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SpatialimpressionperceivedinalistellLngspaceCOmPrlSeSatleasttwocompo1-entS:Oneisauditory

(apparent)sourcewidth(ASW)andtheotherislistenerenvelopment(LEVLBothASW andLEV

areaffectednotonlybytemporalbutalsobyspatialstructuresofretlections･Ithasbeenclarified

thatASW forsymphonymusicisslgniBcantlyaffectedbylow-frequellCyCOmpOnentSOfsource

slgnalsilndreflections,butnotbytheil-high-frequencycomponents.Theobjectiveofthisworkisto

investigatewhetherLEV isaffectedbythefrequencycharacteristicsofsourceslgnalsand

reverberationsounds,whichal-eknowntocontributetothecreationofLEV.Inthisstudy.three

experimentswereperformedtoclarifytheeffectsofreverberationtime(RT)anditsfrequency

chamcteristicsonLEV.lncontrasttothecaseofASW,theexperimentalresultsshowthatRTsboth

athighandlowfrequenciesaffectLEV.㊨2007AcoILStica/SocE-el_YlJfAmerica.

lDOT:10.H21/1.2756164]

PACSnumberLs):43.55.Fw,43.55.Hy,43.66.PnlNX]

LlNTRODUCT10N

SpatialimpresslOnisoneoftheimportantcLlaraCtel一istics

perceivedinalistenlngLWaCe･ltiswidelyacceptedthatthe
spatiallmPreSゝ10nCOmPnSeSatleasttwocon-ponents･H

0)leisauditory(apparent)ゝOurcewidth(ASW)andtheother

islistenerenvelopment(LEV).Itiswellknownthatboth

ASW andLEVareaftlectedbynoto)llytemporalbutalso
spatialstructuresofreflections.

lnaddition,ASW isalsocommonlyaffectedby叩eCtral

structuresofLWurCeSlgnalsandrenections.Ban10nand

Marshall5discussedtheeffectofthereflectiollSpectrumOn

ASW (theyuLiedtheterm "spatialilllPreSSion''insteadof

ASWlforsynlPhonymusic.Theyconcludedthat,forASW,

thefrequencyrangecoveredbythe125H7.tOIkHzoctaves

ISCOnSideredimportant,lowfrequenciesbeingpal-ticularly
importantanddesirable･MorimotoandMaekawa6examined

theeffectoflow-frequencycomponentsofthesourcesignal

onASW forawide-bandnoiseraTlglngfrom 100Hzto

5･3kHz,bychanglngthelowerCutofffrequencyandkeep1
1ngthedegreeofinterauralcross-coITelationconstant.The

resu一tsshowedthatremovlng什equencycomponents一ower

than510HzdecreasesASW markedly･Hidakaelal･7and

okanoe- l･8studiedtheeffectofthelow-frequencystrength

ofthesourceslgnalonASW foL-Symphonymusic.Thel-e-

§ultsdemonstl~atedthatthefrequencycomponentslowerthan

355HzaffectASW muchmorethanthosehigheI-than

355Hz･Morimotoandlida9investlgatedtheefllectofhigh-

frequencycomponentLqOflateralreflectionsonASW fora

wide-bandno]serangingfrom200Hzto8kH7,bychanglng

thehighercutoITfrequencyandkeeplngthedegreeofinte1--
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auralcross-correlationconstant.Theexperimer)ta】resultsin-

dicatedthatthefrequencycomponentsaboveIkH7Jdonot
contributetothecreationofASW atall.

Naturally,typICalphysicalmeasuresofASW fol.Sym-

phony music considerthe low-frequency components.
1()

BaITOn SuggestedLFE4,Whichistheaveragevalueofeally
lateralenergyfractionsoverthefouroctavebandsfrom
125Hzto1kHz,whileHidakae,T(tl.7illldOkanoetttLホ

suggestedlACCEj.Whichistheaveragevalueofearlylnter-
auralcross-eoJTelationoverthethreeoctavebandsfrom

500Hzto2kHz.

Ontheotherhand,theef-fectofspectralstructurehon

LEVi- otclearerthanthatonASW･Beranekllsugge"ed

IACCU,Whichistheaverageva一ueoflateinterauralcross-
correlationoverthethreeoctaveballdsfrom 500Hzto

2kHz,asaphysicalmeasureofLEV,whileBl-adleyalld
soulodre3demonstratedthatthelatelatel-a】WLHldleve一,
whichisthevaluesummedforthefouroctavebandsfrom

125Hzto1kHz,bestpredictedLEVintheirexperiments.

However,itisnotclearwhetherthespectralstl~ueturesOf

sourceslgnalsandreflectionsatTecttheperceptlOnOfLEV.

lnthisstudy,threeexperimentsarecarriedouttoclarifythe

effectsofthefrequencycharacte山ticsofreverbe1-ationtime

ontheperceptlOnOfLEW

ll.METHOD

Thesametestmethodwasusedinthethl-eeexperiments

performedinthisstudy.Themusicmotifusedfortheexperi-
mentswasa7-ssectionofthefirstmovementofMozart's

DivertimentojnFmajor,K.L38(125cJrecordedinan

anechoicchamber.Themotifwasreproducedwithillilllited

frequency1.angefrom looHztoLOknz.
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FIG )SehCmiltLCdLLlgralllOfLnlL)t山cresponseofthestlmulusu.ledlnthe
exPerLmentヽ

FigureIshowsschematicallytheimpulseresponseofa
stimulus.Thesoulldfieldusedasthestimulusconsistedofa

directsound,twoearlydiscretereflections,andfiveCoherent

reverberationsounds･TheI-eHecti｡ndelayswere40and

70mSandthereverberationdelayswere80,95,103,111,

and115ms.Thesoundpressurelevelsoftwoearlyreflec-

tionswereidentical,andtheirrelativesoundpressurelevels

tothedirectLSOundwere-6dB･Therelativesoundpressure

leveloftheinitialamplitudeofthehrstreverberationsound

wasALdB.Thesoulldpressurelevelsoftheotherfourre-
verberationsoundswer･eidentical,andtheirrelativesound

pressurelevelstothatofthehrstolleWere-6dB.

Figure2ShowsthealTangementOfloudspeakers.Six

loudspeakel一㌔.eachofwhicIlisinstalledinacylindricalen-

closure(diameter:108mm.1ength:350mm),werearranged

ata7JimuthanglesoH)and±45°egfromthemedianplane;

thatis,theywereart.angedsymmetricallywithrespecHothe
auralaxis,inananechoicchamber.Thedistancebetweenthe

centerofthesubject'sheadandtheloudspeakerswasl･5m.

Thedirectsoundwasradiatedfromtheloudspeakerat0deg.

0●
Direct

E-･鞍 ′-- 21 ---､-Ti i5..･R-

ここ‥

-LS5･心一､---〆 4･RleT4･
180●
RtIVI

FIG 2Arr乙IngementOflouJヽrkIllkerゝlntheexperLrnentヽ
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Thefirstandsecondearly]-eflectionswereI-adiatedfromthe

一oudspeakersat+45and-45°eg,respectiヽ,ely.Thefirstto

fifthreverberationsoundswereradiatedfromtheloudspeak-

ersat180,+45,-45,+135,and-135°eg,respectively.

Pairedcomparisontestswel'ePerfo1-nedintheexperi-
ments.TheintervalbetweenthetwostimuliWLIS2S.Each

palrOfstimuliwasan~angedinrandomorderal一dseparated

byanintervalof5S･Eachsubjectwastestedindividually

andtentimesforeachpairinc一udingreversals,whileseated
withtheheadfixedinadarkenedaneehoicchamber.The

taskofthesubjectwastojudgewhichLEVisgreater.Before

theexpel~iments,theconceptofLEVwasexplainedtothe

subjects.Allthesubjectshadsufhcientexperienceassub-

Jectsinthiskindofexperiment.

ThepsychologlCalscalesofLEVwereobtaineduHng
theThurstoneCaseV ll10del.12･H G ulliksen,smethodLj･14

wasalsousedforincompletedata.Thefollowlngmustbe

consideredinintell)retlngthepsychologlCalscalesobtained

uslngtheThurstoneCaseVmodel:ThedifferenceofO.680n

thepsychologlCalscalemeansthattheprobabilityofdisI

criminatlngthedifferencebetweentwostirnuliis75%.

Therefore,itisgenerallyconsideredthatthedifferenceof

0.680nthepsychologicalscalecorrespondslothejustno-

ticeabledifferenceLind)A

lll.EXPE剛MENT1:EFFECTSOFREVERBERAT10N
TIMEONLEV

BradleyandSoulodre3demonstratedthattheeffectof

reverberationtime(RT)intherangeof1.5sonLEVwas

comparativelysmallundertheconditionthattheearly-tollate

soundratio(C8°)wasconstant.However,theeffectsofthe

amplitudeofreverberationsoundandRTonLEVmightcan-

celeachotheroutintheirexperiments,sincetheamplitudes
ofreverberationsoundsafter80mswerevariedsothatRT

mightbechangedwhilekeeplngC8｡COnStant.Here.asa

preliminal'yeXPerimellt,itisinvestlgatedwhetherRTaffects

LEVwhenchangingRTandC8Oindependentlyandkeeplng

therelativesoundpressurelevelofreverbel.ationsound(AL)
constant.

A.Experimentalconditions

lnthisexperiment.siズkinds(2RTX3C8°.)otl､timulus

wereusedasshowninTableI.RTandCSOChangedindepell-

dently,keepingALofallstimuliconstantil一l26.3dB･The

frequencycharacteristicsofRTwereflat.RTwaschanged

usingadigitalreverberatol~tRolandSRV-3030).C80WLtS

Monmotoetal'ReverberatIOntlmeandllStenerenvelopment
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FlGjP､ychologlCillscaleofLEVasafunctionofCH(IandasapLIrameter
ofRTlnCXPerlmentI

controlledbychangLngthesounddensltyOfreverberation

sound.Thiscontroltechniquewasnothingmorethananex-

perimentalonero)-va】71IlgC只(1.WhilekeeplngRT,andvice

versa.LtIncludednoinlPlicationabouttheacousticaldesign

ofrealconcerthalls.Itwasverifiedthatthechangeinsound

densltyhadnoeffectonthepercept10nOfI-eVerberanceinthe

experiments.Fullhermore,CH()Wasmeasuredfortheoverall

fl-equencyrangeuSlngthemusicmotifemp一oyedintheex-

perimentsasameasurlngSlgnal.Thebinauralsoundpressure
level.+ 50fstimuliwereconstantat80.0±0.LdBA slow

peak,measuL-edattwoearsofaKEMARdummyheadwithl

outanal-tはcialearsimulator(B& KTypeDB-100).The

degreesofintel-auralcross-corl･elation(DICC).60ftherever-

beratlOnSoundswereconstantat0.43±0.03,asmeasured

uslngaKEMARdummyheadwithoutanartificialear.qi111u-
lこltOr.The一atelateralsound一evelwasnotmeasured.How-

ever,itisreadilyunderstoodthatthelatelateralsoundlevels
ofstimuliwereconstantasinthecaseofDICCsincethe

directionsoffivereverberationsoundsandtherelativelevels

oflateralreverberationsoundstothatfromthereardirection

werehxed.SevenstudentswithnormalhearlngSenSitivlty

particIPatedassubjectsfortheexpel-iment.ThirtypalrSOf
stimuliinc一udingreversa一swerepre.bentedtentimestoeach

subject.

B.Experimentalresultsanddiscussion

lntotal,2100responses(30pairsX10timesX7sub-

jects)wereusedtoobtltinthepsychologicalscaleofLEV.
Flgure3ShowsthepsychologlCalscaleofLEVinexperi-

nlent1,thatis,LEVwithaparameterofRTandasafunc-

tionorCMJ.ForeachCH｡.LEVforRT=2.0sisgreaterthan
thatforRT=l.0s.Thedifferencebetweenthem exceeds

0.68foreveryC仙andisl･68(whichmeansthattheprob-

abilltyC･fdiscriminatingthedifferenceis95.4%)atmini-
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TABlJEll.Frequc･ncychilraCterLゝtic､ofRTforstimulilneXPerlmL,rlt2
(unLt.ヽ1

centerfrequencyofl与oet'LVebun°(Hz)
SIlmultL.q lコ5 25() 5()O IO()0 IL()()() 4()()O i;Ot)0

Experlment2(LtHRT==)Lq)
1 05O 0.63
1 【)66 0.77
3 )L3 LO()
4 1.82 1.28
5 2.11 158
6 234 182

1 049 0.9
1 L16 11
3 22O l9
4 292 26

5 3,33 32
6 382 3.3

O75 日85
077 〔)91
104 1.()2
1L9 1(帆
130 1L()
141 JIO

093 1O()
().94 10u
O.96 100
I.(H Iutl
lOI LO二
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Experiment二(bHRT=2O㌔)
12l Ifll
146 167
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mumwhenC8()isabout610･Fullhermore,thedifferencesfor

allthreeCBUarealn10StidenticaLThismeansthatRTsignifi-

cantlyaffectsLEV,beingindependentofC80･Namely,LEV

increasesasRTbecomeslonger.Meanwhile,foreachRT

value,LEVincreasesasCHt)decreases.Thedifferencebe-

tweenthemaxinlumandtheminimumLEVis1.82(96.6%)

and1.91(97.2%)forRT=1.Oand2.Os,re.qpectively,andis

farmorethanO･68･ThismeansthatC8°alsoslgnificantly
affectsLEV.

lV.EXPERIMENT2:EFFECTSOFREVERBERATION
TIMEATLOW FREQUENCIESONLEV

A.Experimentalconditions

lnexperilllent2,theeffectsofRTatlowfrequencieson

LEVwereiIIVeStlgatedforRT-1.0and2.0swithflatfre-

quencychaL-aCteristics.Inthisexperiment,sixkindsoffre-

quencycharacte1-isticsofRTwereusedforeachRTasshown
inTablell.ThevalueLSOfRTinthetablewereonesmeasured

atthepolntCOrreSPOndlngtOthecenterofthesubject'shead
inananechoicchambel-.RTsbelow a1-0und lkHzwere

changedbycontrollingapal'ameter"LowRatio"builtinto

thedigitalreverberator(YAMAHAProR3).Thisequipment

canlengthenandshortenRTatlow什equencies,butcannot

changeRTathighfrequencies.ForeachRT.Stimulusno･3

hasnear一ynatfrequencychaI'aCtel~isticsofRT･Atlowfre-

quencies,Stimulimos.Iand2haveshorterRTthanninlulus

no.3and,conversely,Stimulinos･4-6havelongerRTthan
stimulusno.3.

C8()'swereconstantat0dB.AL'swel一cconstantat
l25.6±0,5dBand-27.6±0.8dBforRT-1.0and2.0s,re-

spectively.Thebinauralsoundpressurelevelswereconstant

at79.9±0,Iand80.OdBA forRT-1.0and2･Os,re叩eC-

tively.DICCoftheI-everberationsoundswereconstantat

0.32±O,03.Apairedcomparisontestwascan~iedoutsepa-

ratelyforeachRT･SixstudentswithnormalhearlngSenSi-

tivltyParticIPatedassubjectsfortheexpehmenLApail.ed

MorlmOtOetal.ReverberatIOntlmeandllStenerenvelopment 1613
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FIG4PsycllOloglCulLqCと11LIOfLEVLISilfunctl01-0日rcquencychLlraCteris-
tleSOrRTf｡r(とl)RT=1Osand(b)2Oゝ lneXPenment2Tnthisexpen-
ment.RT乙ItfrequencieslowerthLln1kH7elther.dlOrtenOrlengthenFor
stlmulusn03,eこIChRThasnearly鮎trrequeneycharaeterlLulCSAsthe
stimulu=1umberdeereaLqeLbfromno.3､RTとttfrequencLeSlowerthanIkHz
shorten,andvICeVer､LIThcpreclゝefrequencych乙IrLICteristLC.-)iRT()feLIC･h
StlmulusareShownlnTableH.

ComparisontestwascarriedoutseparatelyforeachRT.For

eachRT,30palrSOfstimuliincludingreversalswerepre-

sentedtentimestoeachsubject.

B.Experimentalresultsanddiscussion

lntotal,18(泊 responses(30pairsXLOtimesX6sub-

jects)wereusedtoobtainthepsycho一ogicalscaleofLEVfor

eachRT.Figure4ShowsthepsychologlCalscaleofLEVin

experiment2,thatis,theeffectsofRTatlowfrequencieson

LEV.ForbothRT,LEVincreasesasRTatlowfrequencies

becomeslongerandviceversa.Here,letuscomparethose

resultswithLEVforstimulusno.3withflatfrequencychar
acteristicsofRT.

ForRT=1S,thedecreasefor.nimulusno.1withthe

shortestRTatlowfrequenciesis0.672(74.9%)andthein-

creasesforstimulimos.5and6withlongerRTatlowfre-

quenciesare0.558(71.2%)and0.567(71.5%),respectively.

Thesedifferencesareslightlysmallerthanthedifferenceof

O･68(75%)correspondingtojnd.Thedecreaseforstimulus
no.2andtheincreaseforstimulusno.4are0.380(64.8C;/a)

and0.3]6(62.4%),respectively.Itcannotbeconsideredthat
thesedifferencescanbediscriminated.

Meanwhile,forRT=2S,thedecreasesforstimulimos.I

and2WithshorterRTatlowfrequenciesare1.501(93.30/C)

and0.750(77.3%),respectively.Thesedifferencescanbe

distinctlydiscriminated.Theincreaseforstimulusno.4is

0.611(72.90/C),whichisslightlysmallerthanthedifference

of0.68(750/()correspondingtojnd.However,theincreases

forstimu一inob.5and6withlongerRTatlowfrequencies

are0.833(79.7Ct/a)andI.123(86.9%),respectively.ltcanbe
consideredthatthesedifferencescanbediscriminateddis-

tinctly･
Furthermore,foreachRT,thedifferencesinLEVbe-
tweenstimulusno.1withtheshortestRTandstimulusno.6

WiththelongestRTatlowfrequenciesarel.24し89.3C/0)and

2.62(99.6%)forRT 二 land2S,respectively.Thesubjects

coulddiscriminateclearlythedifferences.

Onthebasisoftheaboveexperimentalresults.itcanbe

concludedthatRTat一owfrequenciesaffectsLEVsigniR-

1614 JAcoustSoc.Am.,Vol.122,No.3,September2007

TABLE-tTTFrequencycharLleteri仙CH1fRTforLqtlmul)i-ILIxPerHllent3
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CantlywhenRTatlow frequenciesbecomeslongerand
shorter.

V.EXPERIMENT3:EFFECTSOFSHORTENING
REVERBERATl0NTIMEATEtTHERLOW ORHIGH
FREQUENCIESONLEV

A.Experimentalconditions

lnexpel~iment3,theeffectsofshortenlngeachRTatlow

andhighfrequenciesonLEV wereinvestlgatedforRT

=2･Oswithflatfrequencycharacteristics.Inthisexperiment,

fivekindsoffrequencycharacteristicsofRTwereusedas

showninTablelil.TableulshowLHhefrequencycharacter-

isticsofRTofthestimuliusedintheexperiment.RTbelow

al'Ound500Hzandabovearound4kHzwereshortenedby

controllingparametersHLFDAMPHand吊HFDAMflHre-

spectively,builtintothedigitalreverberator(RolandSRV1

3030).ThisequipmentcanshorteneachRTatlowalldhigh

frequencies,butcannotlengthenthem.Forstimulusno.3,

RThasnearlyflatfrequencycharacteristics.Stimulimos.l

and2haveshorterRTatlowfrequenciesandconversely,

Stimulimos.4and5haveshorterRTathighfrequencieLHhan
stimulusno.3.ThevaluesofRTonthetablewereones

measuredatthepolntCOITeSpOndingtothecenterofthesub-

JeCt'sheadinananechoicchamber.

C80Were COnStantatOdB.AL wereconstantat

-26.3±0.3dB.Thebinauralsoundpressurelevelsofstimuli
wereCOnStantat79.9j:0.IdBA.DtCCofthereverberation

soundswereconstantat0.43±0.03.Fivestudentswithnor一

malheanngsensitivltyParticIPatedassubjectsfortheexI

periment.TwentypairsOfstimuliincludingI-everSalswere

presentedtentimestoeachsubject.

B.Experimentalresultsanddiscussion

lntotal,1000 responses(20pairsX10timesX5sub-

jects)wereusedtoobtainthepsychologicalscaleofLEV.

Figure5ShowsthepsychologlCalscaleofLEVinexperi-

ment3,thatis,theeffectsofshortenlngRTateitherlowor

highfrequenciesonLEV.LEVdecreasesasRTatlowfre-

quenciesbecomesshorter,incontrasHoLEVfol-Stimulus

not3WithflatfrequencycharacteristicsofRTIThedecreases
forLNimulimos.1and2are0.839(79.9%)andO.774

(78.10/o),respectively,whicharelargeenoughtobedisclimi-

nated.Namely,RTatlow frequenciesslgnihcantlyaffect

LEV.Thisresultcoincideswiththoseofexperiment2.

Meanwhile,LEValsodecreasesasRTathighfrequen-
ciesbecomesshorter,incontrasttoLEVforstimulusno.3

Mormotoetal.'ReverberatlOntlmeandllStenerenvelopment
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FtG5Psycholog)LTLIl.lCaleofLEVa.qilfunctionorrrequeneyLlharこIeterlS-
tictsotRTinexrh:rLment3rrlthlLSeXpeIlnlent.RTatfrequencieselrher
lowerorhLg,herthan1kH7＼llOrtenFornlmulu.brL03.RThasflLltflre-
quencychariILlerlStleS.AstheLnLmulusnumberdecreaSe､fromno3.RTLI【
rrequencICSlowerthanIkHzshortenLlnd.LIBtheLnimulusTlumherlnereaゝeS
fromno3､RTatfl-ビquenCieゝhLgherthan1kHzhhortenThepreelSCfre-
quentlyLILILlrとICteriLdicSotRTofcLlCh､timulumreShowninTilbleTTT

withflatfrequencycharacteristicsof'RT.Thedecreasesfor
stimu一inob.4and5al-e0.677(75.10;/‖and0.804し80.4%),

andtheyarealmostthesameasthoseobtainedwhenshort-

enlngRTatlowfrequenciesandlargeenoughtobediscrimi-

nated.Thisphenomenonisdifferentfromthepercept10nOf

ASW thatisaffectedbytow-frequencycomponentsbutnot

high-frequencycomponents.Inotherwords,high一什equency

componentsmustbeconsideJ'edinevaluatlngLEV.

Vl.CONCLUSl0NS

Theeffectsofreverberationtime(RT)andthefrequency

characteristicsofRTonlistenerenvelopment(LEV)for

symphoTlynluSicwel~einvestlgated.Threesubjectiveexperi-

mentswereperfomedtoclal-ifytheeffects,keeplngOthel-

physicalparameters,therelativesoundpressureleve一ofre-

verberationsoundtothedirectsound,theearly-to-latesound

energyratioLC鴇0),andthedegreeofinterauralcross-
col-relation,conslanL

lntheRrstexperiment,RTwaschanged,keeplngltS

frequencycharacteristicsnaLTheresultsindicatethatRT

､Ignificantlya什ectsLEV,beingindependentofC80.LEV

increasesasRTbecomeslonger.Inthesecondexpel-iment,

RTatlowfrequencieLqWereShortenedandlengthened.The

resultsdemonstratethatLEVsignificantlydec1-easesaSRTat

lowfrequencieL"hoLlenedandviceverSa.tnthethirdexpeli-

JAcoustSoc･Am,Vol122,No.3,September2007

ment,bothRTatlowandhighfl-equencieswel~eSho11ened･

TheresultsshowthatRTathighfrequencies,aゝwellasthose

atlowfrequencies,slgnificantlyaffectLEV.
lnconclusion,theexperimentalresultsshowthatRTilト

fectsLEV,bei-1gindependentoftheeaI-1y-1O-latesoundratio

(Cso),andthatRTathighaswellaslowfrequenciesaffect

LEV.incontl~asttothecaseofASW,whichisaffectedbythe

low-frequencycomponelltS.butnotthehigh-frequencyone㍉,

lnthissttldy.theeffectsoHengthenlngRTcouldnotbe

investlgatedowlngtOtechnicaldi捕culties.However,itcとIn

beinferredfrom theresultsorと111theexperiment.ithat

lengtheningRTatlowaswellashighfrequenciesillCreaSeS
LEV
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