-3回--1回 可 b･2Z.-･3[仙丹
妻ii与与 与 I｣ T｢ …

p n-3 pn-2 pn-1 ● pn+2 qn

…▼▼
ipn-2 pn-I

Yn十1(て)

Fig.2.Datasegmentsforestimatingtheautocorrela血on血nctionwi血reduced
computation.

Landthat9nhasMLsignalsamplesbeforeandafterthevector
zn,whichimpliesthatthelengthofgnamountsto2ML十K.It

isnoteworthythatT-ML/K,asdemonstratedusingtheno-
tationsherein.Fig.2showsthecasewhereM -3andK-2L.

Next,WecomputepartsoftheautocorTelationvectors

pn+3･(T),(i- -M,･I･,M I1)correspondingtothesignal
vectorsn+3･,(i--M･,-,M -1)asfollows:

pn.,'T'-主Lg z(-+ ,･L' i'Z(-+ jL'i' T)
i=O

(T-0,1,-,〟-1)･ (33)

TheabovecalculationrequiresK+LsaI叩lesfromz(m+3'L)
toz(,m+3'L+K+L-1).Inaddition,lJn(T)isanotherpartofthe
autocorrelationvectorcorrespondingtoasegmentof.qn'send

consistingofKsamples･Examplesaretheconnectedsegments

ofsn+3andsn+4,aSShowninFigl2･Thereupon,qn(T)isgiven
aS

qn(T)-妄Ki:lTz(-'ML'i)Z(- 'ML'i'T)11=o
(T-0,1,-,〟-1)I (34)

From(33)and(34),theautocorrelationvectorestimatedfrom

9nisglVenaS

Tn(T,-妄"glTPn(i,･qn(i･T,
.1V-i

-qn(T)+∑ pn'j(T)･ (35)
3--llJZ
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Inthesamemanner,Tn+1(T)isexpressedas

〟-1

Tn'1(T)-qTL'1(T)+ ∑ pIL'1七･(T)･ (36)
1'--M

Fromcomparisonof(35)with(36),we丘ndthatpn+1･(i-

-M +1,…,M -1)emergesbothin.yn(T)andJY,i+1(T).This
factimpliesthattheessentialcomputationineachframeisre-

ducedtopn+M (T)andqn+1(T).ThesetermsrequireKLand

K(K+1)/2multiplicationoperationsofrealnumbers,which
amountstoK2+K/2whenK -2L･

TheFFrlengthNFShouldbelargerthan2LM +2KifFFr

isusedforestimatingautocorrelation･ThelastKsamplesofthe
lengthCorrespondtothezeropadrequiredtoavoidcontamina-
tioncausedbyconvolutionviaFFr.Forexample,realvalued
FFrandIFFTwithNF-512CanbeusedincaseswhereK -

40,L-20,andM -6(T-3)areused･Thatfactimpliesthat

themethodusingFFTre9uires2(NF/2)log2(NF/2)-4096
multiplicationoperationsInvolvingcomplexnumbers,whereas

theproposedmethodrequiresK2+K/2-162Oreal-number
operations.Accurateevaluationresultsandadvantagesofthe

proposedmethodareshowninthenextsection･

ⅠV EⅥlLUAnON

Weconductedexperimentsforevaluatingboththespeech
qualityandprocessingSPeedoftheproposedmethod･Perfor-

manceoftheproposedmethodwascomparedwiththeconven-
tionalKLT-basedmethod,whicheIIployseigendecoltpOSition･
Wecallthisconventionalmethod"KLTIED"andtheproposed
method"KIJ-VQ"hereafter.

A.Bkpen'mentalConditions

CleanspeechsignalswererecordedfortheVQlearningstage
andastestdataforfilteringevaluation.Weused492phoneme-

balancedJapanesewordsl12]utteredby丘vefemalesforthe

leaningstageandused100Japanesecitynames[13]uttered
byfivefemalesasthetestsignalsforfilteringevaluation･The

averagedresultsobtainedusingthesefivefemalespeechesare
presentedinthiss∝tion.Wead血tionallyusedtestsignalsut-

teredby丘verr払1esinSectionⅣ-D･Nocommonuttererex-
istsfortheleaningdatasetandtestdataset･Speechsignals

forevaluationwereaddedbynoiserecordedinacarmovlngat
lOOkn JhtoobtaindesiredsegmentalSNRs(Seg-SNRs)･The

Seg-SNRswerecomputeddmingthespeechperiods･Because
thenoisecontainedhigh-levellow-frequencycomponents,the

noisesignalwashigh-passfilteredwitha1501Hzcutofffre-
quency.ThesamplingfrequencywasllkHz･Speechquality

wasevaluatedusingSeg-SNRandasubjectivelisteningtesL

B.PreliminarySetlingfol'VQ

First,toensuretheeffectofthenumberofclustersforthe

codebooksearch,whichisdenotedbyNsrch,theKLT-VQ

processedsignalwasevaluatedintermsofSeg-SNRchanging
Nsrch.Theconstanttocontrolnoisereductioni,,frameshiftL,

andnumberT,whichrelatesthenumberofsamplesforautO-
correlationestimation,werechosenrespectivelyasu- 3･0,
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Fig･3･Seg-SNRversusnumlxrofclustersforsearchingNs.｡.(averagedre-
sultusing丘vefemalespeech,T-3,zJ-3･0,L=Il'/2,Na.11と10000,
1000,100).

L-K/2,andT-3･Theseweredetemi nedintheprelim-

inaryexperimentandwereusedunchangedthereafter.Fig.3

showsresultsobtainedforK-48and144atinputSeg-SNR
of5dB.

ThenumbersofclustersNailWerearrangedtobeabout

10000,1000,and100.However,theyactuallybecame10550
forK - 48andlO217forK - 144whenNall:ヒ10000,

forexample,becausethenumberofclusterscannotbede-

temi nedexplicitlyuslngtheclusteringalgorithm thatwe

selected･TheactualnumberofclustersNa｡twasadjustedtobe
Nail_<Nact.≦1.1･NallforeachNail.

As showninFig.3,theKLTIVQperformanceincreasesas
Nsrchincreases.InthecaseofNsreh-100,itreachesalmost

thesameSeg-SNRasthoseobtainedincaseswhereallclusters

wereusedforcomparison.Moreover,smallerNs,chappearstO

bepossiblewhenNailand/orKaresmall.Simi1arresultswere

obtainedwhenothervaluesofKandinputSeg-SNRwereused.

Therefore,SearchingonlyafractionofthecodebookissufAcient

becauseitachievesnearlyequalperformancetothatofafull
search.

Next,aRLTIVQprocessedsignalwasevaluatedbychanging

NailtOinvestigatetheeffectofnumbersofallclusters.Based
ontheresultsdescribedabove,Nsr｡hWasSettO100inthisex-

pedment.Fig.4showsresultsobtainedwhen〟 -48,72,96,

120,and144.TheleftfigureisforinputSeg-SNR--5dB;the

rightfigureisforinputSeg-SNR-5dB.ResultsofKLT-ED

arealsoplottedintbose丘gures.

As shown inFig･4,largerNallandlargerKprovidehigher

perform ance.ResultsofKLT-EDwerebetterthanthoseob-

(q
p
)
出

N
S
･
叫
a
S

100 1000 10000 100 1000 10000
Numberofallclusters Numberofallclusters

Fig.4lSeg-SNRversusnumberofal1clustersNullevaluatedintheproposed
medlOd(T-3,Z,=3.0,L-Ii-/2,NS,Ch-100)I

tainedusingKLT-VQ,particularlywhenlargeK wasusedat

higherSNR.WhenusedwithK-144,thedifferencebetween
KLTIEDandKLTIVQwas0.2dBatinputSeg-SNR--5dB;
itwas0.6dBatSNR-5dB.Weobservethatthecurvegradient

oftheperformancedecreasesandbecomesalmostconstantas

Nailgetslarger.Fromthesefigures,3OO三 Nal1≡ loo°apI

pearstobeappropriate･
Thismethodconsumesmemory,mainlyforstoringelgenVeC-

torsofVQclustersandavectortableforfastpowercalculation
(32)_Becausethesetwosizesarethesame,thesumm edsizeis

glVenby

Msize-8･K2Nall bytes (37)

whensingleprecisionfloatingpointdataareassumed･Forex-

ample,thissizeis34.6MBwhenNail-300withK -120;
165.9MBwhenNail-1OOOwithK-144.Thesearerealistic

sizesforconteI叩OraryPersonalcomputers･

Regardingtheproblem ofleamingdatasizefortheVQ
cluster,wevariedtheamountofdatatouse.Weusedspeech

signalsutteredrespectivelyby1,5,and20femalestolearnthe

VQcluster.As aresult,theperformanceinthecasewhenone

female'sspeechsignalwasusedforVQclusterleaningwas

obviouslylowerthanthatinthecasewhen丘vespeakers'spe∝h

signalswereused,whereastheperforrrnnceincasewhen20

speakers'speechwereusedwasalmostthesameasthatof丘ve

speakers･Fromtheseresults,weconductedevaluationsusing

theVQclusterobtainedfromspeechsignalsutteredbythefive
femaleshereafter.

C.EmcienqoftheCovan'anceAssumption

WeexaminedtheassumptionsofthenoisecovariancerrntriⅩ

(11).Forthispurpose,Wecalculatedtherelativeaveragemag-

Ad10rizedIICenSeduselimiledto:MuroranInstituteofTechnologyLlbrary.DownloadedonDecember9,2008at0335fromIEEEXplore･Restrictionsapply･
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Displacementfromthediagnalelement

Fig･5･Relativeヮagnitudesofmeoff-diagonalelements:curve(a)isobtained
fromnoisecovarlanCematrixRw,andcurve(b)isobtained丘omthetran s-
formedznab･ixA.i.=UrR.uU_

nitudeofthekthoff-diagonalelementsofthematrixA-(ai,i)
aS

M(A)A-lOlog
孟盲∑…≡oKl ai,i.kl

た-0,1,… ,〟-1. (38)

WepresenttherelativeⅡ岨gnitudecorrespondingtoRwand

UTRwU,asshown inFig･5･Thisfigureconsistsofthreepanels,
whichcorrespondtothreenoiseconditions.Thenoisesarede-
notedas(A)"car,"P)"radio,"and(C)‖lab."Noise(A)isthe

sameasthatintheprevioussection.Noise(B)containsspeech

fromradiointhecarmovingat15krrJh.Noise(C)contains
mainlycomputerfannoiseinalaboratoryroom.Thenoiseco-

Variancematrix凡｡isestimatedfromeachnoisesignal,and
LLuistransformedbyUr私 u,whereUistheeigenvectorin

theVQcluster･TheVQclusterislearnedwithparametersof
T - 3,K - 48,L-K/2,andNall 二と1000.Thetrans-
formationUT札 Uisperformedforallclusters.Theresultant

2093

M(UT札 U)kareaveragedforallclusters.Inthis丘gure,curv e

(a)indicatesM(R w)A,andcurve(b)indicatestheaveraged

M(UT札 U)k.
Weobservethattheaverageamplitudesoftheoff-diagonal

elementsM(UTLLuU)k,(た>0)aremostlylowerthanthose
ofM(Li,")h･Thoseamplitudesarelowerthan-10dBinallthe
noisecases.Weconsiderthatthisresultsupportstheassump-
tion(11)toacertainextent,butwecannotcon丘m thattheyare

su氏cientlysmalltobenegligible･Therefore,theeffectattribut-
abletothiserrorshouldbeexamined,butsuchaninvestigation

isbeyondthescopeofthispaper.Weprovidedasimplesolution

thatisimpliedbythisassumptioninourmethod･

D.SpeechQualityEvaluationinSee-SNR

Weevaluatedthespeechqualityprovidedbytheproposed
methodKLT-VQintermsofSeg-SNR･Clusterparametersin-
ferredfromthediscussioninSectionIV-Bwereused.Fig.6
showstheobtainedresultswhenNall二と1000,200,100,and

N sr｡h- 100atinputSeg-SNR--5,0,5dB･Framelength
Kwasvariedfrom36to162witha12-samplestep.Thisfigure

portraystwopanels,(A)and(ち),whichshowresultsobtained
respectivelyusingfemaleandmalespeech･

As shown inFig.6(a),whichisobtainedinthecaseof

femalespeech,asK yieldslarger,performanceofallthe
methodsincreasesandthecurvegradientdecreases･Perfor-
manceofKLTIVQdecreasesslightlyasK increaseswhen

InputSeg-SNR-5dBinthecaseofmalespe∝h,asillustrated
inFig-6(b).Incontrasttothefemalecase,thecurvegradient
ofKLT-EDismuchsmallerthanthatoffemalespeech･Degra-

dationofKLT-VQcomparedtoKI:I-EDformalespeechis
attributabletothefactthatnomalespeechsignalisusedfor

VQclusterleaning.Ashortageoflearningdatawhenusing
largeK shouldalsobeexpectedbecauselearmngwithlarger

dimensionsgenerallyrequlreSmorenumerousdata.Wenote
thatperformanceofKLT-EDbetweenfemaleandmalespeech

varyingK differsgreatly.Thisdifferenceisan interesting
problemthatshouldbeinvestigatedinfuturework･

Resultsoffemalespeechimplythat,whereasthelargerK
isdesirableforbetterperformance,theefAciencyofthecalcu-

lationcosttoperformancedecreasesbecauseofthelargerK･
FromanefBciencyperspective,Ket120appearstobeapproI

priatefromFig･6(a).AlthoughK と 120representsamuch
largervaluethanthoseusedintheliterature,theprocesslng

speedisnotaffectedmarkedlyinKLT-VQ,asshown inthenext
section.WeconsiderthatthememoryrequirementforKLTIVQ

isnotaseriousproblemwhenKと120andNall≦1000are
chosenasdescribedinSectionIV-B.

Regardingtheperformanceforfemalespeech,theperfor-
manceofKLTIVQislowerthan thatofKLT-EDasK be-

comeslargeathigh SNR.However,thedifferencebetweenthe

twomethodsis,forexample,0.12dBwhenK -120atinput
Seg-SNR--5dB,withnomarkeddegradation.Furthermore,

thedifferenceis0.52dB(10.70-10.18)whenK-120atinput
Seg-SNR-5dB;moreover,thedifferencebetween10･7and

10.18dBisnotanonerousprobleminpracdce,Theaudible
differenceistobetestedbysubjectivelisteningtestinthenext
section.
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Fig-6.Performan ceofKI:T-EDandKLTIVQversus丘amelengthKintermsofSeg-SNR(T-3,y-3.0,L-K/2,Ng,ch=100),(VQclusterisdesigned
usingonlyfemalespeechsignals).

E･SubjectiveListeningTest

Weshowresultsofasubjectivelisteningtestforspe ech

qualityevaluation･Weusedapreferencetestalgorithm sim-

ilartothoseusedinl2]andl5]andperformedanadditional

con丘dencetesttoinferthesimilaritybetweenthesignals.Ten

subjectsparticipated.AllwereenglneenngStudentswhose

ageswere21-23･Weusedspeechmaterialcompnslngthree

consecutivewordsamongthelooJapanesecitynames;they

werespokenbythreefemalespeakers.Twoseriesofthree
wordswereused:"Hachinohe,Kesennuma,Yukuhashi"and

"Sapporo,Kitami ,Eniwa･"Consequently,sixspeechsignals

werepreparedforeachteststage.Thesesixspeechsignals

wereaddedbynoiseswithSeg-SNRsof-5,0,and5dB･

Weusedcomputer-generatedwhiteGaussiannoiseandreal

noisesaIIplesrecordedinthelaboratoryrooln,alongwiththe

previouslydescribedcar noise.Thelaboratorynoisemainly

containscomputerfannoise;thecarnoiseisthesameasthat

usedintheprevioussection.Thesethreenoisesaredenotedas

"white,""lab,"and"Car."Subsequently,theywereprocessed

usingtheKTL-ED andKLTIVQ methods.Subjectswere

presentedtwopa灯sOfsignalsthrough headphones.Oneofthe
pairsconsistedofaKLTIVQenhancedsignalandaKLT-ED
enhancedsignal;theotherconsistedofaKLT-VQenhanced

slgnalandanonprocessedsignal･

First,ateachteststage,subjectswereaskedtochooseoneof

thetwoslgnals･Subsequently,theywereaskedtochooseoneof
thenextthreechoicesaboutthepreviouschoiceofpreference:

a)totallyuncertain;
b)almostuncertain;

C)other.

Weinformedthesubjectstochoosea)whenthetwopresented

signalsareindistinguishable･Weintendedtoinferthesimilarity

ofthesignalsfromthedegreeofcon丘denceintheirpreference

becausethemoresimi1ar slgnalsmightprovidelowercon丘I
denceattheirchoice.

TableIpresentsasurf- ryoftheresults･Inthistable,the
valueinthe"con丘dence"coluⅡmshowstheratioofthenull血er

ofchoicec)(other)tothetotalnumberofinquiries･As this

tableshows,inallnoisecases,thepreferencescoreofthepro-

posedmethod,KLTIVQ,comparedtoKLTIEDisfrom40%to
60%.ThisresultindicatesthatKLTIVQisequallypreferred

toKLTIED,butdoesnotexactlymeanthatbothsignalSare

closelyresemblant･Forinstance,asimilarpreferencevalueis
observedincomparisontoanonprocessedsignalinthecasesof

labnoiseandcarnoise,butthesignalsaremarkedlydifferentin

thesecases_Wenotethattheconfidencescoreisextremelyhigh

(≧88%)inthecomparisontoanonprocessedsignal,whereas
thoseobtainedinthecomparisontoKLT-EDarelow･Thelatter

scorevariesfrom25%to50%,indicatingthatmanytrialsof
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TABLEI
PREFERENCETESTRESULTS

Noise See-SNR Comparedw抽 Comparedwith

non-pTt)Ce;iSed(%) 7(LT-E1)(%)

wl止【e 5dB 71 98 54 40OdB 79 96 40 33

-5dB $5 96 46 25

一ab 5dB 58 92 56 33OdB 52 96 56 44

-5dB 60 88 60 5ー)

Car 5dB 62 96 46 48()dB 46 94 44 44

-5dB 46 94 50 50

TABLEII
TRANSL∬EDPREFERENCETESTRESULTSUsINGCoNFIDENCE

Noise Seg-SNR Comparedwith Comparedwidl

notトpーOCeSSed(%) 7(tJ-ED(%)

white 5dB 69 2 29 19 60 21OdB 79 4 17 19 67 14
-5dB 83 4 13 15 75 10

lab 5dB 56 8 36 21 67 12OdB 50 4 46 31 56 13

-5dB 54 12 33 4() 5() Hl

Car 5dB 6042 4 3652 2525 5256 2319OdB 6

comparisonbetweenKLTIVQandKI:TIEDweredonewithless
con丘dence.

Toclarifythedifferencebetweenthecomparisontoanon-

processedsignalandthattoKLT-ED,weconvertedtheresult

ofTableIusingtheconfidencescore.Weregardchoicesa)and

b)oftheconfidenceinquiryasindicatingthatthepreference

waschosenwithinsufBcientconfidenceandthatthetwoslgnals

aresimi1ar ･Weconsiderthepossibilityofthelowcon丘dence

whenthetwosignalsforcomparisondiffergreatlybecauseto-

tallydifferentimpressionsofsignalscanalsomakethecom-

parisondifficult･However,becauseKIJIVQandKI:T-EDproI

cessedsignalsarenearlyidentical,WeIgnoredthispossibilityin

thisconversion.Thereby,Wetranslatedthesumofthenumbers

ofchoicesa)andb)tothethirdchoice"equallyheard."The

"preferred"dataaredecreasedaccordingtotheemergenceof

thethirdchoice･Consequently,TableIIisobtainedthrough this

translation･WenotethatthetranslatedresultonlyusingChoice

a)as"equallyheard"isalmostidenticaltothatshown inTableII

becausethenumberofchoicesb)wasverysmall.

TableIIshowsthatKLTIVQispreferredtothenonprocessed

slgnalincasesofwhitenoiseandlabnoise,whereasbothsig-

nalsareequallypreferredinthecaseofcarnoise.Thenumber

ofselectionsof"equal"isverysmallinthecomparisontothe

nonprocessedsignal,whichisareasonableresultbecausethe

TABLEIII
IMPLEMENTATIONOFPROCESSING

funct.J'On implementadon

KILT-ED KLT-VQ

(a)::= hm.e:ation FFT method(S).山 一C

O,)慧 慧 eses- elgen- clusterselec-decomposi丘on也on

SpeclIal COm-(C)ponemtpowerestimation Eq.(27,28) Eq.(3l),31)
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nonprocessedsignalandKLTIVQprocessedsignalsdifferdis-

tinctlyandthenonprocessedsignalcontainsmuchnoise･Incon-

trast,colrpariSonwithKLT-EDshowsclearlythatbothpro-

cessedsignalisequallypreferred,butthatthenumberofchoices

ofthe"preferred"issmallwhereasthoseof"equal"ismuch

larger.Consequently,wecanconfirmthatthetwoprocessedsig-

nalscloselyresembleoneanother･

F processingSpeedPeqoTmanCe

Wemeasuredtheprocessingtimeforspeechenhancementto

evaluatethecalculationcostofKLT-VQcomparedtoKLTIED･

ApersonalcomputerwithaPentium-IIICPUofl･21GHzclock

frequencywasused.TheprogramsofKIJ-EDandKI:I-VQ

werecompiledusingagcecompilerwith"-02-pg"options

tomeasuretheprocesslngtime.Durationofthespeechsignal
usedforevaluationwas140S.WevariedK from48to144

witha24-samplestepandsetthenumberofclustersNailtO

10000.Although Nall≦loo°appearstobesufBcientfromthe
resultsasindicatedinS∝tionIV-B,weused″all-10000to

con丘m thatnodisclosedcomputationarisesfromtheuseofa

largememorysize･

Weemployed an autocorrelationestimationwi th5121POints

real-valuedFFrwhenK - 48and72;weused1024point
real-valuedFFrwhenK- 96,120,and144forKLT-ED.In

addition,eigendecompositionwaslmPlementedforKLTIED

usingtheHouseholdertransform and"ThdiagonalQLlm-

plicit,"whicharegivenrespectivelyasCprograms"tred2()"

and"tqli()"inl14].TheKLTbasesaretreatedassinglepreci-

sionfloating-Pointdata.TableIIIliststheimplementedfunction

proceduresofKI:TIEDandKIJ-VQ･

Fig.7showsresultantprocesslngtimesmeasuredusingthe

gceprofile.TheleftfigurecorrespondstoKIJIEDandtheright

onecorrespondstoKLT-VQIPlottedvaluesrepresentaverage
valuesof10measurements.WeobservethatKLTIVQreduced

processlngtimesremarkablycomparedtoKIJIED,particularly

inKI:Ibasesestimationandspectralcomponentpowercalcu-

lation･Respectiveratiosoftheprocessingtimescorresponding

tothoseprocedureswere597:1and43:1wheng - 120;that

ofthetotalprocesslngtimewas66:1whenK -120･

Theleftfigureshowsthattheprocesslngtimeoftheauto-

correlationestimationinKLTIEDvariesirregularly･Itdoesso

becausetheFFTlengthvariesaccordingtoK andthenumber

ofFFrrequiredtoprocesstheentireslgnaldecreasesasK
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Fig･7･Resultsofprocessingtinemeasurement.

increases.Theprocesslngtimeofautoco汀elationestimation

employedinKLTIVQwaslessthanhalfofthatemployedin

KLT-EDwhenK -48;theywerecomparablewhenK -144.

IncaseswhereK becomesmuchlarger,e.g.,incaseswhere

largesamplingfrequencylSused,estimationusingFFTcan

beefAcientagain･However,becauseFFrwithsmalllength
isapplicabletoestimatethedividedautocorrelatiOnvector

qn+M(T)(34)andqn(T)(36),theproposedmethodforauto-

correlationestimationdoesnotloseefaciencycomparedtothe

caseusing(2T+1)KpointsFFr,whichdirectlyestimatesthe
autocoITelationvector.

V.VQMATCHNGERROR

Inthissection,wedescribetherelationbetweenperformance

andtheerrorinducedbyvectorquantizadonintheproposed

method･Theerrormainlyarisesfrommatchingerrorbetweenan

InputautOCOrrelationvectorandthechosencodewordvectorfor

clusterselection･Therefわre,也erelationbetweenthematching

errorandSeg-SNRofoutputsignalismentioned.Forthatpur-

pose,Wecalculatedthetemporalchangeofthesquareddistance

ascalculatedby

E ･,r(n)-JcNn(n)-Jyy(n)l2 (39)

wherenistheframenumber,andNcistheclusternumbergiven

by(26)･WeusedthetestsignalwithSeg-SNR-OdB,which

wasusedinSectionIV-D.Fig.8(b)showsthecalculated母汀∝.

WeadditionallypresentthetemporalChangeofdifference

inSeg-SNRbetweentheKIJ-EDprocessedsignalandthe

KLT-VQprocessedsignal,asshowninFigl8(a)･Thepositive
differenceindicatesthatmoredegradationresultsfromtheuse

ofKLT-VQthanfromuseofKLT-ED.Fig.8(a)alsoincludes

theteI叩OralchangeinSeg-SNRoftheinputtestsignal_The

hachirK)he kesennurna yukuhashi
tdegrldat;oTt

4 5 9

2 3 4 5 8
Time(S)

Fig･8,(a)DegradationinSeg-SNRcausedbyKLトVQcomparedtoKIJ-ED
denotedby仇ethickCurveandSee-SNRoftestsignaldenotedby也ethincurve･
仲)Temporaldlangeinmatchingerror･

sameperiodofthetestsignalisusedfortheresultsshownin

thetwopanels;thepositionsoftheutteredwordsareshown

atthetopofpanel(a).hcalculationofSeg-SNRinFig.8(a),
-30-dBwhitenoiseisaddedtoboth clear speechandthe

signalfわrwhichSeg-SNRisobtained,血erebyavoidingazero
division.

As shown inFig.8(b),theerrorappearstobehigherinthe

noiseperiodthanthatinthespeechperiod.Inthenoiseperiod,
thesubtractedautocorrelationvectorgivenby(25)Canbecome

anunpredictablerandomvector･BecauseVQclustershavebeen

leanedusingonlyspe∝hsignals,noneoftheclusterscancope

withthisvector.Forthatreason,thematchingerrorcanbecome

largeinthenoiseperiod･Nevertheless,asshowninFig･8(a),de-
pendencyofthedegradationofKIJ-VQonthematchingerror

isnotobvious.Weconsiderthatbecausethislargematching

erroroccursmainlyinthenoiseperiod,thequalityofthespeech

periodisnotaffectedseriously･

ⅤⅠ.CoNCLUSION

Thispaperpresentedamethodoffastimplementationfor

KLT-basedspeechenhancement.Theproposedmethodex-

ploitsVQ forapproximatingKLTbases.Italsointroduces

fastcalculationofspectralcomponentpower･Furthermore,
itusesdividedautocorrelationfunctionsamongsuccessive

frames.Experimentalresultsforevaluatingthecalculationcost

showedthattheproposedmethodreducedtotal processlng

timeto1/66whenK - 12Ocomparedtotheconventional

KLT-basedmethodusingeigendeconposition･Evaluationof

speechqualityshowedthatdegradationintermsofSeg-SNR

wassufBcientlysmallastobedeemednegligibleinpractical

conditions.Evaluationresultsofsubjectivelisteningtestsalso

supportedtheresultsdescribedabove.Takentogether,these

resultsdemonstratetheeffectivenessoftheproposedmethod･

Whereasthismethodresolvedtheproblem ofcomplexity,
someproblems,e.g.,performanceformalespeechandeffects

ofmatchingerrorinthenoiseperiodarenotaddressed･Fur-

thermore,VQleaningdatacontainingmalespeechandeffi-

cientclusteringalgorithminplaceoftheK-meansalgorithm
canbeexploredforimprovingthismethod.Thesesubjectsare

promlSlngaSgoalsoffutureinvestigations･
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