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SpeechEnhancementBasedonAutoGainControl
Yoshifumi Nagata,ToyotaFujioka,andMasatoAbe,Member;IEEE

Abstnwt-Weproposeanewmethodofspeechenhancement
basedOTLautogaincontrol(AGC)usingtwochannelinputsto
dealwithtransientTLOises･AutogainControlisconsideredtobe
relativelyineffectiveforreducingnoisesthataresllPerimposedon
speed.Nevertheless,itoffersadvantagesforaddnssingproblems
posedbymusicalnoiseahaspectral distortion.Tusmethod
combinestwooperationsforobtainingaccurategain･Oneis
spectralsubtractionfortwo-chaTLnelinput(2chSS);theotheris
self-offsetofthenoisewithpre-whiteming.m sstudyalsoad-
dressesacoherencebasedpost-filtertoreduceuncorrelatednoise
componentsamongchannels.Theproposedmethodisevaltlated

in?Xperime'LtSacrossthreePoiseconditionsihWhich(i)impulsive
TLOISeS,(ii)shtioTLaryqrnOISe,and(iii)speechnoisearepresent,
respectivdy･ObjectivemeasuresandspectIl0graⅡ旭demonstrate
narkedimprovementsoverothertwo-microphonebasedmethods,
butsubjectivepreferencetestsrevealthattheproposedmethodis
lesspreferredthantheequivalentofanonpruessedsignalinthe
caseofsta丘onarycarhOise(ii).Theperformanceoftheproposed
methodandtheconventional2dhSSwereevenihthecaseof

speechnoise(iii).TheserestIItsofsllbjectivetestsreAectsome
disadvarLtageSOftheAGCprocessing.nosedrawbacksinvolve
degradationofTLOiseconsisteTLCyinstatioJlaryTLOiseconditions
andresidtlalhOisesindesiredspeechsegments.Nevertheless,sub-
jecGvetestsinthecaseofnoise(i)detnoTLStratethattheproposed
methodisthemostpreferredamongthemethodscomparedhere.
TheeffectivenessoftheproposedmethodiscoTL丘rmedparticularly
forthisnoisecondition.

ZhdexTerms-AutogalnCOTLtrOI,directionalmicrophone,spec-
tralsubtrac也on,speedlenhancement,weightingfunc6on,WieTler
gain･

S

I.INTRODUCnON

PECTRALSUBTRACTION(SS)ll]isawidelyusedtech-
nlque.However,ordinarySScan suppressonlytheaver-

agedspectrumofanoisebecauseitassumesthenoisetobesta-
tionary.Tbovercomethislimitation,atwo-channelversionof

SS(2chSS)hasbeenproposedl2]forreducingnotonlyaver-
agednoise,butinstantaneousnoise_Thismethodintroducesa

blockingAlterasusedintheGrifaths-Jimgeneralizedsidelobe
canceler(GSC)[3],[4],whichoutputsinstantaneousnoisein

thecurrentframewhilesuppresslngthedesiredspeech･2chSS
compensatesthisnoisesignaltoproperlyrepresentthenoise

powerspectrumcontainedintheprimarysignalwhileignonng
thephasespectrum･

Reportedly,2chSSiseffectiveeveninconditionswithmu1-
tiplenoisesources･Nevertheless,itisdifBculttodealwithtran-

sientnoises,suchasiInpulsivenoises,becausetransientnoises
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provideinsu組Cientdurationtolean thecompensationcoe組-
cientsinmostcases.Becausetransientnoisesareobservedcom-

monlyandcanbemoreperceptiblethancontinuousnoise,we
believethatitisimportanttocopewiththose･Speechenhance-

menttechniquesbasedonanadaptivebeamiorm erl3]16]are
alsounsuitablefわrsuppressingtransientnoisesb∝ausesuch
methodshavefiltersthatmustbeproducedthroughlearnlng
fromthenoises.

Ontheotherhand,otherauthorshaveproposedmicrophone
arraypost-filterswhicharetheestimatesofaWienerfilterob-
tainedfrommultichannelinput【7日 12].Acoherencebased
filterl12]-[14],whichhassimilarcharacteristicstotheWiener

typefilter,isalsousedasapost-filter･Whileordinarypost-filters
areoptimalforreducinguncorrelatednoise,theirperformance
inthepresenceofcorrelatednoiseisinsufBcient･Toproperly
processbothco汀elatedanduncomlatednoise,spectralsubtrac-
tiononthecrossspectrum(SSCS)hasbeenproposedl12]･That
methodestiInateSthenoisecrossspectruminthenoiseperiod
andsubtractsthespectrumfromthatforthecurrentinputframe,

assumingthatthecorrelatednoiseisstationary.Itseffectiveness
inthepresenceofdimlSeautomobilenoisewasdemonstrated
inl12].Utilizationofaprz'oriinformationofthespatialcor-
relationfunctionforcompensatingthecrossspectrumhasalso
beenproposedforcasesofdiffusenoisefieldsl10]･Inaddi-
tion,apost-filtertodealwithnonstationarynoisel11]hasbeen
proposed.Thismethodusesnoisespectrumestimationwithre-
cursiveaveragingfrommulti-inputsignalS･However,thisav-
eraglngCanmakeitdifRculttodealWithimpulsivetransient
noisesforthesamereasonas2chSS.Performanceinsucha
noise丘eldwhereweintendtodealwithisunknown.

Thispaperintroducesanewmethodoftwo-channelspe∝h
enhancementthatisbasedonautogaincontrol(AGC).Anes-

timateoftheWienergalnCalculatedfromtheweightedcross
spectrumisusedforourmethod.Meregaincontrolofthewave-

form am plitudeisconsideredtobelesseffectiveineliminating
noisewhichissuperimposedonthespeechsegmentsofthede-
siredsignal.Nevertheless,gainCOntrOldoesnotaltertheshape

ofthespectrumineachframe;ithardlygeneratesmusicalnoise･
Inaddition,becauseoftheaveraglngalongthefrequencyaxis

involvedinthegalnestimation,whichisnotusefulinfilteres-
timation,galnestimationcanbeimprovedeveninthepresence
oftransientnoises･BetterperforrrnncelSpossibleifmajornoise
componentsinthenoiseperiod,e.g･,impulsivenoises,areelim-

inatedusingthepropergainbecausenoiseismoreperceptible
inanoise-dominatedperiod.Toestimatethatpropergain,We
proposepre-processingbasedon2chSS,followedbygainCal-
culationandself-offsetofthenoisecomponentsbyintroducing

aweightingfunctionforwhiteningthenoisespectrumtodeal
withtransientnoises.

Theremainderofthepaperisorganized asfollow s･SectionⅡ
describesaslgnalmodelofthetwoIChannelsystem and abrief
sum ∬yoftheconventionaltw o-channelspectralsubtraction.
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SectionIllintroducesthepnncipleofspeechenhancement
basedonAGCalongwiththetwoweightingfunctionsfわr
estimatingpropergain･SectionIVdescribesimplementation
oftheproposedspeechenhancementmethodandexperimental
conditionforevaluation.SectionV describesexperimental
evaluationoftheproposedmethodandsubjectivetests.Finally,
SectionVIsumm arizestheconclusions.

Ⅱ.Two-CHANNELSpEECHENHANCEMENT

A SignalandNoiseModels

Weassumethattwodirectionalmicrophonesareplacedin
anoisyenvironmenttoreceivetheidenticaldesiredsignals,as
showninFig･1･Letthediscretetimesam plesofthesignals
receivedatthemicrophonesbe

x(i)-S(i)+n｡(i)

y(i)-S(i)+ny(i) (1)

wherex(i)and?J(i)denotetheL-andR-channelmicrophone

signals,I,I(i)thedesiredsignal,andnx(i)and･rLy(i)thenoises
receivedatrespectivemicrophones.

Subjectingtheabovesamplestoshort-timediscreteFourier
transform (DFT),weobtain

XTL,k-Sn,k+Nap,n,k

Yn,k-Sn,k+Ny,n,k (2)

whereXn,AandYn,kdenotetheDFrofthea(i)andy(i)forthe
framenandthek-thfrequencybin;Sn,kdenotesthatofa(i),
Nc,n,kandNy,n,kdenotethoseofnC(i)andny(i),respectively･

Wefurtherassumethatthereceivednoiseslgnalscontainun-
Correlatedbackgroundnoiseandonebroad-bandinterference
arrivingfromangle0_Theinterferencecan includecominuous

andtransientnoises,suchthattheordinaryadaptivebeamfomer
isineffective.Takingintoaccountthatthereceivedinterference
slgnalsdifferinamplitudeandphaseintheabovemicrophone
a汀angement,(2)becomes

Xn,k-Sn,た+Vn,A+B叩 ,た

yn.k-Sn.良+αC,kVn.ke-3'27rTk/K+By,n.k (3)

whereB叩 ,i-andBy,.i,haretheDFrsofuncorrelatedback-
groundnoise,Vn.AistheDFroftheinterference,αC,Aisthe
relativeamplitudeoftheinterferencenormalizedbythatcon-
tainedintheLICharmelsignal,Tisthetimedelayoftheinter-

ferencebetweenchannels,andKrepresentspointsoftheDFT.

B･TwoIChannelSpectralSubtraction

Inl2LXn,Aisusedasaprimarysignal･Subtractionofthe

noisespectrum凡 .TL,A≡鴨 ,,t,A+Ba･,n,kcontainedinX･,i,Ais
performedwithrecursiveestilnationofthenoisespectrumas

IXnlm,A-Yn_ m,h l2

FNa,,n-帆,Al2

IXn,A-Yn,kl2

i/n,k

lSn,hl2-lXn,kI2-JNu,n,kJ2

arg(3n,A)-arg(Xn,h)

(4)

(5)

(6)

(7)

whereSn,kdenotestheestimateofthedesiredsignal,NT,n,A

Rcb

Fig.1.Am gemeJltOfdirectionalmicrophones.

numberofframesfortimeaveraglng,andun,histhecompen-
sationcoe】阻cient.

ThismethodusesthedifferencedspectrumXn,A-Yn,AtO

estimatethenoisespectrumNx,n.k･Then,thecomponentsof
theinterferenceslgnalcontainedinthedifferencedspectrumare
expressedasfollows:

vl,k-Vn,k(1-αO,kel3'2TTk/K)･ (8)

IfαC,A-1,thisoperationcanproducezerovaluesontheinter-
ferencespectrum.Becausethedistortionofthenoisesp∝ trum
iscriticaltotheperformanceof2chSS,thisalgorithmrequires

compensationuslngthecoefacientL'n,た･

III.AuTOGAINCoNTROLFORSpEECHENHANCEMENT

A･WeightedWl'eneT'Gain

Considerthecaseinwhichtheaverageofthereceivedsignals

Zn,A-(Xn,k+Yn,k)/2ism ultipliedbyascalargainpnfor
approximatingthedesiredsignalcontainedinZTも.AaSfollows:

Sn,A-Zn,APn･ (9)

Gainpncanbeobtainedasaweightedleastsquaresolutionto

minimizethefollowlngcostfunctionassumingthatgalnP,もand

weightingfunction甘n,hareconstantWithintheperiodoftime
aVeraglng,aS

J(pn)-∑
h

lZn,kPn-Sn,kI2甘,8,k (10)

j<=n+L

読 了写 J=; _ L 'Z3･,kPn-Sj,k'2甘n,k'll'

where(-)denotestimeaveragingand2L+Idenotesthe

numberoffram esfortimeaveraging.Therefore,theweighted

versionoftheWienergainisobtainedas

∑ GSS,n,k申n,k
k

Pn
∑ Gzz,n,k軋 .k
k

(12)

where

G･,･",A-TW -品 ''fLIS,-,kL2 (13,
3-n-L

and

Gu,n,A-T布評 -㌫ 5号 L.zj,k'2 (14)
1-n-L

denotethepowerspectraofthedesiredsignalandthepnmary

istheestimateofthenoisespectrumNC,n,k,M representsthe signal,respectively･
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IfinterferenceVn,kisnotpresent,thenGas.n,kin(12)canbe
replacedbythecrossspectrum,as

l JL<-n+L

G芯y,n,た-節 -元丁 仁 ∑ x;,kYT,L･k･ (15)
3-n-L

Thereby,(12)becomes

∑ Re(Ga,y九 k)申n,良
A

Pn=
∑Gzz,a,kqn.A
A

(16)

whereRe()denotestheoperationtotakearealpartofthecom-

plexnumberandqln,kisassumedtohavearealvalue･The
imaglnaryPartCanbeignoredbecausethedesiredsignalsare
assumedtobeidenticalamongchannels･

Inthecasewhereinterferenceispresent,thenumeratorof
(16)isexpressedasthefollowingbysubstituting(3)into(16)

∑ Re(G即 ,A)申n,k
A

-∑ Rc(瓦評 +叫kTW c-j2mk/K)恥 k･(17)
A

Iftheweightingfunction甘n,AWOrkstowhitenthesecondterm
in(17)andthephase27rTk/Kisdistributeduniformlywithin
therangeof-7TtO7T,thesumm ationalongfrequencybink

reducesthesurrmedpoweroftheinterferencelowerthanthat
ofthedesiredsignal.Wecancloselysimulatethisconditionin
mostcasesbytakingasufBcientinter-microphonedistance.Be-
causethespectrumoftheinterferencecannotbeestimateddi-

rectlyfromtheobservations,wechoosetheinverseofthepower
spectrumofthedifferencedsignal

甘 ,1.良 -

lXn,A-Yn,kI2
(18)

astheweightingfunctionforwhiteming.Thedesiredsignalis
reducedbythedifferencingoperationin(18)soastobeused
asanapproximationofthenoisesignal.Becausetherelative

amplitudeαO,Adependsonthemicrophonedirectivity,wecan
inferthatαO,Adoesnotdiffersignificantlydependingonthe
frequencywithinthespeechfrequencyband.Consequently,we

Ignoreitseffect.
Thenoisespectrumdistortionthatisattributabletothediffer-

enclngoperationiscriticalfor2chSS.Itshouldbecompensated
intheprocessof2chSS.Ontheotherhand,thespectralzeros

thatareattributabletothedifEerenclngCanbeavoidedusingthe

microphonearrangement,asshowninFig･1,becauseαC,A≠1･
Inaddition,thedistortiondoesnotdirectlyaffectthegainesti-

mationbecausetheaveraglngoverspeechfrequencybandcan
moderatethateffect･Moreover,estimationofthecompensation

coefBcientrequiresaSufficientobservationtimeofnoisesothat
thecompensationcanleadtoareducedeffectonthetransient

noises･Forthatreason,weuse申n,AWithoutcompensationas
thewhiteningfunction･

B.WeightingFunctionBasedonSpectTlalSubtraction

Becausereductionofthenoisecomponentscontainedinthe

crossspectrumcanimprovetheaccumcyofthegaln,aSSeenin
(17),Weintendtoreducethembeforecalculatingthegain.For

179

thatpurpose,weintroducethe2chSSbasedweightingfunction
because2chSScandealwithnonstationarynoiseconditionsin

caseswithmultiplenoisesources･
Tomakeitcorrespondtooursetup,wereplacetheprimary

signalXn,hinthe2chSSwiththeaveragedsignalZn.h･Thenwe

;:E Les;h;6?,rOuCs器;0thfee,stiaT芸inncgtit.hne置 dsp鋸Champlitude

LSn,kl2- lZn,kl2鳴kg)

小:昔'
LZn,kl2J･YILlん-Yl誹Z/.11A･

lZn,kl2

Replacementoftheprimarysignalhasakeadybeenmentioned
in[2].

Inourcase,takingintoaccountthatprimarysignalcontaining

noisetobesubtractedisthecrossspectrumG3mJ.n.k,Wefurther
replacetheprimarysignalpowerlZn,kI2in(19)and(20)with

EG叩 ,n,kLas

Gss,n,k-lGacy,n,kl-

◎n,A,7

TlXn,k-Yn,たl2
I/n,k

lGTy,n,klen,k･T

IGxy,n.hl-7lX,Ltk-Y,･んl2Z/,I,i.
IGa"J,n,たl

where7lSapositiveconstanttocontrolthestrengthofthe

subtraction,and軋 ,A,7istheweightingfunctiontoperform
spectralsubtraction.Theshortterm powerspectrumofthedif-

ferencedsignalin(20)isalsoreplacedbytheaveragedpower
spectrumintheaboveexpression･
Moreover,theestimationofthecompensationcoefBcients

I/n,klSmodifiedasfollows:

Z/n,A=

Dn7k-

Qa,y,n.A-

Dn,k

lea,y,n,kl
(24)

lxn,k-YTn,k L2人+Dn - 1,k(1- A) (noiseperiod)
Dnl1,k (speechperiod)

(25)

X;,hYn,k入+Q W tll,k(1-A)(noiseperiod)
QXy,れ-1,k (speechperiod)

(26)

whereDn,histheaverageddifferencedspectruminthenoise

period,Qa,y,n,Aisthecrossspectruminthenoiseperiod,and入

representstheleamingfactor･Wedonotuserecursiveestima-

tionasexpressedby(4)and(5)becauseofpossibleleakageof
thedesiredsignalintothedifferencedsignal･Detectionofthe

noiseperiodisdescribedinSectionIVIB

C.CombinedWeightingFunction

Weproposecalculationofthetotalgainbycombining(16)
wi仙(23)asfollows:

pL(β,7)-

∑Re(Gcy,n,k)轄 k◎n,良,7
良

∑ Gzz,n,k轄k
た
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Fig･21BlockdiagramOftheproposedsysteJn･

wherePisapositiveconstantintroducedtocontrolstrength

ofthewhitening･Ⅱ2chSSworkswell,itseemsthatwhitening

byQ'n.たisnotnecessary.Nevertheless,itisconsideredtobe

difBculttoestimatetheaccuratecompensationcoefacientsfor

◎n,A,7inthecasewhereimpulsivedisturbancesarrivebecause
thenoiseperiodsareveryshort.Whiteningcombinedwithnoise
reductionisconsideredtobeeffectivetodealwithsuchacase_

Parametersβandl′aredetemi nedempiricallybecausethisis
anadhoecombination.

IV.IMPLEMENTATIONAND ExpERIMENTALSETUP

A ProcessingSystemforEpeTiment

Ablockdiagramoftheproposedspeechenhancementsystem

withautogalnCOntrOlisdepictedinFig.2.This丘gurealsocon-

tainsablock,connectedbydottedlines,forpreliminaryevalu-

ationof2chSS･First,theDFrsofthereceivedsignalsareob-

tainedviathefastFomiertransform (FFT)･TheDFTspectra

areaveragedandmultipliedbythegainthatwasestimatedacI

cordingto(27)･Anenhancedspectrumofthedesiredspeech

basedonautogalnCOntrOlisobtainedas

S,.,A-
Xn.k +Yn ,k

p'n(β,7). (28)

Thewavefom oftheenhancedspeechcanbeobtainedviathe

inversefastFouriertransform (IFFr)andstandardoverlap-add

processlng･h Fig.2,thisenhancedsignalisdenotedas"en-

hancedsignal(AGC)".

Inaddition,post-filteringlSmentionedtosuppressuncor-

relatednoisecomponents.Anoptimalpost一丘lterderivedfrom

Wienertheoryl15]-[17]isgenerallyusedforthispurpose,but

wechosethecoherencebasedfi1ter(CBF)hereinanticipation

ofmoderateperformance･Thereby,wemaypreventover-sup-

pressioncausedbyduplicatednoisereductionofAGCandthe

post-丘lterasdescribedbelow.Becausethecoherenceestimate

isalwayslargerthanorequaltotheWienergain,CBFseemsto

providemoderatenoisereductionperformancecomparedtothe

optimumWienerfilter.TheCBFisobtainedas

Fn,k-
lGTym,kI

v/Gm ,n,kGyy,γも;A
(29)

enhaIICed
signal
(ACCICBF)

enl larlCed
signal
(2chSS-MF)

whereG2yP_Aisthecrossspectrumin(15),andGX｡,n,Aand

Gyy,n,と arethepowerspectraofinputsignalsXandY,re-

Spectively･WeobtainedGCT,n.kandGuy_n,kinthefollowlng
manner:

1 1<-～+L

G- 7n,A-T宥評-元了了 ∑ lX,･･hI2 (30)
]-n-L

Gy脚,k-Tim -孟 73号 L.yj,kI21 '31'
3-n-L

Therefore,theenhancedspectmmwiththepost一色lter(AGC-

CBF)isobtainedasthefわllowing:

Sn.k
Xn,A+Yn,A

pL(β,7)Fn,A. (32)

Theprimarysignalcanbeover-Suppressedasstatedabove
becausethecontributionofunco汀elatednoiseisdecreasedboth

inAGCandinCBFRegardingtheWiener丘ltertypepost-氏lter,
ithasbeenreportedthatthistypeofpost-filtercansufferfrom

musicalnoise,particularlyincaseswhereadirectionalnoise

sourcebringsaboutzerosonthetransferfunctionofthepre-

cedingbeamformerl9]becausesuchasituationforcesthede-
nominatoroftheWienerfilterestimatetobezero.Incontrast,

CBFinherentlyobviatessuchaproblem･Moreover,thebeam-

formermentionedinthisworkisa2chhalf-sumtype,whichhas
nozerointhebeamformertransferfunction.Indeed,theeffect

oftheduplicationisshown tobenegligibleinthelatersection

ofevaluation.Intheevaluation,toensuretheperformanceapart

fromAGCinourexperimentalsetup,wecalculateanenhanced

signalusingCBFalone.TheCBFenhancedsignalisglVenaS

喋 F)
Xn,A+

(33)

Forimplementinga2chSSbasedweightingfunction,wehave

theoptiontochoosenotonly毎 ,7(23),but轄rkg)(20)to
applytoAGC.Wecan decidewhichfunctionisbetterforour

methodbyevaluatingthesignalenl1anCedbyeachfunctionas

apost一丘lterthatwillbedescribedinalatersectionBecause

礼 ,k,7lSnOttheestimateofaWienerfilter,wecalculateen-
hancedsignalwiththis丘lteras

SだglSS~MF)
Xn,A+Yn,Alax.,,n,kl

2 Gzz,良
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TABLE I
SpEECHDETECTIONALGORITHM

Initialize77b-0,03,ll.,-0.005,

E-2.0,rc-0.1

bo,vo:avefaBedvaluesoftherust30framesoftheiJIPut.

n=O

Foreach血mendo

ifLCn-bnl<PC

むn-(1-TJb)bn-1+TIbCn

v,1-(1-TIP)vn_1+17vICn-bnl2

else

b,.-bn_I

V71= LJTl_1

endif

h..-bn+ノ拓･E

if(C,I>h.1)

speechispresent

else

speeChisnotpresent

n++

end

whereastheoriginal2chSSisperformedas

鴎 hSS~ORG)
Xn,k+

(35)

Theabovemodifiedversionof2chSSisdenotedasH2chSS-

Modifiedfilter(2chSS-MF)"inFig･2andtheoriginal2chSS
iscalled"2chSS10RG"hereafter.

B･SpeechDetection

As describedinSectionIII-B,detectionofthenoiseperiodis

requiredtoestimatecompensationcoefacientsforobtainingthe

2chSSbasedweightingfunction･Todetemi nethenoiseperiod

forupdatingDn,AandQ叩,n,た,Weusedthecriterion

cTL-P;↓(β,7)lv巾.k=1.｡ (36)

becauseCnisagoodapproximationofthesignal-toISlgnal+
noiseratio･Moreover,itisobtainablewithoutspeechdetec-

tionforcalculatingthecompensationcoefncientsI/n,k･Weused

valuesoftheconstantparam e.ters(P,7)-(2･O,O･5)whichare
tobedetemi nedintheexpenmentsdescribedinSectionV-C.

ThedetectionalgorithmislistedinTableI.hTableI:nis

theframenumber,bnistheestimateofthebiasofCn(36)in

thenoiseperiod,vnistheestimateofthevarianceofCninthe

noiseperiod,hnisthethresholdfordetection,iistheconstant

Lch

1$1

Fig.3･Blockdiagramsofdletwo-Channelspectralsubtraction(2chSS-ORG)･

Lch
e血cedsignal(SSCS)

Fig.4.BlockdiagramsofWiener丘1teringwi血αossspectralsubtraction･

parameterforsettingh,いTlband77Varetheleamingfactorsfor

estimatingT)nand,I)nrespectively,andlCisathresholdforrough

detection.Thisprocedureupdatesthebiasbnandthevariance

vninthenoiseperioddetemi nedbyrough detection･Valuesof

theaboveparam etersweredeterminedasshowninTableIto

attaingoodperformancethroughthethreenoiseconditionsthat
aredescribedinSectionIV-E.

C.Methodsfol･Compan'son

Forcomparisontoconventionalmethods,wealsopresentre-

sultsthatwereobtairledby2chSS-ORG,SSCSandhalf-sums

oftheinputsignals.WeregardSSCSasanimprovedversionof

apost-filterthatcandealWithcorrelatedanduncorrelatednoise
environments.

1)2chSS-ORG:Ablockdiagram oftheoriginal2chSSis

depictedinFig.3.Thisdiagramcorrespondstothealgorithm

(4ト(6)inwhichXn,ArePlacestheaveragedsignalZn,AtO

∝eateco汀eSpOndencetotheproposedsystemforacomparison･

ThenumberofframesM fortimeaveraging(4)issetto5,as
wasdonein[2].

2)SSCS.AAblockdiagramofSSCSisshown inFig･4･As

describedinl12】,weestimatethepowerspectrumofthedesired

slgnalG朋P,AandobtainaWieneralterHn,とas

GS8,,.,A-lacy:n,hl-1Qxry,n,kI (37)

Hn･k- 監 慧 (38,

whereQXy,n,kisthenoisecrossspectrum updatedby(26)･
Whereastheperform anceofSSCSwasevaluatedwithamanu-

allydetem inednoiseperiodin[12],weemployautomaticde-

tectionwiththedetectioncriterion(36)andalgorithmlistedin

TableIasusedinourproposedsystem.Theblockofthenoise

crossspectrumestimationinFig･4includesthespeechdetec-

tionprocedure･

Inthetwomethodsaboveandintheproposedmethod,we

comm onlyusethe2561POintFFrandaHanningwindowwith
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the1281POintfram eshift･Thenumberofframesfortimeaver-

agingissetto15(0.18S,L-7)toperform timeaveragingfor

calculatingthespectra.TheleamingfactorAin(25)and(26)

issettoO･1･ThefrequencyrangetoestimatethegainforAGC
andAGC-CBFissetbetween260Hzand4000Hz.Thesevalues

weredetemi nedinpreliminaryexperimentstoobtaingoodper-

form ancethroughthethreenoiseconditionsthataredescribed
inSectionIV-E.

D･ObjectiveMeasures

Nextweexamineevaluationofan enhancedsignalwhich

containssegmentswherespeechisabsent･Forthispurpose,We

uselogspectraldistortionmeasure(LSD)[18]andoverallSNR.

Toavoidlog(0)inthecalculationofLSD,130dBwhitenoise

isaddedbotbtoenhancedspeechandcleanspeech,aswasdone

inl18].Thesam eseriesofwhitenoiseisusedforthetwosig-

nals.Ifsomesegmentsofthecleanslgnalandthecorresponding

segmentsoftheenhancedsignalareboth0,thisdistortionmea-
sl汀ebecomes0.Weinferthatdistortion0isreasonableforsuch

acase.SegmentalSNRisnotusedbecausethetreatmentofsuch

asilentperiodisdifacult･

Weusedtheaverageofthetwochannelcleansignalsc(i)-

(cc(i)+cy(i))/2asthecleansignaltocomputetheabovemea-
sures,wherecr(i)andcy(i)arethecleanslgnalsoftheL-and

良-channels,respectively･SpectralanalysisforLSDisimple-

mentedwithHami ngwindowsof512-samplelength(46InS)

anda128-sampleframeupdatestep.

TheAGCandAGC-CBFenhancedsignalsbecomesmaller

thantheoriginalonesbecausethegainfornoisereductionis

smallerthan1.0.Next,WecalculatethecompensatedSNR

forallenhancedsignalsasthemeasureofoverallSNRusing

ascalingfactor/i,WhichisobtainedbyrmnlmlZlngthecost
function

Z(p)-lB(i)-C(i)FLl2 (39)

where.a(i)istheenhancedsignal.Consequently,p.iseasilyob-
tainedas

(40)

andthecompensatedoverallSNRbecomes

SNIl.= Ic(i)[2IL2

LS(i)-a(i)p,l2
(41)

E.SpeechandNoiseData

Werecordedtwo-Channelcleanspeechandnoisesforevalu-

ation･Allrecordingsweredoneinanautomobile,asillustrated

inFig･5･Microphoneswerecardioidwithaninter-microphone

distanceof12cm Wesettheangle¢toabout200.Speech

andnoiseswererecordedseparately;thenoISySpeechofthede-

siredSNRweregeneratedineachexperimentbyaddingnoise

tocleanspeech･

Thedesiredspeechcomprised100Japanesecitynamesut-

teredbyafemalespeaker.Theaveragedurationofeachword

wasO･7S;theaverageintervalbetweenthewordswas1.0s.The

⊂上空三巴.utterer

loudspeaker⊂7 window

Fig.5.Recordingenvironment.Theautomobilewasanoff-roadwagontype･

nBLE II
SpEECHANDNoISEDATA

Speech ー00Japa11eSeCitynames

UtteTer 1fcmale

Noise(i) NoiSCfromaconstTuCtionsite

(thecarwasstoppedandthe丘ont

windo耶Ofthecarwereopened)

Noise(ii) NoiseinacarmovLngat70kmn

(wi一一dowswereopenedhaIRvay)

Noise(iii) Speechfromloudspeakersamdclicks

ofblinkersinaarmovlngatl5km瓜

totallengthofthespeechwasabout170S･TheSNRoftheinput

datawascomputedduringthespeechactivityandaveragedover

thetwochamelsignalsas

2100L-13･
∑∑∑私,(i)
Trt-1J- 1 I-1

∑Nm
TTl=1

SNR-1010g

wherem isthechannelnumber,iisthedatanumberofword

speech,Lm,}･isthenumberofsamplesofthe3'thwordinnth

channel,sT,u･isthejthwordspeechsignalinnthchannel,NTn

isthenumberofsalnPlesofthenoiseinmthchannel,andnm

representsthenoisesignalinthenthchannel･
Therecordednoiseswereattributabletothethreeconditions

thatarelistedinTableII.Noise(i)wasrecordednearacon-

structionsite;itcontainedmanyImpulsivenoisesofhamm er

impacts.Noise(ii)isasoundinacarmovingat70km/h;it

comprisesroad,wind,andenginenoises･Noise(iii)contains

speechradiatedfromloudspeakersandclickingsoundsofcar

tumsignals.Thespeedofthecarwas15km/h･
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Fig･6･PerformanceofCBFand2chSSbasedpost-Bltersintermsof(a)overall
SNR and(b)LSDin血epresenceofnoise(iJ,

Becausenoises(ii)and(iii)containnoisesthatareattributable

tocarmotion,alldatawerehighpass丘1teredllSinganFIRalter

withacutoff丘equencyof150Hz.Thisallowscancellationof

apartofthenoisewithoutdegradingthespeechsignal.

V EvALIJATION

A EvaluationofCBFand2ChSSBasedWeightingFunctions
asaPost-Filter

WefirstevaluatetheenhancedsignalobtainedusingCBF
(33),2chSS-MF(34),and2chSS-ORG (35)toassesseach

functionindependently.Wecalculatedthe2chSSIMFenhanced

slgnalwith7 - 0･5･Thereby,theperfomanceonoverall
SNRbecamenearlyidenticaltothatof2chSS-ORG.Because

wearemainlyinterestedintheperformanceinsituations

wheretransientnoisesarepresent,weparticularlyshowresults

usingnoise(i).Resultantperformancesintermsofoverall

SNRandLSDareshowninFig.6(A)and(a),respectively.

Tbis丘gurealsocontainstheresultofanidealWiener丘lter

denotedas"IdeaトW 'andthatofAGCprocesslngWiththe

idealgaindenotedas"Ideal-AGC."Thesefiguresshowthat

theCBFperformanceislowerthanboth2chSSbasedfilters.

Moreover,2chSSIMFattainshigherperformancecompared

to2chSS-ORGinterm ofLSDwhilethesearecomparable

intermsofoverallSNR･Performancedegradationcompared
totheidealWiener丘lterisconsideredtobeattributableto

residualimpulsivenoises.TheperformanceofIdeal-AGCis

demonstrablylowerthan thatofIdeal-WF,butitisstillhigher
thanthatof2chSS-MFinterTnSOfLSD.

Next,Weshow spectrogralnSOftheenhanced signals

mentionedpreviouslyinFig.7.Thisfigurealsoshowsspec-

trogramsofcleanspeechandhalf-sumslgnals.Theseslgnals

werepre-emphasizedtoallowdisplayofhighfrequencycom-

ponents･WecanobserveagainthatperformanceofCBFis

weak;thatof2chSSIMFisbetterthan2chSS-ORG.Although

し ･ l ･(I-1

触 替 地 陵 墓 娩 艶

o･oltlMISum】 (ime(see)

i3

i-i i i.':1-樟 守

0 ･O LCBFl (ime(set:)

塾 経 過 峯 饗 雛

010【2chSS-ORC] lime(sec) 10･0

O-0t2chSS-MFt time(see) 10･C

Fig.7.Spectrogramsofacleansignal,ahalf-sumsioqal,aCBF血 anced
signal,aconvemional2chSSenhallCedsignal,anda2chSS-MFenllanCedsignal
fornoise(i).(SITR-･5dB).

0 1 20 1 20 1 2
β β β

Fig.8.AveragedgainerrorEg(β,7).(inptltSNR=5dB)･

2ChSSIMFappearstoprovidegoodperformanceintermsof
LSD,the2cbSS-MFenhancedsignals也llcontainsresi血al

impulsivenoisesthatsoundlikemusicalnoise･
Theseresultscon丘Im that2chSS-MFismoresuitablethan

2chSS-ORG f♭rapplicationtotheAGCbecauseasmaller

residualnoisecanbeexpected･Inaddition,itissuggestedthat
theeffectofCBFissufacientlysmalltopemi tduplicatednoise

reductionbybothAGCandapost一丘lter･Al也ough2chSS-MF
seemstobepromlSlngaSapost-filter,furtherinvestigation

aboutthispointisbeyondthescopeofthisstudy･
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--I--･･idealgain-estimatedgainWord:港1 着2 #3#4#5#6

5
Time(sec)

Fig.9.Estimatedgainversustimeinthepresenceofnoise(i)･(Sh-R-5dB)･

B.EHectofWeig/ltingFunctionsontheGainEstimation

1)GainEnw Dependenq ontheWeightingFunciionsJ
First,toelucidatetherelationbetweenparametersofweighting

functionsandthegalnerror,WeCalculatedtheaveragediffer-

Word:

encebetweentheestimatedgainandtheidealonebychanging a.a

theparametersβand.yin(27)asfollows:

ED(P,7)-鳳 P,7)-Piidcd)l2 (43) 肋

Theidealgainwasobtainedushgclean甲eeCh;avemgmgwas
performedovertheentirespeechsignal.Fig･8wasobtainedby

changingjMromOto2andJTfbmOto3･This丘gurecontains M

threeresults,whichcorrespondtonoises(i),(ii),and(iii).

These丘guresshowthattheminimumgainerrorsinthispa-

rameterrangeareobtainedwhen(β,7)- (0.35,1.3)forthe

与kH2

caseofnoise(i),(0.5,1.0)forthecaseofnoise(ii),and(0.35,

1･5)forthecaseofnoise(iii).Whereasanalmostminimalgain o.o

errorcanbeachievedwithoutthewhiteningfunction(p-O)in

thecasesofnoise(ii)andnoise(iii),bothweightingfunctions 放 汀Z

arerequiredtoattainalmostminimalerrorinthecasesofnoise

(i)･Thisresultindicatesthenecessityofbothweightingfunc-

tions,andthatwhiteninglSParticularlyeffectiveinthepresence

ofimpulsivenoises.

2)77empoTdChangeofGain:Next,wecomparethetem-

poralchangeofgainoverframesuSlngdifferentparameter

valuesof(β.7)to co血 m therolesofthetwoweighting

functions.Noise(i)wasusedforthecalculation.TheSNRwas

setto5dB･Fig･9(A)-(D)showtheresultantcurvesofthegain

whenparameters(β,7)- (0,0),(0,1),(1,0),and(0.5,1.5)

wereused,respectively.Positionsofsixwordspeechsignals

areshown atthetopofFig.9(A)as#1,#2,...,#6.The

estimatedgainsareplottedinsolidcurvesandtheidealgalnis

plottedindottedcurves･

Fig.9(B)showstheresultwhenonlythe2chSS-based

weightingfunctionwasenabled[(β,7)- (O,1)].Thisresult

紹
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Fig.10.Spec廿ogramsofthecleansignal,half-sumsigr)al,andAGCenhanced
signalobtainedwidl(㌔.71)- (0.0),andAGCenhancedsignalobtained
widl(♂.,つ)=(CI_5,1.5)in血epresenceofnoise(i)(constructionsitenoise)
(hplltS:qR=5dB).

resemblesFig.9(A),whichwasobtainedwhenweighting

functionswerebothdisabled((β,7)-(O,O)):itistheordinary

estimateoftheWienergain.These丘guresshow thatboth

curvesoftheestimatedgaindiffermarkedlyfrom theideal

one.Seriouseliminationsofgainareobservedintheperiodsof
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Fig･1l･Logspectraldistortion¢SD)obtainedfromAGC-CBFenhancedsignalversusparametersPandT･l:thepointatwhichtheminimumLSDisobtained･
(inplltSNR-5dB).

20 1
β

Fig-12.OverallSNRobtained丘omAGC-CBFenl1anCedsignalversusparametersβand7.◆:thepohtatwhichthemaximuJnSNRisobtained.(inplltSNR･-
5dB).

speeche.g.,#2and#3thatareledbytheoverlapofimpulsive

noisesandthespeechsignal.Theseeliminationstendtogrow

asTlnCreaSeS.Forthatreason,weconfirmedthat2ch-SSalone

hardlyachievesgoodestimationofthegalninthepresence

ofilrPulsivenoises.Thisresultagreeswiththeresultofthe

averagedgainerrordescribedintheprevioussection.Onthe

otherhand,Fig.9(C)isobtainedwhenonlythewhitening

functionisenabled:((β,7)-(1,0))Showsnoeliminationsin

thespeechperiod･Instead,thegaininthebackgroundisraised.

Thatincreaseofbackgroundgainisattributabletowhitening,

whichenlargessmallnoisecomponentswhilereducinglarge

noisecolnPOnentS.Fig.9(D),whichwasobtainedwhenboth

weightingfunctionswereenabled((β,7)-(0.5,1.5)),Shows

reductionofboththeincreaseofthebackgroundgainand

eliminationsofgaininthespeechperiods.

Moreover,toensuretherelationbetweentheaboveresults

ofgainestimationandtheenhancedsignals,weshowspectr0-

gramsofthesignalsenhancedbyAGCwithnoweightingfunc-

tion(β,7)- (O,O)andAGCwithbothweightingfunctions

(β,7)- (0･5,1.5)･ThesespectrogramSareShowninFig.10

togetherwithspectrogramsofcleanspeechandthehalf-sum

signal.Almostidenticalportionsofthesignalswereusedinthe

galnestimationabove.

WeagainobservethatAGCwithnoweightingfunctionpro-

videsnotonlysomeeliminationsofspeechsegment,butalso

residualnoiseduringthenoiseperiod･Incontrast,AGCwith

bothweightingfunctionsgreatlyreducessucheliminationsand
residuals_Theseresultsconfirm theeffectivenessontheen-

hancedsignaloftheweightingfunctionsandthenecessityof
bothfunctions.

C PwametersoftheWeightingFunctions

Theproposedgainforspeechenhancement(27)hasfixed

parametersβand7･Todeterminethevaluesthataresuitablefor
thethreenoiseconditions,WecalculatedLSDoftheenhanced

speechchangingβfrom0to2and.Tfrom0to3･TheinputSNR
wassetto5dB.Resultsobtainedfrom AGC-CBFenhanced

signalsareshowninFig･11･
ThevaluesoftheparametersatwhichtheminimumLSDs

areobtainedare(β,7)-(0･4,1･8)innoisecondition(i),(1･0,
2.0)innoisecondition(ii),and(0.6,2.2)innoisecondition

(iii).WecanobservethatthedifferenceoftheLSDisrela-

tivelysmallaroundtheabovepointineachcondition･Conse-

quently,Wechooseameanvaheoftheabovevaluestoset

(β,7)- (0･5,2･0)forAGCandAGC-CBFthrough allthe
noiseconditions.
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Fig･13･SpectrogramLSOfthecleansigd,half-st)msignal,SSCSenharb3ed
signal,2chSS10RGenbncedsignal,andAGC-CBFenhancedsignalobtained
innoisecondition(i)(constructionsitenoise)(hplltSNR-3dB).

Furthermore,WeshowresultsoftheoverallSNRinFig.12.

InFig.12(i),WeobservethatthemaximumSNRisobtainedat

(β,7)-(0.4,0.0).TheSNRdecreasesrapidlyasβVaries

from O･4toO･0･Thisresultindicatesthatthewhiteningcan

improveSNRinthepresenceoftheimpulsivenoisesb∝ause

P-OIOindicatesthatnowhiteningisperform ed.

D･ComparisonWl'thConventionalMethodsinSpectrogTlamS

Figs･13115show spectrogramsofthecleanslgnal,the

half-sum signal,theSSCSenhancedsignal,the2chSSl0RG

enhancedsignal,andtheAGC-CBFenhancedsignal.Results

oftheAGCenhancedsignalsarenotpresentedbecausethey

differonlyslightlyfrom thoseofAGCICBF.Resultsofthe

half-sumsignalsareshowninsteadofthoseofthenoisySignals.

Thespokenwordsforthedisplayedspectrogramswere"Hachi-

nohe","Kesennuma",…YhkuhashiM,anduSapporoM;theinput

SNRwassetto3dB･Allsignalswerepre-emphasizedto

enabledisplayofhigh frequencycomponents･

Inthecaseofnoise(i)(Fig･13),residualsoftheimpulsive

noisesareobservedinthespectrogramsof2chSS10RGand

SSCS･Theeliminationofthefrequencycomponentsofspeech
areobservedintheSSCSresults.Ontheotherhand,results

fortheAGCICBFshow thattheimpulsivenoisesbetween

thedesiredspe∝bwordsbecomealmostindistinguishable

Z

Q

I汰

0

5

__運 転 む主
28【clt;Tanl lime(seぐ)

20rHaJl-stJlnl li11氾tsR･ぐ) 8I0
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2～OIAGC-CBtl.I time(sccJ

Fig.14.Spectrogramsofthecleansigml,half-sl】mSignal,SSCSenhanced
signal,2chSS-ORGenhancedsignal,aJldAGCICBFenl 1adlCedsignalobtained
innoisecondition(ii)(carnoise)(InplltSNR-3dB)_

eventhoughthesuperimposedimpulsivenoisesonthespeech

segmentsremain,asseennear4.5S.

Inthecaseofnoise(ii)(Fig.14),wecanobservethatmod-

eratenoisereductionisachievedby2chSS-ORGandSSCS.

However,2chSS10RGhaslargeresidualnoisecomponentsof

lowfrequency.Onthecontrary,resultsoftheAGC-CBFshow

thatnoisebetweenthespeechwordsisreduced,whereasthe

speechfrequencycomponentsarealmostentirelypreserved･

Inthecaseofnoise(iii)(Fig.15),wecanobservethatthere-

sultsof2chSS-ORGandSSCShavelargeresidualnoises.The

SSCSresultshowstheeliminationofthefrequencycomponents

ofthedesiredspeech.Unlikethesetwomethods,theAGC-CBF

resultshowsthatthenoisesareadequatelyreducedinthein-

tervalsofthedesiredspeechwordswhilethespectrumofthe

desiredspeechremainsalmostunchanged･

Ultimately,thesespectrogramsdemonstratethat,whereas
2chSS10RGandSSCSattaininsufAcientnoisereductionfor

nonstationarynoises,theproposedenhancerAGC-CBFreduces

noiseinthenoiseperiodmarkedly.Italsopreservethedesired

speechcomponents･

Informallisteningtestsshowedthatnoiseswerereduced

moderatelyby2chSS-ORG andSSCSbothintheperiodof

speechandnoiseintheconditions(ii)and(iii),whereastheim-

pulsivenoisesalmostallremainedincondition(i)･Thetimbre
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Fig･15･SpectrogratmOfthecle糾ISignal,half-Sumsignal,SSCSenh肌Ced
s】gnal,2dlSS-ORGenhancedsignal,aJldAGC-CBFenhancedsignalobtained
innoisecolldi也on(iii)(radioandcarnoise)(hplltSNR-3dB).

oftheresi血alnoisesof2chSS-ORGandSSCSenhancedsig-

nalswerealteredfromtheoriginalones.Noisymusicalnoises

wereheardinthepresenceofnoise(ii)fromthe2chSS-ORG

enhancedsignals･hcontrast,thenoise-onlyperiodswereal-
mostsilentbothincasesofAGCandAGC-CBF;thetimbreof

thedesiredspeechremainedintactinthesemethods.However,

theimpulsivenoisessuperimposedonthespeechsegmentsre-

mainedasnoisylnCasesAGCandAGC-CBFeventhough these

methodsdecreasedtheselmPulses'amplitudesIThissuggests

thatadditionalfilterstoremovesuchnoiseareneededinperiods

wherebothimpulsivenoiseandspeechamivesimultaneously.

E.ComparisoninObjectiveMeasures

First,weshowtheresultsevaluatedfromtheinputsignals

fromwhichintervalsofthespeechwordsareexcluded.Figs.16
and17show血eresultsintermsofLSDandSNR,respectively.

TheinputSNRwasvariedfrom-5dBto15dBin5dBsteps･

ThoseresultsareglVenSeparatelyforeachnoisecondition.

As seenfromthefiguresofnoise(i)andnoise(ii)inFig.16,
2chSS-ORGattainedhigh SNRcomparedtoothermethods

inthenoisecondition(i);SSCSattainedhighSNRcompared

toothermethodsinthenoisecondition(ii).However,the

differenceonLSDmeasureisnotpronounced,asshownin

Fig･17;theLSDofAGCandAGC-CBFarecomparableto

TABLEⅡI
RESULTOFPREFERENCETEST

Noise SNR Compared Compared Compared

with with with

Noise(i) 5dB 72EFA; 68% 82%
-5dB 75% 73% 95%

Noise(ii) 5dB 5O% 67% 68%
-5dB 32e'̂t 55% 65%

Noise(iii) 5dB 73% 51% 67%

187

othermethods.AGCICBFisslightlybetterthanAGCinallthe

cases.ThesearetheanticipatedresultsbecatlSeAGCdoesnot

promisetoeliminatenoiseinthespeechperiod･

Next,Weshowresultsobtainedfromwholeslgnals･Figs･18
and19showtheresultsintermsofoverallSNRandLSD,re-

s)ectively.TheinputSNRwasvariedfrom-5dBto15dBin

5dBsteps.WecanobservethattheAGCandAGC-CBFouト

performtheothermethodsinallthenoiseconditionsinterms
ofLSD,whereasoverallSNRofSSCSinthecaseofnoise(ii)

isthehighest,asseeninFig･18･TheAGC-CBFimprovedLSD

comparedtoAGCbyabout03dBattheinplltSNR -0dB

whenevaluatedusingwholesignals.Theseresultssuggestthat

thespectraldistortionusingCBFcanbeignoredJtratherlowers
thedistortion.

F SubjectiveListeningTest

Finally,Weshow resultsofasubjectiveevaluationtest･
Weusedapreferencetestalgorithm similartothoseusedin

l19],[20].Thenumberofsubjectswere20･Allofthemwere

englneenngStudentswhoseagesrangedfrom 18to22･None

ofthem hadspeechprocessingareaPrOblems･Thespeech
materialconsistedofthreeconsecutivewordsamongthe100

Japanesecitynames,whichwerespokenbytwofemaleand

twomalespeakers･Twoseriesofthethreewords"Hachinohe,
Kesennuma,Yhkuhashi"and"Yokote,Toride,Warabi"were

used.Consequently,ateachstageofthetest,eachsubject

waspresentedeightpairsofsignals･Theabovespeechsig-
nalsandnoiseswereaddedwithSNRsof-5dBand5dB.

Subsequendy,比eywereprocessedbythethreemethodsof
AGC-CBF,2chSS-ORG,SSCS,andhalf-sum.Inthistest,the

half-sum slgnalwasregardedtobealmostequivalenttothe

nonprocessedsignal･Subjectswerepresentedpairsofsignals

whicheachcomprisedoneAGC-CBFenhancedsignalandone

signalthatwasenhancedbyoneoftheotherthreemethods･

Subjectswereaskedtochooseoneofthetwosignals.TableIII
summ arizestheresults.

Asshown inthistable,inthecaseofnoise(ii),theproposed

method,AGCCBF,islesspreferredtothehalf-summethod.
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Fig･17･Comparativeperformanceforthespeechperiodintermsoflogspectraldistorlion(LSD)･

SuperiorityincoI叩arisonwi血 2chSS-ORG isnotobvious
whenSNR=-5dB.Thisresultindicatesthatbecausenoise

(ii)isstationarycarnoise,thenoiseconsistencyismarkedly

degradedbyAGCprocessing,ParticularlyatlowSNR.Perfor-

manceof2chSS-ORGwasalsodegradedasaresultofmusical

noiseinthisnoisecase･Therefわre,AGC-CBFisslightly

preferredto2chSS-ORG whencomparedwith2chSS-ORG.

Inthecaseofnoise(iii),whereassuperioritytothehalf-sum

signalisobvious,perform anceofAGCICBFisalmostidentical

tothatof2chSS-ORG.Becausenoise(iii)isnonstationary

speechnoise,thelossofnoiseconsistencyseemstobeless

perceptibletban血atofstationarynoise.Nevertheless,this

overlapmightbemoreannoylngthanthatof2chSSl0RG

enhancedsignalbecauseAGC doesnotreduceoverlapped

Speechnoiseonthedesiredspeech･Unlikeabovetwonoise

cases,inthecaseofnoise(i),AGCICBFisthemostpreferred

amongallmethodsinthiscomparison:noise(i)isimpulsive

noiseandlostconsistencyofnoisewaslessperceptiveinthis

case.Inaddition,theproposedmethodwaspreferredtoSSCS
inallnoisecases.

Tbeabsoluteremovalofnoiseisnotadvantageoustomain-

tainnaturalnessofaprocessedsignal･Someresidualnoiseleft

overintheoutputsignalispreferred･Intheproposedmethod,
residualnoisecanbecontrolledeasilybyforcingthegainto

belargerthanaglVenminimumvalue,e.g.,0.1.Furthermore,

thissetupgeneratesnomusicalnoise.Wecanexpecttobeable

toimproveAGCperform anceinlisteningtestsbycontrolling

residualnoiseovertheprocessedsignal,butnoisecontrolshould
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Fig･19･Comparativeperformanceforthewholesignalintermsoflogspectraldistorbon(LSD)･

bementionedforallmethodsforcom parisontomaintainafair

com parison･SuchnoisecontrolpreparationrequlreSintensive

investigationthatcouldnotbeadequatelyaddressedinthislim-

itedstudy.

Ⅵ.CoNCLUSION

Thisstudyintroducedanewmethodoftwo-Channelspeech

enhancementbasedonautogalnCOntrOl.Unlikeothermethods,

theproposedmethodpreservesthesp∝ trum ofthedesired

speechandhardlygeneratesmusicalnoise.Particularly,the

proposedmethodcandealwithtransientnoisebetterthan

189

mostspeechenhancementmethods.Objectivemeasuresand

spectrogramsdemonstrated significantimprovementsover

othertwo-Channelbasedspeechenhancementmethodsinthe

threenoiseconditions.Ontheotherhand,Subjectivepreference

testsrevealedthattheproposedmethodislesspreferredtoa

half-sumsignalinthecaseofstationarycarnoise･Theseresults

suggestthatAGCcanaffecttheconsistencyofstationarynoise

markedly,engenderinganunnaturalqualityoftheprocessed

signal.ⅠITprOVementOfthisproblem canbeaccomplished

bycontrollingresidualnoisetomi ntainanaturalqualityof

thesignal.Nevertheless,thesepreferencetestssupportedthe

superiorityoftheproposedmethodoverothermethodsinthe

presenceofimpulsivenoises･
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