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PREFACE

Thisdissertationissubmitted,fortheDoctorofPhilosophydegree,toGraduateSchoolof

ScienceandTechnology,KobeUniversity,Japan.

Thisdissertationattemptstodescribeacousticalmeasurementsandindividual

subjectiveevaluationsforsoundfieldsbasedonamodelofauditory-brainsystem and

subjectivepreferencetheory.Inacousticalmeasurementpart,measurementresultsfor

historicaloperahousesandfわroutdoorsoundfieldsinforestsarediscussedbyanalyzing

temporalandspatialfactorsinpreferencetheory.Insubjectiveevaluationpart,intra-

individualchangesofpreferenceareespeciallyfocusedonaswellasitsindividual

differences.Also,apreferencetestinsideanoperahouseisdiscussed･

Iassumeresponsibilityforanyerrors,whichmayoccurinthepages,which

follow.

HiroyukiSakai
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CHAPTERI: INTRODUCTION

1.1 Generallmtroductiom

Consideringthefactthatnaturalenvironmentsexistbeforetheadventofhumanbeing,ltis

almostclearthathumanpsychologyhasbeengreatlyaffectedfromnature.Inorderto

evaluateasoundfield,itisessentialtotakeaccountofbothphysicalandpsychologlCal

aspects,andknow totherelationshipbetweenthem･Thisstudydescribesacoustical

measurementsandindividualsubjectiveevaluationsforsoundfields.An dthestudyis

basedonamodelofhumanauditory-brainsystemandsubjectivepreferencetheorylna

soundfield(Ando,1998).

Subjectivepreference,whichissaidasprimitiveandoverallpsychological

response,isevaluatedbypsychologicalexperimentsinasoundfieldsimulationroomand

inanexistingoperahouseinchanglngphysicalfactorsindependently･Alsoatheoryof

individualsubjectivepreferenceissummarized,

Asapplicationsofthestudy,aconcerthallwithanumberofcolumnsand

proposedsystemforenvironmentalnoiseareintroduced･

1.2 PreviousStudiesofAcousticalMeasurementforSoundFields

1.2.1 AcousticalMeasurementinaConcertHallandanOperaHouse

Inordertoevaluatequalityofasoundfieldinaconcerthalloranoperahouse,acoustical

measurementsobtainingbinauralimpulseresponsesbetweenasoundsourceandalistener

areusuallyconducted･Itrepresentsarelationshipbetweenaslgnalgeneratedatasound

sourceasan(impulse)andsignalsattheearsofalistenerthroughspaceorwalls,assuming

aroomasalinearsystem.Thus,allacousticalinfomationshouldbeincludedinbinaural

impulseresponses･Impulseresponsesareobtainedbythecorrelationmethod,whichis

expressedbythecrosscorrelationbetweentheinputsignalandtheoutputsignalofalinear

system.Alrutz(1981)proposedafastmethod,usingapseudo-random binarysignal

(maximumlengthsequencesignal,MLSsignal)(Davies,1966;BorishandAngell,1983)

totakeacousticalmeasurementsinaroom.

SincetheintroductionofafomulatoquantifyreverberationtimebySabine

(1900),agreatnumberofacousticparametertoevaluatearoom･Asreverberationtime
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belongstotemporal-monauralfactors(Ando,1985),itisinadequatetorepresentthe

qualityofasoundfieldinaroom･Thatistosay,Ando(1985)proposedtheintroductionof

binauraleffects(binaural-spatialfactors).Asdescribedinfollowingsubsection,all

physicalfactorsareextractedfrombinauralimpulseresponsesattheearsofalistener.For

anacousticalmeasurementinaconcerthall,omni-directionalsoundsource(forexample,

dodecahedronloudspeaker)isgenerallyusedonastage･Asareceiver,tinycondenser

microphonesatleftandrightearentrancesofapersonareused.

Foroperahouses,acousticalconditionsamongmusiciansareespeciallyimportant

notonlyforaninterchangeamonginstrumentalplayersintheorchestrapitbutalsoforan

interchangebetweenaslngerOnthestageandeachplayerinthepit･Thus,inatypical

operahouse,aspecialattentionhastobepaidfordesigningsoundfieldsonthestageand

intheorchestrapit.IfsuchacousticalcharacteriSticsofsoundfieldsformusiciansare

known,moreapproprlatedesignprocedurecanbeglVentOOperatheaters.Therearesome

systematicmeasurementsuⅣeysforoperahousestoobtainphysicalfactors(Barron,1993;

Beranek,1996;HidakaandBeranek,2000)･ThesesuⅣeysareconductedtocharacterize

theatersmainlyforaudiencearea.However,studiesdealingwitharelationshipbetweena

singeronthestageandplayersinthepitarefew(0'Keefe,1998)･

1.2.2 PhysicalFactorstobeEvaluated

Allphysicalfactorstobeevaluatedareextractedfrombinauralimpulseresponsesatthe

leftandrightears,h,Iandhir(OsakiandAn do,1983)･Theindexjindicatesthesampled

elementsofMLSwithtimeintervaloU=0,1,2,…,L-1).Thesephysicalfactorsshould

beorthogonaleachotherinordertoevaluatesubjectivepreferenceinasoundfield.From

binauralimpulseresponses,followingfourorthogonalfactors(LL,Ail,Tsub,andIACC)

andadditionalfactors(A,JrlACC,andW IACC)areextracted(An do,1983).

(1)LL(listeninglevel)

TheLLatalistener'spositionisobtainedrelativetosoundpressureofthereference

position･TheLLateachearisgivenbytheautocorrelationfunction申11,"(T)atI=0ofthe

impulseresponsesJ症

Lll

¢ Ll"(0)-∑h,3,,･
j-0

TherelativeLLindecibellscaleisdefinedby

2
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u =10loglO雫 欝 ifhp√ ≠0,

◎ (ref)(o)= ◎flrd)(o)◎,(,rd)(o).

where

(1.2)

(1.3)

Here,◎(rep(o)isthegeometricalmeanoftheautocorrelationfunctionsofbinauraHmpulse

responsesatT=0atthereferencepositionasindicatedbyEqn･(1･3)･Referencepositionis

usually1-mapartfromasoundsource.

(2)At.(initialtimedelaygapbetweenthedirectsoundandthefirstreflection)

TheAilisdefinedasaninitialtimedelaygapbetweenthedirectsoundandthefirst

reflectionwiththefirstmaximum amplitude.TheAilisdeterminedbycrosscorrelation

betweenthedirectsoundcomponentanditsimpulseresponse.Inaconcerthall,Ail

generallyappearasareflectionwiththemaximumamplitude･

(3)Tsub(Subsequentreverberationtime)

ThevalueofTsubisdefinedbythetimeintervalfor60-dBattenuationfortheregression

lineofinitialdecayofreverberationcuⅣe･ThedecaycuⅣeisobtainedbysquarlngand

integratingtheimpulseresponses(Schroeder,1965)･The71｡｡isobtainedbyfittingthe

regressionlineofthecuⅣesfortheinitial15-dBdecayafterthea血valofthedirectsound.

(4)tACC

Thenormalizedinterauralcross-co汀elationfunctionisglVenby

鮒 0,-7藷 畠 ,
(1.4)

wherethevaluesof◎11(0)and◎汀(0)representtheautocorrelationfunctionsatT≡0of

impulseresponsesatbothears･Thedenominatormeansthegeometricalmeanofthesound

energiesarrivingatthetwoears･The◎lrUu)isthecrosscorrelationfunctionofimpulse

responsesatbothears･Themagnitudeofinterauralcrosscorrelationfunctionisdefinedby

IACC-lQ1,,(Tlmax,I轟 l lms]･

3
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Thisisasignificantfactorindetermlnlngthedegreeofsubjectivediffusenessaswellas

subjectivepreferenceinthesoundfield(An do,1983).Itrepresentsthedegreeofsimilarity

inincidentsoundwavesbetweenbothears･ThedefinitionsofIACCasrepresentative

factorsofinterauralcrosscorrelationfunctionareshowninFigureIllaswellasTIACC,and

WIACC.

Inaddition,followingrelatedfactorsarealsoanalyzed.

(5)Avalue(totalamplitudeofreflections)

ThevalueoftotalamplitudeofreflectionsAiscalculatedfromhil,raStheenergyratio

betweenthedirectsoundandearly-plus-subsequentreverberationby

A-J喜市
whereEistheshortdelaytimeforthedurationofdirectsound.

(1.6)

(6)句ACC(interauraltimedelay)

ThedefinitionsofTIACCandWTACCaSrepresentativefactorsofinterauralcrosscorrelation

functionareshowninFigure1.1aswellasIACC.TheTIACCisdeterminedasinteraural

delaytime,atwhichtheIACCisdetermined.Thisfactorcorrespondstothehorizontal

soundlocalizationandthebalanceofthesoundfield.WhenTIACCISZero,thefrontal-sound-

sourceimageandawelトbalanced-soundfieldmayusuallybeperceived.

(7)WIACC(widthofthenormalizedinterauralcrosscorrelationfunction)

TheWIACCisdefinedbytheintervalofdelaytimeatavaluelO%belowtheorthogonalized

IACCasshowninthefigure･WIACCISaSlgnificantfactorrelatedtotheapparentsource

width(ASW)･Itisworthnotingthatapparentsourcewidth(ASW)Canbeevaluatedusing

IACCandWIACC(SatoandAn do,1999;An doeta1.,1999).

Inordertorepresentqualityofasoundsourceorasoundfield,followlngfactorsare

extractedfromexactbinauralsignals.FromautocorrelationfunctionACFateachear,four

factorsareextracted;(1)◎(0),(2)Te,(3)Tland(4)¢1.Thefirstfactoristheautocorrelation

functionatT=0representedasthesoundenergiesarrivingatbothears◎11,,,(0)･

･lZ,rr(0)-まぶ (th

4
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一 一 ｢二 ノ =0.1(Ⅰ

l ▼ ⅠACC

l

-1.0 -0.5 0 0.5 1.0
Left-earslgnaldelayed Right-earslgnaldelayed

T [ms]

Figurel･1 DefinitionsofIACC,TIACC,andWJACC aSrepresentativefactors
ofinterauralcrosscorrelationfunction.

wherep(i)isasoundsignalattheear,and2Tisintegrationinterval･Theycorrespondto

equivalentsoundpressurelevel･ThesecondfactoristheeffectivedurationofACF,Ire.

Thisfactorisdefinedbytheten-percentiledelayrepresentingakindofrepetitivefeatureor

reverberationwithinthesourceslgnalitself.TheTeisobtainedpracticallyfromthedecay

rateintherangefrom0dBt0-5dBofnormalizedACFasshowninFigure1.2(a).The

thirdandfourthfactorsaretheamplitudeandthedelaytlmeOfthefirstdominantpeakof

normalizedACF,representedrespectivelyas4･1andTlaSShowninFigurel･2(b)･Ascanbe

easilyunderstood,thefactorsQ2,43,･･･andT2,T3,･.･areCloselyrelatedto¢landTl.

Frominterauralcrosscomlationfunction(IACF)betweentheears,followingfour

factorsareextracted;(5)LL,(6)IACC,(7)TIACC,and(8)W TACC.Thephysicalfactorsare

extractedasfinestructuresofIACF.AlthoughLLisnotextractedfromIACF,thisfactor

LLisimpliedasabinauralfactor･ThisfactorisadenominatorofthenormalizedIACF･

ThesecondfactorisIACC,whichisthemaximumvalueofthenormalizedIACFforthe

timedelay,within±1msasdefinedinEqn.(1.5)･Thethirdandfourthfactorsare

interauraltimedelay,TIACC,andwidthoftheIACF,WIACC,Whicharealsoalreadydescribed

inFigure1.1･

Thesefunctionsarecalculatedinateverycertaininterval(integrationintervals,

27)asrunningfunction･Thestartingtimeofeachintegrationintervalisdelayedforashort

time.ThetimeiscalledtherunnlngStep.InthecaseofsoundsourceformusIC,thelength

oftheintegrationintervalmaybedecidedwithinpsychologicalpresentwithitsduration

between2and5S,whichapersonfeelsthedurationoftimeofwhatisconsideredtobe

5



"now"(Freisse,1982).However,itisprobablybettertouseashorterintegrationinterval,

say0.5S,forenvironmentalnoiseforinstanceasdescribedinSection6･3.

0

5

0

】

I

【
g

p
二

(1
)
O

l
B

oI
O
L

Te ー

ヽヽ

100 200

Delaytime T 【ms】

(a)

'Ⅰ ;

rT Io1∧ ( 爪

0 1 2 3 4 5

て [ms】

(b)

Figure 1.2 Definitionsofindependentfactorsextracted from the normalized
autocorrelationfunction(ACF).(a):TeObtainedpracticallyfromthedecayrateintherange
from0dBt0-5dBofnormalizedACF;(b):¢landTlaSfinestructuresofnormalizedACF.

1.2.3 AcoustiCalMeasurementsinForest

Anumberofacousticalmeasurementsinoutdoorfieldsinvolvedaforesthavebeencarried

out(forexample:Eyring,1946;Embleton,1963;Priceetal･,1988).Mostofthem are

relatedtothesoundpropagationintermsofsoundpressurelevel(SPL)anditsfrequency

characteristics.Inarecentstudy,thereverberationtimeandtheSPLattenuationasa

functionofthedistanceinaforestwerereported(HuismanandAttenborough,1991).In

designlngSOundfields,however,bothtemporalandspatialfactorsmustbesimultaneously

satisfiedtoachieveatotalpreferencemaximum･

6



I.3 PreviousStudiesofSubjectiveEvaluationforSoundFields

1.3.I SubjectivePreferenceTheory

Sincethenumbersoforthogonalfactors,whichareincludedinthesoundsignalsatboth

ears,arelimited,thescalevalueofanyone-dimensionalsubjectiveresponsesmaybe

expressedby:

S=g(xl,X2,...,XI). (1･8)

Inthisstudy,thelinearscalevalueofpreferencebasedonthelaw ofcomparative

judgment(Thurstone,1927)isdescribed･Ithasbeenver泊edbyaseriesofexperiments

thatfourobjectivefactorsactindependentlyofthescalevalue;changingtwoOffour

factorssimultaneously.Resultsindicatethattheunitsofscalevaluesarealmostconstant,

Sothatwemayaddscalevaluestoobtainthetotalscalevalue(Ando,1983),

S=g(xl)+g(x2)+g(x3)+g(x4)

=∫1+∫2+∫3+54 (1.9)

whereSl(i=1,2,3,4)isthescalevalueobtainedrelativetoeachobjectiveparameter･

Thisequationindicatesafour-dimensionalcontinuity･

Thedependenceofthescalevaluesoneachobjectiveparameterisalsodiscussed

byAndo(1983).Fromthenatureofthescalevalue,itisconvenienttoputazerovalueat

themostpreferredconditions･Theseresultsofthescalevalueofsubjectivepreference

obtainedfromthedifferenttestseries,uslngdifferentmusicprograms,yieldthefollowlng

acommonfomula:

S,--a,･k･l3/2, i-1,2,3,4 (1.10)

wherethevaluesofαiareWeightingcoefficients.IfαilSClosetozero,thenalesser

contributionofthefactorxiOnSubjectivepreferenceisslgnified.

ThefactorxllSglVenbythesoundpressureleveldifference,measuredbytheA-

weightednetwork,sothat

xl=20logPI20loglP], (1.ll)

P andlP],beingthesoundpressureataspecificseatandthemostpreferredsound

7



pressurethatmaybeassumedataparticularseatpositionintheroomunderinvestigation;

x2=log(Ail/lAtl],)

x,=log(Tsub/lTsub],)

x4=IACC

Thus,thescalevaluesofpreferencehavebeenformulatedapproximatelylntermsOfthe

3/2powerofthenormalizedobjectiveparameters,expressedinthelogarithm forthe

parameters,x.,x2andx3･Thespatialbinauralparameterx.isexpressedintermsofthe3/2

powerofitsrealvalues,indicatingagreatercontributionthanthoseofthetemporal

parametersare.Thus,thescalevaluesarenotgreatlychangedintheneighborhoodofthe

mostpreferred conditions,butdecreaserapidlyoutsideoftheranges.Sincethe

experimentswereconductedtofindtheoptimalconditions,thistheoryholdsintheranges

ofpreferredconditiontestedforthefourfactors･

I.3.2 CalculationofIndividualDiffbrence

Similartothemannerdescribedinprevioussubsectionforanumberofsubjects,thescale

valuesofsubjectivepreferenceforeachlistenerisalsoapproximatelyexpressedasEqn.

(1.10)(AndoandSingh,1996)･Therefわre,theindividualpreferencemaybecharacterized

bythecoemcientsai,i=1,2,3,4alongwithpositiveandnegativevaluesofeveryxl,and

themostpreferredvalueslLL],,lAtl],andlTsub],IObviously,thepreferredLLsgreatly

differforeachsubject.Themostremarkablefactsarethatallofindividualspreferredthe

lowvalueofIACCwithoutanyexceptionandwithoutregardforanymusicmotifs.Great

individualdifferencesarealsoobtainedforAilandTsubamongtheindividuals.Thesemost

preferredconditionsarewellrelatedtotheeffectivedurationoftheACFofsourceslgnal

foreachindividual.

AndoandSingh(1996)developedasimplemethodofcalculatingindividualscale

valuesfromaslngleobseⅣationforasetofstimuli.Theprocedureforcalculatingscale

valuesofpreferenceisoutlinedinTablel･1･Thescoresforeachpresentedpalrare

obtainedbyglVlngscoresOf+1and0correspondingtopositiveandnegativejudgments,

respectively.Forexample,thescoreofthepair(66dBA,72dBA)listedinTable1.1is

zero.Thisresultshowsthatthesubjectpreferthesoundfieldwith72dBAtothesound

fieldwith66dBA.Theidealpreferencescorecomparlngsoundfieldswithsamestimuliis

8



0.5as"atie"(GlennandDavid1960)and,thus,thescoresofdiagonalsetinthetableare

0.5.ThevaluesofT,･representthetotalscore.Thescalevalueofsubjectivepreferencefor

soundfieldicanbeobtainedbyassumlnganormaldistributionofpreferencejudgmentas

followlngequation:

Si33
J京 (2T-N)

2Ⅳ
(1.15)

where〟indicatesthenumberofsoundfields(=5).Thisapproximateequationisderived

fromCase-VofThurstoneTslawofcomparativejudgment(Thurstone,1927)andholdsthe

lineardomainofanormalogive(0.05<P<0.95,P:probabilityjudged).EachsubjectTs

mostpreferredvalueisobtainedatthepeakofthepreferencecurves･Theformulausedfor

fittingscalevaluesofpreferenceisgivenbyEqn･(1･10)･Theindividualavaluecanbe

obtainedfromtheaverageofpreferencescoreTiinTable1.1forallseriesoftestsandall

subjects.

TableI.1 An exampleofprocedureforcalculatingscalevaluesofpreference･

Soundfield
LL[dBA】

66 72 78 84 90

/LU
2

8

4

0

′hU
7

7

8

0ノ

0.5 0 0 1 1
0 0.5 1 1 1
1 0 0.5 1 1
1 0 0 0.5 1
0 0 0 0 0.5

5

5

5

5

5

つん
3

3

つん
0

00

50

50

00

.
00

0

0

0

0
.
l1

1.3.3 SubjectiveResponsestTorMusician

Inordertosupportmusiciansonthestagebythestagerenections,therearesome

subjectiveexperimentsinalaboratory.Marshalletal.(1978)evaluatedeaseofensemble

amongInstrumentPlayersinchangingdelaytimeandamplitudeofinitialreflectionsin

ordertoinvestigatetheeffectofstagesize.Gade(1989a)proposedafactorST(Support)

valueinchangingtemporalfactors(initialreflectionsorreverberation)forinstrument

playersthroughpsychologicalexperimentsinasoundfieldsimulationroom･An d,

subjectiveexperimentsformusiciansinanexistinghallwerealsoconductedbyuseofthe

factor(Gade,1989b).Preferreddelaytimeordirectionofasinglereflectionforalto-

recordersoloistsorcellistswereperformedbyNakayama(1984),Nakayamaetal･(1988),

9



andSatoetal.(2000).Thesepapersdescribetherelationshipbetweenthedelaytimeofthe

reflectionandtheeffectivedurationTeOfasoundsourceitself.MarshallandMeyer(1984)

investlgatedthedirectivityofsinglngSandtheauditoryImpressioninslnglngina

laboratoryintermsoftemporalfactors.RecentstudiesinchanglngaSinglereflectionin

slnglngforsolosingersindicatethepreferredacousticalconditionwiththerelationship

betweenthedelayti'meofthereflectionandtheTeOfasoundsource(Nosonetal,2000).

Theseallpapersdiscussforsoundfieldsinaconcerthall･However,theymaybeadopted

forsoundfieldsinoperahouses.

Fortheacousticsintheorchestrapit,therearesomedifficultiesforplayersinthe

pittOhearorcontacteachotherduetothestandingwavebetweenthepitfloorand

overhangedceiling,andtemporalmaskingeffect(Meyer,1998;Blair,1998).However,the

researchoftherelationshipbetweenaslngerOnthestageandplayersinthepitarenot

foundinthepresentstage.

Inthefieldofconcerthallacoustics,theoryofsubjectivepreferenceinasound

fieldhasbeenadoptedtoevaluatethepreferenceformusiciansaswellasforlisteners.This

theorymaybeappliedforthecaseofoperahouse,becausethetheorydealstherelationship

betweenthepsychologicalresponsesfrommusicians(andalsolisteners)andorthogonal

physicalfactorsextractedfromslgnalsamvlngateachear.

1.4 ModelorAuditory-BrainSystem
1.4.1 Model

Amodeloftheauditory-brainsystemareshowninFigure1.3(An do1998).Inthisfigure,

asoundsourcep(i)islocatedatroinathree-dimensionalSpaceandalistenerissittingatr

whichisdefinedbythelocationofthecenterofthehead,h1,.(rIro,t)beingtheimpulse

responsesbetweenr｡andtheleftandrightear-canalentrances.Theimpulseresponsesof

theexternalearcanalandthebonechainareel,∫(t)andc1,,(t),reSpeCtively･Thevelocitiesof

thebasilarmembraneareexpressedbyVl,,(x,a1),Xbeingthepositionalongthemembrane･

Theactionpotentialsfromthehaircellsareconductedandtransmittedtothecochlear

nuclei,thesuperiorolivarycomplexincludingthemedialsuperiorolive,thelateral

superioroliveandthetrapezoidbody,andtothehigherleveloftwocerebralhemispheres･

Accordingtothetuningofasinglefiber(Katsukiet.al.1958;Kiang,1965),theinput

powerdensityspectrum ofthecochleaI(x')canberoughlynappedatacertainnerve

positionx'.NeuralactivitiesincludesufficientinformationtoattaintheACFatahigher

level,probablynearthelaterallemniscusasindicatedby ◎ 11,,r(a)･Theinteraural

crosscorrelationmechanismmayexistattheinferiorcolliculus.Theoutputslgnalofthe

interauralcrosscomlationmechanismincludingtheIACCandthelociofmaximamaybe

lO



dominantlyconnectedtotherighthemisphere･Also,thelisteninglevelmaybeprocessed

intherighthemisphere.Effectsoftheinitialtimedelaygapbetweenthedirectsoundand

theslnglereflectionAllincludedintheautocorrelationfunctionmayactivatetheleft

hemisphere･Thespecializationofthehumancerebralhemispheremayrelatetothehighly

independentcontributionbetweenthespatialandtemporalcriteriaonsubjectiveattributes.

?.ouu,ncde Sf?eulndd E:ienran.albE.anred:uh:i･n-::Silr::ne qucchlleerarlSaIep.cea31;erpLoeSIsacruys

Medial

genlCulatebody

I shaq enlng mCeo:;ealnaitiOmns

soundwave ivibratioITravelingLNeuralcordlwave .

Figure1.3 Amodelofhumanauditory-brainsystem

Specialization
ofhllmanbrain

I.4.2 SubjectiveAttributesforSoundField

Itmaybeconvenienttoapplytheauditory-brainmodeltoevaluatesubjectiveattributesin

asoundfield.Forexample,asoundmaybeperceivedasnoISylnaglVenSituationeven

thoughitsSPLisquitelow･Agoodexampleisthebeepofamobilephoneinanotherwise

qulettrain･Thus,loudnessisrelatedtonotonlyLL,butalsotoTe,WhichisoneoftheACF

factors(Merthayasaatal,1997;Satoeta1.,2001).Moreover,thephenomenonthatthe

fundamentalpitchofacomplextonecanbeperceivedbyapersoniswellknownasthe

"Phenomenonofmisslngfundamental."Inthisphenomenon,thepitchofharmonic

componentswithoutafundamentalfrequencylSperCeivedasbeingthesameasthepitchof

apuretoneofthefundamentalfrequency,Whilethisfundamentalpitchcannotbe

predictedbyfrequencyanalysisofthesignal,itcanbepredictedbytemporalanalysiseven

whenthecomplextoneconsistsofrandomphasecomponents(Inoueetal･,2001)･With

binauralmeasurement,spatialinformationincludingsubjectivediffusenessanddirectional

infomationcanbeobtainedfromtheIACFfactors.Consequently,theuseofACFand
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IACFanalysistosubjectivelyevaluatenoiseisquitereasonable･TheACFandIACF

factorscanalsobeusedtoidentifyanoisesourceastimbrebyuslngmulti-dimensional

analysis.Recently,theuseoffourprlmitivesensations,includingdurationsensation,was

proposed(Saifuddinetall,2001)IDurationsensationcomparingpuretoneandnoisevaries

withTe.Inaddition,ashort-timemoving(running)ACFandIACFcanbeusedtoevaluate

time-variantnoise.Inadditiontotheeffectsforsubjectiveattributes,floorimpactnoise

(Jeon,2001)andtransmissionlossbetweenrooms(Soetaetal･,2001)Canbewell

describedbyACFandIACFfactors･

1.5 AimorthisStudy

lnthisstudy,acousticalmeasurementandindividualsubjectiveevaluationsforasound

fieldarediscussed.Foracousticalmeasurement,theorthogonalfactorsobtainedfrom

binauralimpulseresponsesarediscussed.Procedureofacousticalmeasurementsandits

resultsaredescribedinhistoricaloperahousesandoutdoorsoundfieldsincludinggeneral

forestandbambooforest.Formeasurementsinoperahouses,soundfieldsformusicianson

thestageandintheorchestrapitareespeciallyfocusedonaswellasasoundfieldfor

listenersinabox.Formeasurementsinoutdoorfields,multiplescatteringeffectsfrom

tranksoftreesaremainlydiscussed.Forindividualsubjectiveevaluations,intra-individual

changesofsubjectivepreferencearediscussedaswellasitsindividualdifference･

Subjectivepreferencetestswereconductedatsoundfieldsimulationroomandexisting

operahouse.Theoryofsubjectivepreferenceforindividualissummarized･Asapplications,

aconcerthallwithanumberofcolumnsandproposedmeasurementsystem for

environmentalnoiseareintroduced.
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CHAPTER II. ACOUSTIC MEASUREMENT FOR

SOUNDFIELDS

2.1 IntroductionofChapterII

Acousticalmeasurementprocedure,whichhasbeenusedforaconcerthall,isappliedto

historicaloperahousesandoutdoorsoundfieldsincludinggeneralforestandbamboo

forest･Ashistoricaloperahousesusuallyhavespeci丘cequlpmentaSOrchestrapit,boxes,

balconyseats,stagehousewithhugevolume,interiordecorations,soundfieldsinopera

housesisnecessarytodistinguishfromthatinconcerthalls.Mostremarkabledifferences

betweensoundfieldinanoperahouseandthatinaconcerthallisperformances.Namely,

aslngerSlngSOnthestageandorchestraplaysinstmmentsinapitinthecaseofanopera

house･Inaccordancewiththesefacts,soundfieldsonthestageandinorchestrapitare

especiallyfocusedhere･Also,soundfieldsforlistenersinboxseatsareinvestigatedasa

specificsoundfieldforlistenersinanoperahouse.As measurementsinoutdoorsound

fields,soundfieldsinageneralforestandabambooforestareinvestigated.Soundfieldsin

forestsmayincludemultiplescatteringeffectsfromtrunksoftreesascolumns.Excellent

soundfieldsareobtainedfromacousticalmeasurements,althoughacousticalenvironment

inaforesthasexperientiallybeenfelttobefine･An applicationforaconcerthalluslngthe

effectofcolumnsisintroducedinChapter6.

2.2 AcousticalMeasurementinHistoricalOperaHouses

2.2.l AcousticalMeasurementforaSingerontheStage

InordertoclarifysoundfieldsforasingerOnthestageinrelationtoperformersinthe

orchestrapit,acousticalmeasurementswereconductedinatypicalhistoricaloperahouse,

the"TeatroComunale"inFerrara,Italy.Basedonthesubjectivepreferencetheory,

orthogonalfactorsandrelatedfactorsinasoundfieldareanalyzedandareusedtoevaluate

thesoundfields.ThepresentinvestlgationprovidesusefulknOwledgeforaslngerOnthe

stageforthesoundemittedbysourcesintheorchestraplt･

TheplanofthetheaterisillustratedinFigure2･1(a)･Thehallshapeoftheplanis

elliptical(tmncated)･Numberoftheseatsis800(2/3inthefivetiersofboxes)･Volumeof

thehallpartwithoutstagehouseis5000m3･volumeofthestagehouseis8500m3･Width

andheightoftheproscenuimare13･5mandll･Om,respectively･Maximumdepthand
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widthofthestageare20･Omand23.5m,respectively.Meanheightofstagehouseis18.0

m.Thestagefloorismoderatelysloped･ThesectionofthepitisillustratedinFigure2.1(b)･

Thepitdepth,whichistheheightfromthepitfloortotheundersideofthestage,is1.95m.

Thedepthofthepitfromthepitrailtotherearwallinthepltis5･17mandthewidthsof

thepitare14･9mforfrontalareanearthepitrail,and13･2mnearoverhangedrearwall･

Thepltrailismadeofahardwoodenboardandisinstalledbetweenthestallandthe

orchestrapit.Itsheightis2･08mfromthepitfloor･Thetopofthepitrailisinlinewiththe

stage･Thesurfaceoforchestrapitis67m2･

(cl)

stoge ⊥ jL Pitド(コ11

' ･ ･ ･･ L ''-I

(b)

Figure2.1 "TeatroComunale"inFerrara,Italy.(a):Planofthetheater;(b):Sectionsofthe
orchestraplt.

Procedure

TheemployedmeasurementsystemandthediagramareshowninFigure2･2･Duringthe

measurements,thestagewascompletelyemptyandinthepit,chairsandmusicstandsof

playerswereremoved･Measurementswereconductedintheunoccupiedhall･Thetest

signalconsistedintheMLSsequencewithitsduration2.97S(samplingfrequency:44.1

kHz),whichwasaveragedeighttimestoimprovetheS/Nratio･TheMLSsignalwas
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radiatedfromanomni-directionaldodecahedronloudspeakerinthepit.Asareceiver,a

humanheadwithtwotlnyCOndensermicrophonesateachearentrancewasused.

Locationsofsoundsourcesandreceiversweredeterminedaccordingtothe

possiblelocationsofaslngerOnthestageandplayersintheplt,aSShowninFigure2･3･

TwolocationsofthesoundsourceSlandS2inthepit,andfiReenlocationsofthereceiver

(MO1-M15)onthestagewereselected･TheSlandS2Wereselectedastypicallocations

forthefirstviolinplayerandforanoverhangedmusicianbytheupstagewall,respectively･

ThesoundsourceSIwaslocatedat2mfromthepitrailand1mawayfromthecenterline.

ThesourceS2inthedeeppitwaslocatedat1.5mfromalateralwalland1.0mfromthe

rearwallinthepit.Theheightofthesourceswasl･2mconsideringsittlngperfわrmersin

thepit.Fifteenreceiversweredistributedwithitsgrid2･5-monthestageasshowninthe

figure.Theheightofthehumanreceiver(thelocationoftheears)wasl･5mfromthestage

floor.Thereceiverwasalwaysfacedfrontaldirectiontowardtothestallduringthe

measurements.Referencemeasurementswereconductedatadistanceof1m forboth

sources.NotethatthelocationsofthesourceSlandthereceiverswere1mawayfromthe

centerlineaxisnottoaffecttheresultsofIACCbecauseofasymmetricalshapeofthe

theater(Okanoetal･,1998)･

Theoterl

Figure2.2 Acousticalmeasurementsystemandthediagram･
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Figure2･3 Thelocationsofsoundsources(SlandS2)andreceivers(MO1-M15).

Resultsanddiscussions

Figure2.4(a-d)showsbinauralimpulseresponsesastypicalexamplesofthemeasurements.

WhenthesoundsourceislocatedatSl,althoughthelargestamplitudeintheimpulse

responsesappearsasadirectsoundforthereceiversinthefrontrow(MO1-MO5)asshown

inFigure2.4(a,b),itappearsintheinitialreflectionsforthereceiversinthesecondand

thirdrows(MO6-MIOandMl1-M15)asshowninFigure2･4(C)･Thisphenomenonis

deeplyconnectedtothesightlinebetweenasoundsourceandeachreceiver.Asthereisno

obstaclebetweenSlandreceiversinthefrontrow,thedirectsoundhasthemaximum

amplitude.TheamplitudesofimpulseresponseatrightchannelforMOlexposedtoSI

waslargerthanatleftchannel,althoughthoseofreceiverMOShadwell-balanced

responses･Figure2･4(C)showsatypicalexampleofimpulseresponses(M13forSl)for

whichtheamplitudeofthefirstreflectionislargerthanthedirectsound.Ontheotherhand,

asshowninFigure2.4(d),theamplitudeofdirectsoundisalwayssmallerthanthatofthe

initialreflectionsatallreceivers'locationsforS2･Thisisduetotheoverhangedstage,

whichweakensthedirectsoundbythediffractionfrom thestageedge.Sucha

phenomenoninrelationtoimpulseresponsesisoneofthesignificantcharacteristicsfor

soundfieldbetweenaslngerandthemusiciansinthepit･
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Figure2.4 Binauralimpulseresponsesastypicalexamplesofthemeasurements.
Initial150mspartisshown･(a):MOlforSl;(b):MOSforSl;(C):M13forSl;and
(d):MOSforS2･
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Figure2･5 ContourlinesofmeasurementresultforSl･(a):LL(500Hz);(b):Tsub(500Hz);(C)
IACC(500Hz)and;(d):T]ACC.
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Figure2･6 ContourlinesofmeasurementresultforS2.(a):LL(500Hz);(b):Tsub(500Hz);
(C)IACC(500Hz)and;(d):TJACC.
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Figure2.5(a)andFigure2･6(a)showsthecontourlinesofLL(500Hz)forSland

S2,respectively･Therangeofeachcontourlineis1dB･TheLLorderlydecreasesfromthe

frontrowtothirdrowforbothsources.ThedifferenceofaveragedLL(500Hz)between

SlandS2was4.8dB.Figure2.7showstheresultsofLLasafunctionof1/1octaveband

centerfrequencyforbothsources･AstheLLorderlydecreasefromthefrontrowtothird

row,valuesofLLamongeachrowareaveragedinthefigure･Emptyandfnledplots

indicatetheresultsforSlandS2respectively･TheaverageLLvaluesamongallreceivers

ofSlatallpassbandare9･2dBlargerthanthatofS2･Thisdifferencehappensmainlyby

strongsoundattenuationduetothescreenlngOfdirectsoundpathbytheoverhang.Values

ofLLorderlydecreaseatallfrequencyrangesfromSltoS2.ConcemlngtOalterationat

frequencyresponse,theshapeissimilarbetweenrowsamongeachsource,butdifferent

betweenthetwosources･ForSl,LLatlowerfrequency(125and250Hz)issmallerthan

otherhigherfrequencyranges･At1kHz,attenuationlargerthantheotherfrequencyrange

(6･6dB)wasobseⅣedbetweenthefirstandsecondrow･ForS2,比 atlower(125and250

Hz)andhigher(2and4kHz)frequencyrangesweredecreasedcomparingtothoseforSl.

Theattenuationofhigherfrequencyisduetothediffractionbyoverhangedstageedge.For

example,differenceofLLat125Hzand4kHzbetweenSlandS2is6.7dBand10.4dB

respectively,whereasthoseat500Hzare4.2dB.Thus,forbothsources,variancesofLL

fortheback-and-forthaxisweremuchremarkableatfrontalareaonthestage.
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Figure2.7.ResultsofrelativeLL年Safunctionoffrequency.Eachplotindicatesthe
averagevalueofLLateachrow･Rightsideplotswithoutlinesaretheresultsforallpass
band.0:frontrow(MO1-MO5)forSl;△:middlerow(MO6-MIO)forSl;□:rearrow
(Mll-M15)forSl;+:frontrowforS2;A:middlerowforS2;andb:rearrowforS2.
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Figure2.8(a,b)showstheresultsofLLat500HzasafunctionofdistancefromSl

andS2respectively.TheLLforSldecreasedalmostlinearly.However,theLLforS2

decreasedwithmorescatteredvalues･Generallymuchlowervaluesaremeasuredfor

equaldistances･Thisisbecausesoundtransmissionpathisscreenedbytheoverhang,

andparticularlyoccurredatthenearlocationstoS2foreachrow(MO5,MIO,and

M15).Forexample,thoughtheLLatMO3(500Hz)was-14.5dB,itwas-16.6dBat

MO5,whereisclosertoSlthanMO3.Thesametendencycanbeseenateachrowas

showninFigure2.8(b).VariancesofLLforthesidedirectionweresmallforboth

Sources.
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Figure2･8 ResultsofLLat500Hzasafunctionofdistance･(a):Sl;and(b):S2,
Dottedlinerepresentstheinversesquarelow.Thenumbers(1-15)areco汀eSpOndtothe
receivers(MO1-M15).
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ThevalueofAtlisdefinedasadelaytimeofthefirstreflection.Generally,the

firstreflectionisoutstandinglnaconcerthall･However,inasoundfieldincludingthe

stageandtheorchestrapit,thisdoesnothappenbecauseofbothatthestageoverhangand

thestagehouse.Forthisreason,Atlisdefinedasadelaytimeofthereflectionwith

maximumamplitudehere.AsthedifferentAtlWereObtainedatbothearsevenforsome

receivers,bothleftandrightAilValueswerecalculatedseparately.ThecontourlinesofAtl

arenotillustratedinthispaper,becausethereflectivesurfaceoftheAildramaticallyvaries

atdifferentreceiver'slocationsasshowninTable2.1.Ataudienceareainconcerthalls,

At,orderlyvaries,becausethefirstreflectionarrivesfromthelargelateralwalls.Inother

words,inanoperahouse,ltlSimportanttoknowthereflectivesurfaceprovidingtheAilin

ordertoadjustAtl･Table2･1showstheresultsofleftandrightAilateachreceiverforSl

andS2.

ForSl,notethatsoundpathsofthedirectsoundofsecondandthirdrowswere

disturbedbystageoverhang.ForSl,AtlaroundlO111ms,whichmaybereflectionsfrom

thepltrailbehindthesource,weredominant,especiallyatthirdrow･Theyprovidethe

frontalreflectionforreceivers.Thataround25-30msmaybereflectionsfrom the

prosceniumarch･RelativelylargeAt,(52ms)wasobtainedforleftchannelatMO3･This

maybeareflectionfromtheceilingorlateralwallofthehall･Ontheotherhand,quite

smallAil(3ms)wasobtainedforrightchannelatMO5.Thisisthereflectionfromthe

prosceniumarchnexttotheMO5･Inthesecondrow,areflectionwithmaximumamplitude

isdifficulttodetermineduetocomplicatedinitialreflectionsarrlVlngatreceivers.This

meansthatareflectionwiththemaximumamplitudedoesnotarrivefromasamereflective

surfaceinsidethetheater.

ForS2,AilValuesaround20mswerereflectionsfromthepitrail,thosearound40

msarereflectionsfromtheprosceniumarch,andtheothersmayberenectionsfromwalls

insidethehall･AlthoughvaluesofAilatM06(left)andMO7(left)canbeconsideredtobe

reflectionsfromtheprosceniumarch,manyinitialreflectionsarrivedateachreceiverof

secondrow.Itmeansthatreflectionswithsimilaramplitude(duetomultiplereflectionsin

thepit)arrivearound20msatsuchlocationsaswellasotherreceivers'locationinthefirst

andsecondrows.TheAilatM15(left)(70ms),whichmaybefromawallinsidethehall,

hasthelongestsoundpathamongthereceivers･
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Table2.1.Resultsofallforeachreceiverlocations.Theresultsfor
bothsourcelocationsinthepit,SlandS2areshown.Rangemeansthe
differencebetweenthemaximumandminimumvalue.

Aillms]forSI Atl【ms]forS2
Rec°iver Left Right Left 且ight

MOl lO 10 19 18

MO2 25 10 22 23

MO3 52 30 23 23

MO4 13 14 24 24

MO5 11 3 25 24

MO6 47 9 46 21

MO7 45 11 40 23

MO8 11 53 24 23

MO9 11 19 22 25

M10 10 28 22 27

Mll 10 IO 43 20

M12 11 11 24 25

M13 11 11 50 52

M14 11 11 54 50

M15 10 10 70 51

Range 42･4 50.0 50.9 33.9

Table2.2representstheresultsofAvalue,whichisdefinedastotalamplitudeof

reflectionsforthedirectsound,forSlandS2.ForSl,meanvaluesofAwere4.4and3.7

atleftandrightear,respectively･ForS2,largerAvalueswereobserved(55.1atleftear

and31.8atrighteat)becauseofthestageoverhangonthedirectsoundpath.Avalueatleft

eatwaslargerthanthatatright,becausetherightearisclosertothesoundsourcethanthe

leftearforbothsources.

Figure2･5(b)andFigure2･6(b)showthecontourlinesofTsub(500Hz)forSland

S2respectively･Figure2･9showstheresultsofTsubaSafunctionoffrequencyforSland

S2,respectively･Eachplotisaveragedamongeachrowfわrbothsources.Valuesof71｡bare

largerastherawisrearforbothsources.ForSl,thevaluesofTsubarealmostconstant

between1.2and1.3sinthefirstrow･Inthesecondrow,theTsubatmiddlelocations(MO6

andMO7)wererelativelysmallaroundl･5Scomparingwithlaterallocations(MOS,MO8,

andMO9)asl･7-1･8sduetothelargevolumeofthestagehouse･Inthethirdrow,theyare

almostconstantbetween1.9and2.0sagain.Thevariationinthesecondrowmayreflect

thecomplicatedstructuresofinitialrenectionsofimpulseresponsesasdescribedabove.

ForS2,thevaluesofTsubWerealmostconstantamongeachrow,asthesoundsourceis

overhangedbythestage.TheTsubValueswerebetween1.3and1.4S,between1.7and1.8S,
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andbetweenl･9and2.0sforfirst,secondandthirdrow,respectively.Comparlngbetween

thevaluesofTs｡bforSlandS2,TsubatSamereceiverlocationisalmostsameateachcenter

frequencyasshowninFigure2.9.WhenswitchingbetweenSlandS2,thevaluesatTsub

arenotslgnificantlychangedforaglVenreceiveposition･

TabLe2.2. ResultsofAvalueforeachreceiverlocations.The

resultsforbothsourcelocationsinthepit,SlandS2areshown.
Rangemeansthedifferencebetweenthemaximum andminimum
value.SDrepresentsstandarddeviation.

A valuefわrSI A v alueforSZ

Receiver Left Riht Left Ri

M O1 2.9

M O2 3.2

M O3 1.0

M O4 1.0

M O5 0.7

M O6 9.1

M O7 7.6

M O8 3.8

M O9 2.9

M 10 2.1

1.0 55.6 26.6

1.4 52.7 24.3

1.1 53.4 28.2

2.4 47.6 22.8

1.3 37.1 24.5

4.3 63.0 32.9

3.5 66.2 31.6

4.3 45.4 18.6

5.6 60.2 38.9

3.8 55.6 43.8

M ll 10,2 6.4 55.3 33.0

M 12 8.6

M 13 5.9

M 14 3.0

M 15 3.6

Average 4.4
SD 3.1

6.4 55.8 28.6

5.3 54.5 32.4

4.1 57.5 38.1

2 66.2 53

3.7 55.1 31.8

1.9 7.7 8.9
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Figure2.9 ResultsofTsub aSafunctionoffrequency,Eachplotindicatesthe
averagevalueofTsubateachrow･Rightsideplotswithoutlinesaretheresultsfor
allpassband.0:frontrow(MO1-MO5)forSl;△:middlerow(MO6-MIO)for
Sl;□:rearrow(Ml1-M15)forSl;●:frontrowforS2;▲:middlerowforS2;
and■:rearrowforS2.

Figure2.5(C)andFigure2.6(C)showthecontourlinesofIACC(500Hz)forSlandS2,

respectively.ForSl,thevalueofIACCatMO3hasalargevalueas0.57,becausethe

sourceexistedinfrontofthereceiversinthesymmetricaltheater･However,whenmovlng

tothesides,theIACCbecomesmallbelow0.3atMO4andMO5.ForS2,theIACCwas

muchlowerthanthatforSl･Regionabove0.4clearlyincreasedforSl.Figure2.10shows

theresultsofIACCasafunctionoffrequencyforeachrowofSlandS2.Thevaluesof

IACCwerelargerabove1kHzatfrontrowforbothSlandS2.ThevaluesofIACCin

secondandthirdrowsabove1kHzarenear0.2orless.ForS2,IACCat1kHz(0.45)and

2kHz(0.35)atthefirstrow werelargerthanotherreceivers'locations.Maximum

differenceas0.3appearedat1kHzbetweenfirstandsecondrowforS2.Suchanincrease

ofIACCabove1kHzisunpredictablephenomenoninthepresentstage.

Figure2.ll(a-d)showsexamplesofinterauralcrosscorrelationfunctionsat500

Hz.ForSl,asshowninFigure2.ll(a),thevalueofTIACC(500Hz)was0.59msatMOl.

Positivevaluemeansthatthesoundsourceislocatedattherightsideforthefrontal

directionofthereceiver･Figure2･11(b,C)clearlyshowsthesoundsourceatMO3(TIACC≡
0.07ms)andM13(-0.02ms)islocatedatfrontaldirectionofthereceiver.Figure2.5(d)

andFigure2.6(d)ShowsthecontourlinesofTIACCforSlandS2respectively.Forboth

sources,theTIACCVariesinaccordancewiththedirectionofeachsourceatalllocationsas

expected.Inthisfigure,theTIACCatMO7withaminorpeakasO･25msisindicatedinthe
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brackets.

ValuesofW IACC Werealmostconstantatallreceivers.AveragevalueofWIACC

amongMOトM15was0.04forbothsources.Theirstandarddeviationsare0.007and0.004

forSlandS2,respectively･W IACCextractedfromimpulseresponsesarenotsoslgnificant

becausethefrequencycharacteristicofthesource(MLSsignal)isflat･

1◎0 580 1k 5kcluPCISS

l/1oCtovebclndCenterfrequenCy [Hz]

Figure2.10 ResultsofIACCasafunctionoffrequency.Eachplotindicatestheaverage

valueofIACCateachrow,Rightsideplotswithoutlinesaretheresultsforallpassband.0:frontrow(MO1-MO5)forSl;△:middlerow(MO6-MIO)forSl;ロ:rearrow(Ml1-

M15)forSl;+:frontrowforS2;A:middlerowforS2;andb:rearrowforS2.

TheresultsofLLshow,varianceofLLfortheback-and-forthdirectionwasmuch

remarkableatfrontalareaonthestageregardlessofthesourcelocationthanthatfor

thesidedirection.AsthedifferenceofLLbetweenthefirstandsecondrow(2.5m)

wasabout5dB,aslngerOnthestagecanadjustthepreferredsoundfieldbytheback-

and-forthmovement.Ontheotherhand,themovementofasidedirectionglVeSminor

effectforLLforaslnger.ForT,ub,VarianceofTsubfortheback-and-forthdirectionwas

muchremarkablebetweenthefirstandsecondrowsregardlessofthesourcelocation

thanthatforthesidedirection.AveragevaluesofTsubforfirstandsecondrowwere

1.27and1.64sforSl,and1.36and1.81sforS2.Thus,aslngerOnthestagecanalso

adjustthesoundfieldbymovlngfortheback-and-forthdirection.
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Figure2.ll Examplesofinterauralcrosscorrelationfunctions.(a):MOlforSl;
(b):MO3forSl;(C):M13forSl;and(d):MO4forS2.

Attenuationof比 atlowerfrequencyrangewasobseⅣedforS2underthestage

overhang.Aslowerfrequencyinstrumentsaremainlyplayedunderthestageoverhang,this

lowfrequencyattenuationisaconflictintermsofthelocationofmusiciansinthepit･In

termsofasoundfieldforaslngerOnthestage,thisresultsuggeststomovethelower

frequencyinstrumentstofrontalareainthepltinordertosuppressthelowfrequency

attenuation.

AsshowninFigure2.8,LLvariationamongeachrowforS2wassmallforthe

distancebetweenthesourceandeachreceiver.Initialrenectioncomponentsmainlyfrom

thepitrailmaybemucheffectiveforthereceiversthantheobstructeddirectsound･

Figure2.12showstherelationshipbetweenleftandrightAllforbothsources･Week

sigmificantdifferencewasobservedforS2was(R2=0.57),althoughthedifferencewasnot

significantforSl･ThismaybecausedbytheAilforS2,whichmainlyarrivedfromthepit

rail.ItisconsideredthatdifferentAilatbothearwereobservedforSl,asthe∠1tlforSl

arrivedfromdifferentreflectivesurface(thepitrail,prosceniumarch,etc.).
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Figure2.12.RelationshipbetweenleftandrightAil.0･.AilforSl(R2=
0.57);and+:AilforS2(R2<0.01).

Figure2.13showstherelationshipbetweenleftandrightAilateachreceiverfor

SlandS2,andtheratioofamplitudeofAiltOthatofthedirectsound.Verticalaxisisthe

amplitudeoftheAllrelativetothatofthedirectsound･Generally,aplotaboveunity

representstheinterferenceofthesightlinebetweenthesourceandareceiver.ForSl,

verticalvaluesarealwayslessthan3forallreceivers,althoughthesightlinewas

interfered.Ontheotherhand,thevaluesforallreceiverswereabove8.8,becausethe

directsoundwascompletelyinterferedbythestageoverhang･Alsothisfigurewell

representsthedominanceofAtlforeachsource,namelyaround10msand20mswere

dominantforSlandS2respectively.Thisfigureisusefultodeterminethereflective

surfaceforeachreceiver,too

Asingerprefersafirstreflectionofaslnger'Sownvoiceandensemblenotfrom

upwarddirectionbutfromfrontalandlateralreflectionsl12,13]･Consideringthisfact,in

termsofAil,itmaybebetterforaslngertOShiftsinglnglocationfromthemiddleonthe

stagelikeMOSorMO8･Ontheotherhand,intermsofacousticaldesign,itisnecessaryto

adjustthedegreeoftheupperpartoftheprosceniumarchnottoprovideupwardreflection

towardaslngerOnthestage･Asthelackofpsychologicalresponsedataforaslngerin

relationtotheorchestra,itisnecessarytoconductpsychologicalexperimentsforaslnger

inchanglngaCOuSticalconditionsplaylngOrchestrainfuture･
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Figure2.13･ RelationshipbetweenleftandrightAilateachreceiverforSlandS2,
andtheratioofamplitudeofAiltOthatofthedirectsound.0:leftAtlforSl;□:
rightAtlforSl;+:leftAilforS2;andlL:rightallforS2.

AlargevalueIACC,whichasoundsourceorastrongreflectionarrivlngfromthefrontal

directionofareceivercanprovide,ispreferredforasingerl11].Thus,itisbetterfora

slngertOPerformonthemiddleofthefrontalstageaswellasAil,intermsofIACC.A

largevalueofIACCwasobtainedevenwhenthesourcelocatedatS20verhanged(0.48at

MO4for500Hz).However,itmustbenotedthatthereisarisktogetanupwardreflection

atsuchacentral-frontareaasdescribedabove.

ThereisanareawithsmallIACCbelow0.3at500Hz.Thisoccu汀edbecausea

receiveralwaysfacestofrontaldirectiontowardtothestall.Ifareceiverfacethedirection

ofthesource,IACCmaylnCreaSemoreOrless.Inperfわrmance,askilledsingercanadjusts

toobtainedabettersoundfieldunconsciously.

In relation to TfACCin Figure2.5(d)andFigure2.6(d),clearpeak ofinteraural

crosscorrelationfunctioncanbeseenevenforS2underthestage,aswellasSl.This

suggeststhataslngerOnthestagecanlocalizethedirectionofthesourceevenforthe

sourceunderthestage.

Remarks

ThepresentinvestigationprovidesusefulknOwledgeforasingerOnthestageforthesound

emittedbysourcesintheorchestrapltinatypicalhistoricaloperahouse.Conclusionsare

obtainedasfollowmg.
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Aseachphysicalfactorgreatlyvariesonthestageforthesourcesintheorchestrapit,a

singerCanadjusttothepreferredsoundfieldbymovingthelocationonthestage.ForLL

andT,ub,thevarianceofthesefactorsareremarkablefortheback-andforthdirectioninthe

frontalareaonthestage.Ontheotherhand,thevarianceisnotsosignificantfortheside

direction.

IntermsofIACC,itcanbesuggestedforaslngertOPerforminthemiddle-front

onthestagewherehasastrongreflectionfromthefrontaldirection･Onthefrontal-center

locationonthestage,however,anun-preferredupwardreflectionforasingerfromthe

prosceniumarchshouldbeavoided･

FromtheresultsofTIACC,aSlngerOnthestagecan locahzethedirectionofthe

sourceevenforthesourceunderthestage.

TheseresultssuggestthenecessltyOfthepsychologicalexperimentsforaslnger

inrelationtotheorchestramusicintheorchestrapltinalaboratoryregardingtothe

complicatedinitialrenectionsinsideanoperahouse･

AlsothesedataglVeSValuableandinfbmationindesignmgastageandanorchestrapit

insideoperahouses.Inordertoimprovethesoundfieldonthestage,itisproposedthatthe

locationofmusicianplaylnglowerfrequencypartshouldmovetotheclosertoaconductor

inordertoavoidtheattenuationatlow frequencyrangeunderthestage.An dthe

slgnificanceindesignlngProsceniumarchandapltrailtoavoidupwardreflectionand

stronglateralreflectiondecreaslngIACCisdescribed･

29



2.2.2 AcousticalMeasurementforMusiciansinOrchestraPit

Themainaim atthisworkisthusthecloseinvestlgationofthelistenlngattributes

experiencedbyperformersintheorchestrapitforthesoundemittedbysourcesonthe

stage.Severalcombinationsofsoundsourcesonthestageandlisteners(asmusicians)in

thepitareconsideredandtheresultingsoundfieldsareanalyzedaswellastheprevious

subsection.

Procedure

Measurementswereconductedinchanglngthelocationofasoundsourceonthestage.

Locationsofsoundsourcesandreceiversweredeterminedaccordingtothepossible

locationsofaslngerOnthestageandplayersinthepitasshowninFigure2.14.Three

locationsofthesoundsourcePl,P2,andP30nthestageandtenlocationsofthereceiver

(MO1-MIO)intheorchestrapitwereselected.TheP1-P3Wereselectedaspossible

locationsforthesingeronthestage･ThePIwaslocatedatmiddle-frontofthestage.The

P2waslocatedjustundertheproscenium archand6-mfrom thecenterline.TheP3is

located2･5mbehindfromPl･Theheightofthesourceswasl･5mconsideringstanding

slngerSOnthestage.Tenreceiversweredistributedwithitsgrid2.5-minthepitasshown

inthefigure･Theheightofthehumanreceiver(thelocationoftheears)wasabout1.2m.

Thereceiveralwayssatonachairanddirectedtowardtotheconductor'sposition.

Referencemeasurementswereconductedatadistanceof1mfわrallsources.Notethatthe

locationsofthesourcesPlandP3,andthereceiverswere1mawayfromthecenterline

axisforthereasonaswellasthepreviousmeasurement.

Stc)gc
LJ

Pヨ

Figure2.14 Thelocationsofsoundsources(Pl-P3)andreceivers(MOl-MIO).
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Resultsanddiscussions

Figure 2.15(a-e)showsbinauralimpulseresponsesastypicalexamplesofthe

measurements.Notethatthereceiversalwaysfacedtowardtheconductor'sposition

(middlefrontinthepit).AsshowninFigure2.15(a),theamplitudeofthedirectsoundat

theleftearissmallerthantheinitialreflection,becausethereceiverMO2facedtowardthe

conductor'spositionandahumanheadobstructsthedirectsoundpathfortheleftear･

Exceptforsuchcases,thelargestamplitudeappearsintheinitialreflectionsforthe

receiversintherearrow(MO61MIO)forallsourcepositions,althoughitappearsasadirect

soundforthereceiversinthefrontrow(MO1-MO5).Thisphenomenonisdeeplyconnected

tothesightlinebetweenthesoundsourceandeachearofthereceivers･Asthereisno

obstaclebetweenPlandthereceiverMO3,thedirectsoundhasthemaximumamplitudeas

showninFigure2.15(b).Althoughthereceiverturnshisbackuponthesource,well-

balancedimpulseresponseswereobtained.Figure2.15(C,d)showtypicalexamplesof

impulseresponsesforwhichtheamplitudeofAilislargerthanthedirectsound(MO6and

MO8forPl,respectively)･As showninFigure2･15(e),thefirststrongrenection,which

a汀ivedfromtheprosceniumarchclosetoMO5,arrivedwithin1msatM05forP2.

Figure2.16(a),Figure2･17(a),andFigure2･18(a)showtheresultsofLL(500Hz)

forPl,P2,andP3respectively.TheaveragedLL(500Hz)forallreceivers'positionsfor

P2andP3was1.8dBand4.0dBsmallerthanthatforPl,respectively.Thisvalueis

mainlyduetotheattenuationbythedistancebetweenthesourceandthereceiver.The

differencesofaveragedLLvaluesbetweenthefrontrowandtherearrowwerenotsolong

as1.3,0.4,and1.2dBforPl,P2,andP3,respectively.Figure2.19showstheresultsofLL

asafunctionoffrequencyforeachsourceposition.EachplotindicatestheaverageLLfor

eachrow.AstheaveragedLLisdifferentforthefrontandrearrow,valuesofLLamong

eachrowareaveragedinthefigure.Emptyplotsandfilledplotsindicatetheresultsfor

frontandrearrow,respectively.Circles,trianglesandsquaresindicatetheaverageLL

valuesoffivereceiversforPl,P2,andP3･Andemptyandfilledsymbolsrepresentthe

resultsinthefrontandrearrows･ForPl,therewasamonotoneincreaseasthefrequency

increased.Thereisnospecificpeaksordips.ForthecasesofP2andP3,largedipscanbe

foundat2kHz.ForP2,smalldipsat500Hzwerealsoobserved.
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Figure2.15. BinauralimpulseresponsesastypICalexamplesofthemeasurements.
Initial150mspartisshown･(a):MO2forPl;(b):MOSforPl;(C):MO6forPl;(d):
MO8forPl;and(e):MO5forP2･
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Figure2.16 ContourlinesofmeasurementresultsforPl.(a):LL(500Hz);(b):Tsub (500Hz);(C)
LACC(500Hz);and(d):TTlACC.
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Figure2.17 ContollrlinesofmeasurementresultsforP2.(a):LL(500Hz);(b):Tsub(500Ⅰ七);(C)
IACC(500Hz);and(d):TiACC.
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Figure2.19 ResultsofrelativeLLasafunctionoffrequency･Eachplotindicatesthe
averagevalueof比 ateachrow･Rightsideplotswithoutlinesaretheresultsforallpass
band.0:frontrow(MO1-MO5)forPl;●:rearrow(MO6-MIO)forPl;△:frontrowfor
P2;A:rearrowforP2;I:frontrowforP3;andlI:rearrowforP3.
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ThevalueofAilisdefinedasadelaytimeofreflectionwhoseamplitudebecome

themaximumforimpulseresponseateachear.Generally,thefirstreflectionbecomesthe

maximumreflectioninthecaseofthestallofatheateroraconcerthall.However,ina

soundfieldincludingthestageandtheorchestrapit,thisrelationisnotkeptbecauseof

theoverhangedstageinthepitandtheexistenceofastagehouse･Table2.3showsthe

resultsofAilfortheeachsource.AsthedifferentAilWereObtainedatbothearsinsome

receiversasshowninbinauralimpulseresponsesinFigure2.15,bothleftandrightAil

valueswerecalculated.EspeciallyforPlandP2,theinitialreflectionsarrivingateach

receiveraremuchcomplicated.Forthisreason,contourlineswereunabletomakeforAil.

ForPl,AtlOf7-10msforthefrontrowand15-20msfortherearrowcomefrom

thepitrailconsideringthegeometryofthepit･ThelongerAil(26msforleftchannelat

MOl;28msforleftchannelatMO2)wasobtained.TheAilatSuchreceiversarrivedfrom

theprosceniumarch･Inoverhangedrearrow,thelongerAil(forexample47msforleft

channelatMOS;54msforleftchannelatMO9)wasobtained･TheAilatSuchreceivers

arrivedfromthelateralwallsinthehallpart.Thus,dJldoesnotvarysuccessivelyinside

thepit･Fortheothersourcelocations,thereflectionsfrom lateralwallsinthepit,

proscenium arch,andwallsinthehallpart,becomethestrongestreflectionatsome

receivers.Asdescribedabove,theAtldoesnotvarysuccessivelyduetothedifferent

reflectivesurfacedeteminingAil.

Table2.3.Resultsofalllms]foreachreceiverlocations,Thistablecontains
theresultsforsourcelocationsonthestage,Pl,P2,andP3respectively･Range

meansthedi触rencebetweenthemaximumandminimumvalue.

AilforPllms] AtlforP2lms] AtlforP3lms]

Receiver Left Right Left Right Left Right

MO1 8 26

MO2 9 ■28

MO3 53 10

MO4 10 9

MO5 5 7

MO6 16 20

MO7 39 18

MO8 47 38

MO9 54 31

M10 20 17

5 4

6 4

26 3

2 9

1 10

25 15

17 17

21 22

25 20

26 22

9 33

10 11

30 11

29 10

27 9

19 19

36 46

47 22

34 21

24 19

Range 49 30 26 19 38 37
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Figure2.20showstherelationshipbetweenleftandrightAvalues.Avalueswere

large,especiallyatthereceiversintherearrowasrepresentedinTable2.4.Avalueswere

morethan15intherearrow forallsourcepositions･ForS2andS3,1eftAvalueswere

morethan30.Thismeansthesmallamplitudesofdirectsoundintherearrow.For

example,whenasoundsourcewasonthestageinthesametheater,1eftノ4Valueaveraged

allaroundinthestall(21positions)were2･3(SD=0･49)(Sakaiet.al,unpublished).
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Figure2.20. LeftandrightAvaluesforeachreceiverlocation.0:pl;▲:P2;and□:P3.

Table2.4. ResultsofAvalueforeachreceiverlocations.Thistablecontains

theresultsforsourcelocationsonthestage,Pl,P2,andP3respectively.

AvalueforPI AvalueforP2 AvalueforP3

Receiver Left Right Left Right Left Right

MO1 4.26 1,07

MO2 4.34 1.60

MO3 1.15 2.28

MO4 1.04 4.96

MO5 0.78 3.44

MO6 19.14 16.97

MO7 16.08 24.41

MO8 14.58 25.75

MO9 21.00 25.89

MIO 15.36 14.17

9.00 2.98 25.00 6.37

9.59 2.33 11.39 3.76

3,30 2.62 4.00 8.30

1.38 2.45 2.32 7.79

0.81 3.53 4.38 17.41

43.13 23.23 47.75 36.85

44.36 23.76 33.36 20.61

62.15 32.57 33.92 24.37

37.78 21.54 36.81 29.98

33.30 21.30 37.53 29.69
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Figure2.16(b),Figure2.17(b),andFigure2.18(b)showtheresultsofTsub(500

Hz)forPl,P2,andP3,respectively.Forallsources,rangeofTsubWasaround0.2sat500

Hzinthepit･AveragedTsubamong10receiversforP3becomesthelargestas1.66S

(standarddeviationSD:0.08S).ThoseforPlandP2were1.31S(SD:0.08S)and1.35S

(SD:0･09S),respectively･Figure2･21showstheresultsofTsubaSafunctionoffrequency

forPl,P2,andP3.EachTsubValueisaveragedamongeachrowforallsources･Forall

sources,thevaluesofTsubalmostmonotonicallydecreaseasthefrequencyrangebecome

large･Comparlngbetweentheresultsatfrontandrearrows,averagedTsubinthefrontrow

at500Hz(1.24S)wassmallerthanthatintherearrow(1.38S)forPl.Intherearrowfor

Pl,therewasadip(1･45S)at125Hzwithuncertaincause･Thoseinthefrontrowat500

Hz(1.32S)Weresmallerthanthatintherearrow(1.38S)forP2･An dthoseforP3inthe

frontrowat500Hzandintherearrowwere1.59sand1.74S,respectively.Inthefront

rowforPl,therewasapeak(1.45S)at125Hz.Intherearrow,therewasadip(1･90S)at

125Hz.

[
S
]

q
n
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Figure2.21 ResultsofT,ubaSafunctionoffrequency･Eachplotindicatestheaverage
valueofTsubateachrow･Rightsideplotswithoutlinesaretheresultsforallpassband･
○:frontrow(MO1-MO5)forPl;●:rearrow(MO6-MIO)forPl;△:frontrowforP2;
▲:rearrowforP2;□:frontrowforP3;and■:rearrowforP3.

Figure2.16(C),Figure2･17(C),andFigure2.18(C)showtheresultsofIACC(500

Hz)foreachsource.Forallsourcepositions,inthesideatrearrow,IACCwererelatively

smallbylateralreflectionsinthepit･Figure2･22showstheresultsofIACCasafunction
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offrequencyforeachrowofPl,P2,andP3･AverageIACCinthefrontrowforPlhasa

specificpeakat1kHz(0.36)I0nthecontrary,theaverageIACCintherearrowforPlhas

arapidincreaseat500Hz･TheIACCislargerabove1kHzatfrontlawforbothPlandP2･

ForP2,thoseat500Hzand1kHzatthefirstrowareabout0.3largerthanotherreceivers'

locations･SomedipswereobseⅣedatlowerrangesattherearrowforallsourcelocations･

100 500 1k 5kcIllposs
l/1octcNebondcenterfrequency lHz]

Figure2.22 ResultsoflACC asafunctionoffrequency･Eachplotindicatesthe
averagevalueofIACCateachrow･Rightsideplotswithoutlinesaretheresultsfor
allpassband.0:frontrow(MO1-MO5)forPl;●:rearrow(MO6-MIO)forPl;△:
frontrowforP2;▲:rearrowforP2;□:frontrowforP3;and■:rearrowforP3.

Figure2.23(a-C)Showsexamplesofinterauralcrosscorrelationfunctions･ForPl,

asshowninFigure2.23(a),theTlACCWas-0･27msatMO3･Itmeansthesoundsourceis

locatedattheleftsideforthefrontaldirectionofthereceiver･ForP2,asshowninFigure

2.23(b),theTIACCWas1).25msatMO9･Figure2･23(C)Showstheexamplewithminor

peaksofinterauralcrosscorrelationfunctions(MOSfわrP3)･Cleardirectionmaynotbe

perceivedforthiscase.Figure2･16(d),Figure2･17(d),andFigure2･18(d)showtheresults

ofTIACCforPl,P2,andP3respectively･Whentheinterauralcrosscorrelationfunctionshas

nospecificpeakslikeMO3forP3asshowninFigure2･23(C),thevaluesofTIACCbecome

difficulttodetermine.Socontourlineswereunabletomakeinthesefigures.Average

valuesofWIACCateachsourcelocationwerealmostconstantas0.04(standarddeviations

arelessthan0.01forallreceiverlocations).
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Figure2･23 Examplesofinterauralcrosscorrelationfunctions.(a):MO3forPl;
(b):MO9fbrP2;(C):MOSforP3.

ForP2andP3,LLhasadipat2kHzasshowninFigure2･19･WhenasingerPerformsat

P2orP3(notcenter-front),thesingingformant(MarshallandMeyer,1984)maybe

suppressedmoreorless.Ifthelocationofasingerisconstant,thedifferenceofLL

betweenthefrontandrearrow isnegligible.An dspecificenhancedLLatthelow

frequencyrangeduetothestandingwavebetweenthepitfloorandthestage(Sakaiet.al,

unpublished)wasnotobseⅣedevenifthereceiverplacedunderthestageinthis
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measurement.

AsshowninFigure2･21,thevarietyofTsubareSmallatfrontalsourcepositions

(PlandP2)byasinger'smovementforlateraldirection.AtrearerpositionsuchasP3,Tsub

becomelonger,andthedifferenceofTsubbetweenrowsinthepitbecomelarger.An dTsubS

intherearrow at250Hzhaddipsforallsourcelocations･However,asfrequency

characteristicsofaslnglngVOiceiscenteredaround500Hzor1kHz,thisdipmaynotbe

problem.

AsshowninFigure2･22,IACCsabove500HzwerequlteSmallforallthe

sources.Thisphenomenoniscausedbymultiplereflectioninsidethepit.Whenthe

musicianslistentoownsoundinperfわrmance,largevalueofIACCisprefe汀ed.This

suggeststhenecessityofpsychologicalexperimentsformusicianslistenlngaSlnglngvoice

orotherinstruments.Alsodipat125Hzatrearrowforallsourcepositionsareuncertain

phenomena･

Remarks

Thepresentinvestigationprovidesusefulknowledgefb∫musiciansintheorchestrapitfor

thesoundemittedbysourcesonthestageinatypicalhistoricaloperahouse.Conclusions

areobtainedasfollowmg.

ForthesourcesP2andP3,largedipsof比 canbefoundat2kHz.Thismaycausethe

suppressionofthesinglngfomantenhancmgthesinglngVOiceathigherfrequencyrange.

Avalueswerequitelargeespeciallyatthereceiversintherearrowasmorethan

15(upto30)intherearrowforallsourcepositions,althoughaveragedノ4valueinthestall

(21positions)were2.3inthesametheater.

ThevarietyofTsubbetweentherowswasnegligibleatfrontalsourcepositions(Pl

andP2)byasinger'smovementforlateraldirection.AtrearerpositionsuchasP3,T sub

becomelonger,andthedifferenceofTsubbetweenrowsbecomelargeas0.2S.

IACCsabove500HzwerequlteSmallforallthesources.Thisphenomenonis

causedbymultiplereflectioninsidethepit･BytheunstableTIACCinthepit,themusicians

inthepltperceivevaguedirectivityforaslngerSlnglngOnthestage,especiallybelow

overhang.

Thus,thesedataglVeSValuableandinfomationindesignmgastageandanorchestraplt

insideoperabouses･TheseresultssuggestthenecessltyOfthepsychologicalexperiments

formusiciansinalaboratoryespeciallyregardingtothecomplicatedinitialre鮎ctions.
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2.2.3 AcousticalMeasurementJTorConductor

Themainaim atthisworkisthusthecloseinvestigationofthelistenlngattributes

experiencedbyaconductorintheorchestrapitforthesoundemittedbysourcesinthe

orchestrapitandonthestage･Severalcombinationsofsoundsourcesandlistenersinthe

pltareCOnSideredandtheresultingsoundfieldsareanalyzedaswellastheprevious

subsections.

Procedure

Locationsofsoundsourcesweredeterminedaccordingtothepossiblelocationsof

musiciansinthepitandaslngerOnthestage,asshowninFigure2.24.Thereceiverwas

standingOntheconductor'sstageandfacedtowardtothestage-house.Thereceiveris

locatedatsamepositionthroughoutthemeasurements･Twelvesoundsources(Pl-P6in

thepitandSl-S60nthestage)locatedasillustratedinthefigurewithitsgrid2.51m.The

heightofthesourceswasl･2-mforthoseinthepitandl･5-mfわrthoseonthestage.

Resultsanddiscussions

Figure2･25andFigure2.26showinitialpart(0-160ms)ofbinauralimpulseresponsesfor

eachsoundsourceintheorchestrapit(P1-P6)andonthestage(S1-S6),respectively.

Am Phtudesofleftchannelweregenerallylargerthanthoseofrightones,asallofthe

receiverslocatedatleftsideoftheconductor.Forthesourcesinthepit(P2-P6),

complicatedmultiplereflectionsbetweenwallsinsidethepitwereseenaroundinitial50

ms･ForS2andS50nthestage,clearreflectionswerearrivedarounddelaytimeof30ms.

⊂onduCtor□

Pl■

P4■ PS ■ P6■

∴ .' 1ゝ-● ‥ ~ 2ゝ● 1 ' 3ゝ+
Stoge

4ゝ● ＼5● bゝ●

Figure2.24 Thelocationsofareceiverataconductor'Spositionandsound
sourcesintheorchestrapit(P1-P6)andonthestage(S1-S6).
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Figure2･25 Binauralimpulseresponsesataconductor'spositionforeachsoundsourceinthe
orchestrapit(P1-P6)･Upper:impulseresponseatleftear;Lewer:impulseresponseatrightear.

Figure2127(a)showsthecontourlinesofLL(500Hz).ThedifferenceofaveragedLL(500

Hz)betweenthepitsourcesandthestagesourceswas7.0dB･Averaged比 valuesat500

Hzwere-6･2dBforthepitsourcesand-13.2dBforthestagesources.Rangesof比 were

2.4dBforthepitsourcesand510dBforthestagesources･Inthecasethatreflective

surfaceexistednearthesoundsourceasP3,P6,andS3,LLkeptlargeevenifthedistance

betweenthesourceandtheconductorwasfurther.OtherstatisticalvaluesforLLare

indicatedinTable2･5,aswellasTsubandIACC･Figure2･28(a,b)showtheresultsofLLas

afunctionoffrequencyforthepitsourcesandthestagesources,respectively.Opencircles

withastraightlineindicatetheaverageLLforthepitsourcesorthestagesources.An dthe

otherdifferentsymbolsindicatetheresultsateach receiver.Thevaluesof比
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monotomiCallyIncreaseaSthecenterfrequencyIncreasesforbothsources･Forthepit

sources,thedipswereobseⅣedat250Hz,especiallyfわrP6(-12･5dB).Thismaybe

causedbytheinterferenceeffectsbetweenthedirectsoundandstronginitialreflections

fromapltrailorfromlateralorrearwallsinsidethepit,becausetheP6locatedatarear

cornerinthepit･Similardipat250HzcanbefoundforPl･ForonlyP2,therewasapeak

at250Hzandadip(-9.9dB)wasshiftedtolowerfrequencyrangeat125Hz.ForS3and

S60nthestage,dipswereobseⅣedat1kHz,andapeak(-10.6dB)wasobseⅣedat500

HzforS3.
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Figure2.26 Binauralimpulseresponsesataconductor'spositionforeachsoundsourceonthe
stage(S1-S6),Upper:impulseresponseatleftear;Lower:impulseresponseatrightearl
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Generally,thefirstmajorreflectionbecomesthereflectionwiththemaximum

amplitudeinaconcerthall.However,inasoundfieldincludingthestageandtheorchestra

pit,thisdoesnothappenbecauseofthestageoverhang,theorchestrapit,andthestage

house.Forthisreason,At.isdefhedasadelaytimeofthereflectionwithmaxlmum

amplitudehere.AsthedifferentAilValueswereobtainedatbothearsforsomereceivers,

bothleftandrightAtlValueswerecalculated.Figure2.27(b)Showsthecontourlinesofleft

andrightAilateachsourcelocation･Ataudienceareainconcerthalls,AilOrderlyvaries,

becausethefirstrefkctionarrivesfromthelargelateralwalls･Inotherwords,inanopera

house,itisimportanttoknowthereflectivesurfaceprovidingtheAtlinordertoadjustAil.

-13.9 -15.1 115.5

(cI)

1.27 2.37 臥76
1.26 3,96 2.23

(⊂)

lACC5◎8Hz

Stoge 岳 .5 0 ,.隻

¢.47 や.S O め.41

(e)

宣誓 重電 ≦

(b)

1.5◎ 1.81 1.63

(d)

Figure2.27 Contourlinesofmeasurementresultsforeachsourcelocation.(a):LL(500
Hz);(b):Aillms];(C):Avalue;(d):Tsub(500Hz);(e)IACC(500Hz)and;(f):TIACClms].
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AtallpositionsinthepitwithoutP3,thefirstmaximum reflectionappeared

around3ms.Suchshortrenectionscomefromthepitrailjustbehindtheconductor.As

showninimpulseresponsesinFigure2･25,multiplereflectionsbetweenwallsinsidethe

orchestrapitwereobservedespeciallyattheleftchannelofP2andP3･TheAtlforP3(left:

26ms;right:21ms)wasfromthelateralwallinthepit･TheAt.atrightchannelforP2(7

ms)wasconsideredtocomefrom thepitfloor･Generally,thereflectionfrom thefloor

shouldbeexcludedasAilinaconcerthall･However,thisreflectionfromthepitflooris

includedasallhere,becausethereflectionfromthepitrailaround3msisshorterthanthis.

Am plitudesofthedirectsoundforP5andP6Weresmallerthanthoseofthefirstreflection

around3ms.Theseboostsofthefirstreflectionmaybecausedbytheinterferenceeffects

ofstrongimitialreflections.AsshowninFigure2･26forthestagesources,theAtlWas

obseⅣedaround3msforS3andS6,wherearethepositionsnearasidewallofthe

prosceniumarch.Fortheothersourcelocations,firstmaximumreflectionscamefromthe

lateralwallinsidethehallortheprosceniumarch.ForS3andS6,similardelaytimevalues

totheotherpositionswerealsoobserved(bothleftandrightAilValuesforS3were29ms;

thoseforS6were29ms),buttheywerenotmaximumamplitudesasAil.

Table2.5 Statisticalvaluesofthemeasurements.Average,standarddeviation(SD)andrange
(maximumminusminimumvalues)ofmeasuredrelativeLL,Tsub,andIACC

location A) 125 250 500 1k 2k 4k

LL Pit Average -2.9 -7.1 -8.3 -6.2 -4.6 -3.8 -2.5

【dB】 SD l･0 1･3 1･6 0･8 0･9 0.8 1.1
Range 4.1 5.9 6.6 2.4 3.7 3.3 4.3

Stage Average -9,8 113.5 -14.1 113.2 -13.4 110.2 -9.1
SD 2.0 1.5 1.4 1.6 1.5 1.8 2.3

Range 6.1 5.1 4.6 5.0 6.4 4.9 7.5

Ts｡h Pit Average
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Range
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Figure2･28 ResultsofrelativeLLasafunctionoffrequency.(a):LLforthesourcesin
thepit;and(b):LLforthesourcesonthestage.0:averageLLforallsourcelocationsin
thepitoronthestage.Rightsideplotswithoutlinesaretheresultsforallpassband.◆:
plorSl;■:P2orS2;▲:P3orS3;◇:P4orS4;□:P5orS5;and△:P6orS6.

Figure2.27(C)ShowsthecontourlinesofA value.Generally,A valuebecame

larger,asthedistancefromtheconductorwasfarther･Avalueforthedistancewasrapidly

increase,especiallyinthepit,duetothemultiplereflectionsinsidethepit.Namely,A

valuewas1.58atrightchannelofPland9.10atsamechannelofP6.MaximumAvalue

was3.3inthestallofthesametheater(Sakaietal.,unpublished).AvalueatS6was

relativelysmallbecausestronginitialrenectionswereabsorbedinsidethestagehouse.For

allsources,Avaluesatleftchannelbecomelargerthanrightonesastheleftchannelofthe

conductorwerealwaysnearerthanrightone.

Figure2.27(d)showsthecontourlinesofTsub(500Hz)foreachsourcelocation.

TheaverageTsub(500Hz)forthestagesourceswas1.52S,whichwaslongerthanthe

valuesforthepitsourcesl･07S･ThislongerTsubisduetothestagehouse.Differences

betweenmaximumandminimumTsubSWere0.37sforthepltsourcesand0.54sforthe
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stagesources.Figure2.29(a,b)showtheresultsofT,ubaSafunctionoffrequencyforthe

pitsourcesandthestagesources,respectively.Althoughthefrequencycharacteristicsof

TsubWerealmostflatforthepltsources,Tsubincreasesatlowerfrequencyrangesforthe

stagesource･ThislongerTsubatlowerfrequencyrangeiscausedbytheeffectofalarge

volumeofastagehouse.StatisticalvaluesforTsubisindicatedinTable2.5.
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Figure2･29 ResultsofTsubaSafunctionoffrequency.(a):Tsubforthesourcesinthepit;
and(b):Tsubforthesourcesonthestage.0:averageTsubforallsourcelocationsinthe
pitoronthestage.Rightsideplotswithoutlinesaretheresultsforallpassband.◆:PI
orSl;■:P2orS2;▲:P3orS3;◇:P4orS4;□:P5orS5;and△:P6orS6.
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Figure2･27(d)showsthecontourlinesofIACC(500Hz)foreachsource

location･TheaverageofIACCforthepitsourcewasO･54,whichwasaslargeasthatfor

thestagesourceO･51･Foreachsource,IACCwaslargeraboveO･4･Figure2.30(a,b)show

theresultsofIACCasafunctionoffrequencyforthepltsourceandthestagesource,

respectively･ForthepュtSOurCeS,IACCdecreaseasthecenterfrequencylnCreaSe.ForP6,

therewasadipat250Hz.ForP2andP4,IACCat125Hzbecomesmallerthanthatat250

Hz.ThecomplicatedinitialreflectionsinsidethepitwallsmayglVeSOmeinterference

effectsbetweenthedirectsoundandstronginitialreflectionsorthestandingwave(Meyer,

1998)betweentheoverhangedstageandthepitfloor･Ontheotherhand,IACCat2kHz

(0.43)washigherthanthatat1kHzand4kHz,althoughIACCdecreasedmonotonically

upto1kHz.IACCabove500Hzkeptlargevaluesfb∫Sl.

6

4

仇V

の
)

U
乱
Eq
ii

8.2

0.め

1.8

0.8

め.6

0.4

0.2

0.珍

1◎0 50◎ 1k 5k(コl.lpclss

l/1octavebdndCente｢f｢equenCy [Hz]

Figure2.30 ResultsofIACCasafunctionoffrequency.(a):IACCforthesourcesin
thepit;and(b):IACCforthesourcesonthestage.0:averagemCCforallsource
locationsinthepitoronthestage･Rightsideplotswithoutlinesaretheresultsforallpass
band.◆:PlorSl;■:P2orS2;▲:P3orS3;◇:P4orS4;□:P5orS5;and△:P6
orS6.
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Figure2.31andFigure2.32Showtheinterauralcrosscorrelationfunctions

foreachlocationofthepitsourcesandthestagesources,respectively･Figure2･27(f)

showsthecounterlinesofTTACC.Althoughmaximumpeakswereunstableforthepit

sourcesasshowninFigure2･31,forthestagesources,Clearpeaks,whichdetermine

IACC,existasshowninFigure2.32.ThevaluesofTIACCgivetheinformationthat

theeachsourcelocatesontheleftsideoftheconductor･EspeciallyforP2,P3,and

P6,peaksOHACFweresmam,andvaguedirectionalitymaybeobtained.According

totheseresults,ordereddistributioncannotbeobtainedfわrthepitsourcescomparlng

withthestagesources.ThevaluesofW IACCWerealmostconstantamongsourcesin

thepltandonthestage.AverageW IACC forpltsourcesandstagesourceswere0.05

(SD:0.01)and0.04(SD:0･01),respectively.

AsshowninFigure2･27(a),varianceofLLfortheback-and-forthdirectionwasmuch

remarkableatfrontalareaonthestagethanthatforthesidedirectionaswellasaprevious

result(Sakaietal.,unpublished).AsshownintheLLforS3,forthesourceattheside-front

onthestage,LLkeptrelativelylargeatconductor'slocationduetothestrongreflection

fromtheprosceniumarch.

Regardingtothemusicintheorchestrapit,LLaround250Hzhadadipatthe

conductor'slocation･Consequently,musicianplaylnginstrumentswithlowerfrequency

rangeissuggestedtobefrontalareaneartheconductorintermsofacoustics.

AveragedLLforthepitsourcesis7･OdBlargerthanthatforthestagesources.A

trainedvoice,whichcancarrypowerandbrillianceathigherfrequencyrangearound2-4

kHz("singer'sfomant"),maybecarriedtoaconductoraswellaslisteners.

Forthepitsource,AilWasmainlyaround2-3ms,whichcamefromthepltrail

Justbehindtheconductor･Conside血gthatasoundfieldforaconductorshouldbe

designedassameprocedureforlisteners,suchvaluesofAilaretooShort.Toavoidsucha

shortdelaytime,thepitrailjustbehindtheconductorareremovedorhaveaproperty

degreeatwhichthestrongInitialrenectiondonotarrivetotheconductor,Ontheother

hand,anotherideaisthatsuchashortreflectionworksforthereinforcementofloudness,

asapersoncannotperceivedelaytimeof3ms.Itisnecessarytoclarifywhethersucha

shortdelaytimecanworkforsubjectiveresponseofaconductorinthefuture.Forthe

stagesources,Ailaround30mswastoolongforaconductorintermsofsinglngvoice.

PreferredAilforlistenersrelatestoeffectivedurationofautocorrelationfunctionofa

soundsourceTe(An do,1998),itcanbesuggestedthatTeOfthesourcebecomelongerin

Slnglng･
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Figure2.31 Interauralcrosscorrelationfunctionsattheconductor'spositionforeachsource
intheorchestrapit(P1-P6)･

Tsubforpitsourceareshorterthanthatforstagesource･Generally,forslnglng

voice,optimum71｡bisshorterthanthatfororchestra(Ando,1985)･Thus,thisrelationis

inconsistentintermsofちOfthesoundsource.Consideringtheboundaryconditionsofthe

soundfieldsintheorchestrapitandonthestage,thisrelationisdifficulttoimprove

dramatically･Ifastagesetexistsonthestage,Tsubmaybecomemuchshorter,butthismay

notbeenough.Thus,asdescribedhere,thesuggestionthatthesoundfieldforaconductor

shouldbedesignedaswellasthatforlistenersdoesnotbesupportedinrelationto

temporalfactors(AilandTsub),Orisdifficulttoachieve･
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Figure2.32 Interauralcrosscorrelationfunctionsattheconductor'spositionforeach
sourceonthestage(S1-S6).

Forthesourceasafirstviolinplayerinfrontoftheconductor,T.sub (Pl:0.85sat

500Hz)isshorterthanthatforfurthersource(P5:1.22sat500Hz).Differencesbetween

maximum andminimum TsubSWereO･37sforthepitsourcesand0.54sforthestage

sources.Itmaybepossiblefわraconductortorearrangethelocationofeachinstrumental

playeraccordingtosuchadistributionofTsub.WhenaslngerSlngatfrontalareaonthe

stage,TsubatCOnductor'spositionforthemiddleposition(nearS2)becomelongerthan

thatatcenter(Sl)orside(S3)position.
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Forbothsourcesinthepitandonthestage,valuesofIACCweretoolarge,

consideringthatasoundfieldshouldbedesignedsimilartothatforlisteners･Forplt

sources,asthesourcesareveryclosetotheconductorandthedirectsound

componentislarger,itshouldbedifficulttoimproveIACC･But,ifthedegreeofthe

pltrailorlateralwallinthepitarewelldesigned,IACCshouldbecomesmaller

(namely,better).Forthestagesources,itmaybepossiblebyadjustingthedegreeof

thesurfaceofprosceniumarchorthelateralwallsinthehall,whichissameforthe

frontalareainthestallforlisteners.

Remarks

Thepresentinvestigationprovidesusefulknowledgeforaconductorforthesoundemitted

bysourcesintheorchestrapitandonthestageinatypicalhistoricaloperahouse.

Conclusionsareobtainedasfollowlng.

Forthesoundsourcesintheorchestrapit,thedipsofrelative比 wereobseⅣedatlow

frequencyrange(-12.5dB250HzforP6)duetotheinterferenceeffectsbetweenthedirect

soundandstronginitialreflectionsinsidethepit.Playerswithlower-frequencyInstruments

aresuggestedtobe丘Ontalareaneartheconductorintermsofacoustics.

Thesuggestionthatthesoundfieldforaconductorshouldbedesignedaswellas

thatforlistenersdoesnotbesupportedinrelationtotemporalfactors(AllandT,ub).

Especially,AilWasObservedmainlyaround213ms,whichcamefromthepltrailjust

behindtheconductor.AlsoIACCat500HzwaslargeaboveO･4,whichisquitelargerthan

thatinastall.

Tsubforpitsource(1･07sat500Hzinaverage)areshorterthanthatforstage

source(1.52S).IntermsoftheoptimumTsub fortheorchestramusicandsingingvoice,this

relationisinconsistentforalistener'Scondition

IACCat2kHz(0.43inaverage)waslargerthanthatat1kHzand4kHzforthe

sourcesinthestage.

Accumulationofsuchameasurementdatainrelationtosoundfieldsonthestageandin

theorchestrapltinsideoperahouses,physicalcharacteristicsoftheirsoundfieldswillbe

known,andtheywillgivevaluableandusefulinformationindesigningasoundfieldfora

conductorbyadjustingthedegreeofproscenium archandapitrail･Aswellasthe

procedureforadjustingsoundfieldbyaslngerOnthestageandmusiciansintheplt

accordingtotheirpreference,aconductorcangiveOrdersfortheirplayinglocation.
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2.2.4 AcousticalMeasurementforListenersinaBox

lnordertoclarifythecharacteristicsofsoundfieldsforlistenersinsideboxesofatypical

historicaloperahouse,acousticalmeasurementswereconductedinsideboxesofatyplCal

Italianoperahouse"TeatroComunale"inModena,Italy,asshowninFigure2･33and

Figure2.34(a,b).Toinvestigatetheeffectsofheadscatteringofpersons,thenumberof

personsinsideaboxandthelocationofareceiverwerechanged,andphysicalfactorswere

calculatedfrom binauralimpulseresponses.Eachorthogonalfactor(Ando,1998)is

comparedtothatinatypicallocationinthestallfortherespectiveconfiguration.

OmnidirectionalsoundsourcewaslocatedonthestageemulatingaslngerOrinthe

orchestrapュtreproducingthelocationsofmusicians.

Regardinginitialtimedelaygaps(ITDG)insideboxesforlisteners,thefirst

reflectionarrivesfrom theinside-boxwalls,butthestrongestandmostslgnificant

reflectionarriveslaterfromthelateralwallofthehall(Cocchieta1.,2000).Thus,inthe

reference,theyselectedtheITDGatthestrongestreflectionfromthehall.

Thetheaterhasahorseshoe-shapeinplan,fourtiersofboxesplusagalleryonthe

wallsandavaultedceilingwithalargechandeliersuspendedinthecenter.Numberofthe

seatsis900(2/3inthefivetiersofboxes).Volumeofeachboxisapproximately6m3,and

openingsurfaceis1.8m2(height:1.2m;andwidth:1.5m).

Figure2･33 "TeatroComunale"inModena,Italy
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Figure2.34 "TeatroComunale"inModena･(a):Plan;and(b)Section.
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1m

;二m

Figure2.35 Locationsofreceiversandsoundsources.Receiver'slocationsinthestall,and
boxes(BoxAandBoxB)areindicatedinfmedsquares.Omni-directionalsoundsourcesare
locatedonthestageorintheorchestrapit.

Procedure

MLSmeasurementswereconductedtoanalyzebinauralimpulseresponsesfortwo

differentsourcelocationsaswellaspreviousmeasurements.Locationsofsoundsources

andreceiversareillustratedinFigure2.35.Onesourcewaslocatedatthecenterofthe

stageasatypicalstandingpositionofasinger(2-m from thestageedge,llm from

centerline,andl･5-m high)･Anotherpositionwaslocatedintheorchestrapit(atthe

positionoflstviolin,1･5-mfromapitrail,1-mfromcenterline,andl･25-mhigh).An

omnidirectionaldodecahedronloudspeakerwasusedasasoundsource.Notethatthe

sourceemployedforthemeasurementsdoesnotincludethedirectivityofaslnger

(MarshallandMayer,1985)･Asreceiver'Slocations,onepositioninthestall(Row12;No.

7)andtwoboxes(afrontalNo･4andabackwardNo･14boxatthe3rdfloor)Were

selectedasrepresentedinTable2･6･No･4boxandNo･14boxwillbecalledBoxAand

BoxBrespectivelyfromnowon.Thelocationatthereceiverandatotherlistenerscloseto

himwasorganizedaccordingtofourpatternsasshowninFigure2.36formeasurementsin

theboxes.Ahatchedcircleinthefigurerepresentsarealperson'Sheadwithtinycondenser

microphonesatbothears･Personsintheboxeswereaskedtofacethesoundsourceduring

themeasurement.Ⅰnthecaseofthestalls,Pattem3wasnotmeasured.Pattern2inthestall

55



wasonerawattherearofPattem 1(Row13;No.7),andPattern4consistedinfourseats

aroundPattern1(Row 12;No.6-8andRow 13;No.7).Thesetupofthemeasurement

chainissimilartotheprevioussubsections.

Table2.6 IJOCationsofthesourceandreceivers.

Sourcelocation Receiverlocation

Onthestage

Stall(Row12;No.7)

Box(3rdtiers;No.4)as"BoxA"

M～___～V堅xj3r9..t享.更rNSj聖二14.)LeS"B9空軍"

Stall(Row12;No.7)

Ⅰntheorchestrapit Box(3rdtiers;No.4)as"BoxA"

Box(3Tdtiers;No.14)as"BoxB"

◎
㊨

脚 謂胃
Pclttern1 PatternZ P(】ttern3 P(コttern4

Figure236 An angementsofpersonsinabox(Pattern1-4).Hatchedpersonofeachpattemis
areceiverwithmicrophoneatleftandrightears.

Resultsanddiscussions

Typicalexamplesofbinauralimpulseresponses(initial150ms)inBoxち,whenthesource

wasonthestage,areshowninFigure2.37(a-d).Astherewasnoobstacleinthesightline

betweenthesourceonthestageandBoxB,thedirectsoundhasthemaximumamplitude

asshowninFigure2･37(a)･Thestrongestreflectionwithitsdelaytime26mscamefroma

lateralwallofthehall･However,multiplereflectionsbetweenwallsinsidetheboxdueto

thedirectsoundcomponentcanbeobservedbeforearrivalofthestrongestreflection.As

showninFigure2.37(b,C),thestrongestreflectionfromthelateralwallofthehall,which

appearedforPattem 1,wasweakenedornotobservedatallduetothescreeningeffectat

thesidewallsofthebox.Multiplereflectionsbetweenwallsinsidetheboxwererelatively
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largerthaninPatternl･IntherightimpulseresponseofPattern2,astrongestreflection

(37ms),whichisdifferenttheoneinPattern1wasobserved･As showninFigure2.37(d),

inadditiontotheeffectsofthemultiplerenections,initialreflectionsbecameso

complicatedduetotheheadscatteringofthethreepersonsinfrontofthereceiver.

(cL)

(b)

(⊂)

(d)

◎ 50 100 150

Time [ms]

Figure2.37 TypicalexamplesofimpulseresponsesinBoxBatleftandrightearwhen
thesourcewasonthestage･(a)Pattem1;(b)Pattem2;(C)Pattem3;and(d):Pattem4,
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◎ 50 100 150 0 50 100 150

Time [ms] Time [ms]

Figure2･38 Examplesofbinauralimpulseresponsesinboxeswhenthesourcewasinthepit.(a):
Pattem 1atBoxA;(b):Pattem4atBoxA;(C):Pattem1atBoxち;and(d):Pattem4atBoxB."S"and
"氏"indicatesourcelocationandreceiverlocation,respectively.

Figure2.38(a-d)givesinitialbinauralimpulseresponsesinBoxAandBoxB

whenthesourcewasinthepit･ResultsofPattem1and4areshownforbothboxes･Except

forPatterns1ofBoxA thefrontwalloftheboxorthepitrailinterruptedsightlines

betweenthesourceandthereceivers･AsshowninFigure2.38(b),theinitialstrongest

reflectionafter4msfromtheweakdirectsoundmightcomefromtheceilinginsidethe

box･Similarlytothesourceonthestage,multiplereflectionsbetweenwallsinsidethe

boxesandscatteringsbyheadsareobseⅣedinPattern4forbothboxes(Figure2.38(b,d)).

Thus,lmpulseresponsesdramaticallyvariedaccordingtothereceiver'sposition,

tothenumberofpersons,andtotheirrelativelocationinthebox.Thatistosay,physical

factorsarealsoexpectedtovary.

ResultsofrelativeLLasthefunctionof1/1octavebandcenterfrequencyfrom125Hzto4

kHzareshowninFigure2･39(a-i)･Leftfiguresarethecasesofthesourceonthestage,

andrightonesisinthepit.Toprowisthecasesofthereceiversinthestall,middleisin

BoxA andbottomisinBoxB･Differentsymbolsrepresenteachpatternofarrangements.

Right-sideplotsofeachfigurewithoutalinearetheresultsforA-weightedallpassband.

Notethatresultsbetweendifferentsourcelocationscannotbedirectlycompared,although

thesourcepowerwassameforbothsourcelocations.ThisidbecausetheseLLresultsare

relativelevelstoeachsource･ComparlngtheLLvaluesforthesourceonthestagewith
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thatinthepit,LLvaluesforthestagesourceweresmallerthanforthepュtSOurCe.When

thesourceisplacedonthestage,theoutputsignalradiatedfromtheloudspeakerisequally

distributedinalldirections.An dthemainreflectivesurfaceclosetothestagesourceisthe

stagefloor･Radiationfortheloudspeakerandthereflectionfromthestagefloorarespread

intopartlytheabsorptlVeStagehouseandpartlyinthehall･Ontheotherhand,forthe

sourceinthepit,therearefivereflectivesurfacesnearthesource,namelythepitfloor,the

pitrail,thesidewalls,andtherearwallinthepit･Furthemorethereflectionsagainstthe

rearwallatthepltaremainlyradiatedintothehall,asthereisnopitoverhang.

ValuesofLLat125Hzwereboostedforthepitsource,especiallyatthereceiver

inthestall(upt0 -14dB)･Thisphenomenonisconsideredtobebyacouple-roomeffect

betweentheorchestrapitandthehall.ForPattern3inBoxA,LLwaslocallyboostedat

250Hzwhenthesourcewasonthestage.

ThemaximumLLatallpassbandforeachconditionwasobservedatfrontal

position(Pattern1)inbothboxes,andLLforPattern2,3,and4Weresmallerthanthatof

Pattern1(upto5dBdifferences),althoughLLwasalmostconstantforeachpatterninthe

stall.ThisshouldberelatedwiththesmallernumberofreflectionsthaninthePattern1for

theinnerboxes.InFigure2.39(b),incomparingwiththeothers,distributionofLLforthe

pュtSOurCeWasquitesmauinthestall.Theirstandarddeviationwaslessthan0.5dBforall

frequencybands.Inthiscase,thepitrailshieldedthesightlinebetweenthesourceandthe

receiver.An dasalreadydescribedabove,manycomponentsofstrongreflectionsare

radiatedintothehallbythereflectionsfromflatandhardsurfaceoftherearwallintheplt.

ThesereasonsmakepossibletosuchatightdistributionofLL

ResultsofAilarerepresentedinTable2.7.ValuesofAtlatbothearswerecalculated

separately,becausetheAilValuesateachearwerequitedifferent,especiallyintheboxes･

ValuesofAilinthestallforthestagesourcewerealmostconstantas39-40ms.Inthiscase,

thedelaytimesofthemaximumreflectionsatbothearsalmostcoincided,becausethe

reflections'pathsbywayofthesidewallofthehallweresame･Ontheotherhand,values

ofAilinthestallforthepitsourceweredifferentatleftandrightears･Inthiscase,leftAil

wasshorterthanrightone,becausethepathsweredifferentandalsofurthercomplicated

bythediffractionaroundreceivers'head･

IncomparisonbetweenAtlSforthesourceonthestageandinthepit,forexample,

At.inthestallforthestagesource(40ms)wasshorterthanthatforthepitsource(65ms)

atleftearofPattern1.
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Figure239 ResultsofrelativeLLof1/1octavebandcenterfrequency-Extremeright
plotsineachfigureareresultsofallpassband(A-weighted).●:Pattem 1;△:Pattern2;
□:pattem3;andO:pattem4.S:Sourcelocation;and良:Receiverlocation.

InBoxAforthestagesource,AtlValueswerealsoquitedifferentbetweentheears.Thisis

duetoitsasymmetricalshapeoftheboxclosetothestage･Thefirstmaximumreflection

arrivedfromthesidewallorceilinginthehall(At.>40ms),wallsinsideboxes(7-12ms),

Stageorpitfloor(4ms),andhumanhead(1-3ms)･InBoxAforthepitsource,similar

tendencywasobserved.However,thestrongreflectionsfromtheflatandhardsurfacesof

apitWallarrivedasafirstrenectionwith48msforPatternl･InBoxBforthestage

source,suchatendencywasnotobseⅣedbecausethisboxisalmostsymmetricforthe

centerlineofthetheater.
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Table2.7 ResultsofleftandrightAilandtheirranges,whicharethe

di触rencebetweenmaximumandminimumvalues.

Receiver
Source Stage

Pattem Left Right メ-eft
1 40 40 65

2 39 39 57 77

101 77

Range 1

Stall

44 0

1 17 42

2 7 11

BoxA 3 8 7

4 7 11

Range lO 29

48 48

10 4

10 10

9 4

39 44

1 26 26

2 19 37

BoxB 3 28 26

4 19 37

Range 9 11

28 43

33 33

27 26

48 30

21 17

InBoxA,themaximumreflectioncamefromthewallinsidetheboxforPattern

2-4(Ail<llms),whereasthefirstreflectionforPattern1camefromthesidewallofthe

hallasdescribedabove.Inopposite,dominantreflectioncamefromthelateralwallsinthe

hallforBoxB.Thus,differentcharacteristicsforthisparameterwereseeninthedifferent

boxes.Thiscanbeinterpretedasamoreunifom listenlngenvironmentfortherearbox

comparedtothefrontalone.

AsrepresentedinTable218,valuesofAforthepitsourcewerelargerthanforthe

stagesource,althoughtherearesomeexceptlOnS.Thedifferencesofaveragevaluewere

O･39inBoxA,and1.32inBoxB･ForBoxA,AvaluesofPattern2-4Werelargerthanthat

ofPattern1forbothsourcelocations･Thismeanstheincreaseofthereflectioncomponents

bymultiplereflectionsbetweenwallsorscatteredreflectionsbytheheadsattheother

listenersatrearpositionsinsidethebox･But,suchacleartendencycouldnotbeseenfor

thoseinBoxB.
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Table2.8 ResultsofleftandrightAvalueandtheirranges,whichisthedifference
betweenmaximumandminimumvalues.

e Pit
Receiver

Left Right
1.28 1.22

1.98 1.25

0.84 1.37

Pattem Left 且ight
l 1.27 1.54

2 1.39 1.53

4

e 0.49 0.23 1.14 0.15

BoxA

1 1.02 0.70

2 2.65 1.64

3 2.87 2.80

4 306 1

e 2.04 2.10

1.20 1.44

2.57 4.86

2.33 2.43

38 5

1.37 3.65

1 1.14 1.00

2 1.26 0.82

BoxB 3 1.05 1.15

4 183 0

e 0.78 0.33

2.87 1.44

2.64 2.34

2.94 2.91

57 3

1.37 1.88

TheparameterTsubisnotdistributedintoawiderangebetweenthepatterns.Sotheresults

areindicatedastheaverageamongpatternsasshowninFigure2･40(a,b)･ValuesofTsub

for500Hzand1kHzare1.4sand1.3sforthestagesource,andl･3sandl･3sfortheplt

source,respectively･Forbothsourcelocations,Tsubabove250HzinBoxAwaslargerthan

thatinthestallandintheBoxB.Forexample,valuesofTsubat500Hzinthebothboxes

were1.5sforthebothsources,andthoseat1kHzwere1.6S.Oneofthereasonsisthat

thelocationofthereceiverisclosertothestagehousethantheothers.Sothe

characteristicsofstagehousewithlargevolumeenhanclnglongerTsub affectstheTsub

valuesintheBoxA.ValuesofTsubinthestallandBoxBaremoresimilar,thoughthe

latterwassmallerforthesourceonthestage.

Figure2.41(a-f)showstheresultsofIACC.Inthestall,differenceofIACCwasgenerally

small.EffectsofheadscatteringcouldnotbeseenasshowninFigure2.41(a,b).Inthe

boxes,multiplescatteringbyinteriorboxsurfacescouldbetoreduceIACC･
ForaverageIACCvalues(above500Hz)forthestagesource,IACCinthestallislargest,

thatinBoxBissecond,andthatinBoxAissmallest.Oneofthemainreasonsisthe

existenceofsightlinebetweenthesourceandthereceiverswithoutsomeexceptlOnSfor

thereceiversinsideboxes(Pattern2,3,and4).Infact,byarrivalsofstrongdirectsounds

atthereceivers,IACCkeeplargevalues.
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l/1oCtclvecenterfrequenCy [Hz]

Figure2.40 Res111tsofTsub Of1/1octavebandcenterfrequency.Extremeright
plotsin eachfigureareresultsofallpassband(AIWeighted)･(a)Sourceonthestage;
and(b)Sourceinthepit.0:stall;△:BoxA;and□:BoxB.

Forthebothsourcelocations,IACCdramaticallydecreasedbetween250Hzand

500HzinboxescomparlngtO山atinthestall.Ingeneral,IACCvaluesforthepitsource

weresmallerthanonthestage.

Inbothboxes,IACChasadipat125Hzforallreceivers.AsshowninFigure

2.41(e),IACCwasboostedat1kHzand4kHzforPatteml･Ingeneral,IACCvaluesare

largeatlowerfrequenciesasshownintheresultsofthestall･However,IACCdecreasedin

bothboxesatlowerfrequencyranges･Thecauseofthisisconsideredtoberelatedphase

differencesatthetwoears,whichareespeciallyevidentinPattem2,3,and4.

1ntensofIACCatallpassband,IACCbecomelessthanO･2forlocationsat

whichthepathofthedirectsoundwasshieldedasinrearlocationsofabox･Forthesource

onthestage,IACCinthestall(0･23:Pattem 1)becomesmallerthanthatinBoxA(0･33:

Pattem1)andinBoxB(0･43:Pattem1)･
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Figure2･41 ResultsofIACCof1/1octavebandcenterfrequency･Extremerightplotsineachfigure
areresultsofallpassband(A-weighted).●:Pattem 1;△:Pattem2;ロ:Pattem3;andO:pattem 4.
S:Sourcelocation;andR:Receiverlocation.
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Figure2.42 Interauralcrosscorrelationfunctions(IACF)inNo.4box
(front)whenthesourcewasonthestage.(a):Pattem 1;(b):Pattem2;(C):
Pattem3;(d):Pattem4.

Table2.9representstheresultsofTIACCObtainedfromIACFateachreceiver.If

theTIACCISZeroattherangebetween｣).1and+0.1ms,theclearfrontaldirectionofthe

sourceshouldbeperceived.IfIACCisbelow 0.15,apersonperceivess巾jectively

diffusedsoundfield(An do,1998)･Inthemeasurements,largerTIACCValueswereobtained

insomecases･Forexample,TIACCforPattern30fBoxAforthestagesourceandtheplt

sourcewereO･61msand0.95ms,respectively.AllthesecaseshavesomeminorIACF

peaks･Namely,insuchcases,IACCvaluesaresmall(lessthan0.15)･TheIACFpeaks

(butnotmaximum)existalsonearorigin.W IACC Wasalmostconstantaround0.4forall

conditions.ThisparameterinrelationtowhitenoiseaswellasMLSsignalisnotso

slgnificant,becauseitisdeeplyrelatedtothesoundsourceitself.

RegardingLL,iftheoutputpowerofaslngerOnthestageandatamusicalinstrumentin

thepitissame(althoughthisisnotrealistic),theresultingbalanceinthehallwillbein

favorattheinstrument･However,accordingtothestudyuslngaprofessionaltenorslnger,

a"singingfo-ant"around3kHzhasbeendiscovered(Sundberg,1977)･Bymeansofthe

slnglngfomant,slnglngVOicemaysafelyreachwithinstrumentstothelistener'spositions,

65



evenifLLforthestagesourceissmauerthanthatforthepitsource･

ItisinterestingtonotethattheleftandrightAilValuesofPattern2and4

measuredinthetwoboxesforbothsourcepositionswerequlteSimilar,Withtheonly

exceptionatBoxAforthepitsource･ThismeansthattheAilisalmostthesamevaluefora

personatrearseatsalmostindependently,evenifsomepersonsinthefrontrowexistor

notwhenthelistenerisatsecondrow.
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Figure2.43 Interauralcrosscorrelationfunctions(IACF)･(a):Pattern2inthestall
(sourceinthepit);(b):Pattem4inthestall(sourceinthepit);(C):Pattem2intheNot14
box(rear)(sourceonthestage);(d):Pattem4inNo･14box(rear)(sourceonthestage);
(e):Pattem 2inNo･14box(rear)(sourceinthepit);(り:Pattern 4intheNo･14box
(rear)(sourceinthepit)･
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Thus,clearlyAtlValuesweredifferentforthenumberofthepersonsortheirlocation.In

general,anyway,thebinauralanalysisshowsthatthepresenceandlocationofthelistener

andofudummynlistenersimpliesthechangeinAtl,Whichmayintroducedifferent

listenlngCOndition.

Accordingtothepreferencetheory,themaximumamplitudeisdominantasaAll

eveniftherearesomeinitialreflections(An doandGottlob,1979).Butintheprevious

investigationofthisreference,conditionsforamplitudesofreflectionswerelimitedwith

closeamplitudes･Inthepresentinvestigation,renectionsarrivedfromnotonlysidewallsin

theball,butalsofromthewallsinsideboxes.Atthepresentstage,thereisnoexpanded

studyaboutthiseffectofthedominantreflectionbasedonthepsychologicalactivity.

Especially,theearlierfirstreflectionslikereflectionsbetweenwallsinsideboxeshave

neglectedasareflectionfromstagefloorinaconcerthallacoustics,thoughtherearemany

earlyreflectionsatareceiverinsideabox.PsychologlCalexperimentsarenecessaryto

establishwhichreflectionisdominantforsubjectivepreference,forsuchcomplicated

situationofthedifferenceatleftandrightear.

Table2.9 ResultsofTIACC.Therangeisthedifference
betweenmaximumandminimumvalues.

TIACC【ms]
Receiver Pattem Stae Pit

1 0.02 0.02

2 0.09 0.02

Stal1 4 0

Average 0.04 0･03

e 0.09 0.03

1

2

3

4

Average

0,02 0.05

-0.02 0.ll

0.61 0.95

-0.02 0.07

0.15 0.30

0.63 0.90

1

2

3

4

Average

-0.05 -0.07

0.00 0.00

-0.02 -0.05

00 -0

ー0.02 -0.05

0.05 0.07
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Inthesemeasurements,TsubWasabout1.5satmiddlefrequencyrange.According

tothesubjectivepreferencetheory,optimumTsubisrelatedtothesourceslgnal･Foravocal

source,1.5sisconsideredtobetoolong.However,foroperaperformance,experiential

listenlngCOnditionmaybeincludedthroughhistoryofopera･Anyway,psychologicaldata

forthesource,whichconsistoforchestraandavocal,islackatthepresentstage.

Forthesourceonthestageinthestall,sharppeaksofIACF,whichdetermine

IACCvalues,areclearlyobtainedinthestalls.InBoxA,IACCforPattern1hasamajor

peak,butfortheotherpatterns,peaksbecomevagueasshowninFigure2･42(a-d)･

RegardingtothemaximumpeaksofIACF,whichdeterminespatialfactors,aclearand

sharppeakwasobtainedwhenapitraildoesnotshielddirectpathasshowninFigure

2.43(a-f).Inopposite,avagueandminorpeakisobtainedwhenthedirectsoundpathis

shieldedbythepitrail.

Inconcerthallacoustics,lnOrdertoevaluateahall,preferencescalevaluesareanalyzed

byuseoforthogonalfactorsateachseat･However,itisquitedifficulttoevaluatethe

soundfieldinsideboxes.Thisisbecausecharacteristicsofthetemporalfactors(Atland

T,u｡)differfromconcerthalls･ForAtl,apartOfinitialreflectionscomefromwallsinsidea

box,andcharacteristicsofthesourceslgnalsarequlteCOmplicatedtoidentify.Thatiswhy

thescalevalueswerenotcalculatedinthispapertoevaluatesoundfieldinsideboxes.

Remarks

lnthesemeasurements,thecharacterizationforlistenlngCOnditionsinboxesintheopera

theatreispartlyclarifiedbyuseoforthogonalfactors･ComparlngtheLLvaluesforthe

sourceonthestagewiththatinthepit,LLvaluesforthestagesourceweresmallerthanfor

thepitsource.ValuesofLLat125HzwereboostedforthepltSOurCe,especiallyatthe

receiverinthestall(upt0-14dB).TheAilValueswerequitedifferentatbothearsinthe

boxes.ItisinterestingtOnotethattheleftandrightAilValuesofPattern2and4measured

inthetwoboxesforbothsourcepositionswerequitesimilar.ThismeansthattheAilis

almostthesamevalueforapersonatrearseatsalmostindependently,evenifsomepersons

inthefrontrowexistornotwhenthelistenerisatsecondrow.Moreunifom listening

environmentfortherearboxcomparedtothefrontalone･TheparameterTsub lSnot

distributedintoawiderangebetweenthepatterns.Forbothsourcelocations,Tsubabove

250HzinBoxAwaslargerthanthatinthestallandintheBoxB.Forthebothsource

locations,IACCdramaticallydecreasedbetween250Hzand500Hzinboxescomparlng

tothatinthestall.
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2.3 AcousticalMeasurementinOutdoorSpace

2.3.1 AcousticalMeasurementinaForest

Theorlghalacousticspaceforhumansmightwellhavebeenasoundfieldinaforest.

Sincethenwehaveexperientiallydeterminedthatsuchanoutdoorspacehasexcellent

acousticproperties.Aforestconsistsofvariousrandomlydistributedtreesofdifferent

diameters.Obviously,itisdifficulttocalculateimpulseresponseatpresent,because

complicatedreflectionsarescatteredfromthetrunksoftrees･Inthispaper,measurements

weremadetodeterminetheacousticpropertiesofsoundfieldsinaforestaswellasthose

inaconcerthall.

Inthesemeasurements,valuesforAilcouldnotbeidentifiedintheforestotherthanfor

reflectionfromtheground,becauseofweakscatteredreflectionsfromthetrees.TheAilaS

anorthogonalfactorisdeBnedasatimeintervalbetweenadirectsoundandafirst

reflectionfrom asidewallexceptareflectionfromafloor.Hence,thefirstreflections

comlngfromthegroundwereneglectedinaccordancewiththedefinition･

Procedure

TheacousticalmeasurementswereperformedinaforestownedbyKirishimaShrinein

Kagoshima,Japan.Thediametersoftreeswhichconsistedmainlyofdeciduoustreesand

variousshrubswereclassifiedintothreecategories;i.e･,0･3,0･6andIlomasshownin

Figure2.44.Theheightsofalltreeswereabout18.5m･Inthecenteroftheforest,there

wasa5-meterwidepathmadeofasphaltwheretheloudspeakerandreceiverswereplaced･

Windwasnotpresentduringthemeasurementsintheforest.Thehumidityand

temperatureneartothegroundwerealmostconstantforabout20minutesmeasurements.

Awave-guidefromtheupperportionoftheforest(Embleton,1996)wasnotconsidered,

becausethemeasurementswereconductedsofaras40mfromthesource.

SoundfieldsobtainedintheKirishimalntemationalConcertHall,Kagoshima,

Japanwerecomparedwithresultsobtainedintheforest.Thelocationofthesoundsource

andmeasurlngpOlntSindicatedbythegrayseatsareillustratedinFigure2.45.

An omnidirectionaldodecahedronloudspeaker,S,andrecelVlngpointsWerearrangedas

showninFigures2.44andFigures2.45･TheheightofthecenterofSwas1.5mabovethe

groundsurfaceorthestagefloor･TheheightsoftherecelVlngPOlntSWere 1.7±0.05m

(intheforest,standing)or1.15± 0.05m(intheconcerthall,sitting),respectively.
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Figure2A4 Themainpathoftheforestinvestigatedoveratotalareaofabollt200,000
m2.Thesym bolsindicatedifferentdiameters;+:1.0;0:0.6;0:0.3lm].Aloudspeaker
wassetasasoundsourceS.Thepersonwithtwocondensermicrophonesplacedatear-

entranceswasappliedtoeachrecelVlngPOint.

Figure2･45 Concerthallmeasuredforcomparison･Ithasavolumeof8475m3and770
seats.TheloudspeakerwassetonthestageasasoundsourceS.TherecelVlngPOintwas
setattheheightof1.15j=0.05mabovetheseatingfloc-r.
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ThemeasurementsetuplSillustratedinFigure2.46.TheMLSsignalradiated

fromthesoundsourceS.TheLLwasabout100dBAatthe5-meter-referencepolnt.Two

microphoneswereplacedattheearsofapersonwhofacedtheloudspeakerduring

measurement･Themicrophoneswereofthe1/21inchcondensertype･

Thefourphysicalfactorsandthreeadditionalfactorspreviouslymentionedwere

analyzedusingbinaural-impulseresponses･Inordertoobtainimpulseresponses,firstofall,

signalsafterA/DconversionintomicrophoneswereanalyzeduslngafastHadamard

transform (FHT).Afterobtainingbinaural-impulseresponses,physicalfactorswere

calculatedfb∫each1/1octave-bandcenterfrequencybetween125Hzand4kHz.The

slgnalTsdurationwas2･7S,andthesamplingfrequencywas48kHz･Inordertoimprove

thesignaltonoiseratio,thesequencedsignalswererepeated8times.

Results

Binaural-impulseresponsesobtainedatadistance20mintheforestareshowninFigure

2･47(a).Theinitial30msofimpulseresponsesateachreceivingpointareillustratedin

Figures2.47(b)-(e).

ThemeasuredrelativeLLsfor1/1octavebandfrequenciesbetween125Hzand4

kHzareshowninFigure2.48,asafunctionofthedistance.Ingeneral,LLattenuates

accordingtotheinverse-squarelawinafreesoundfieldasshownbythestraightlinein

Figure2.48.However,theLLintheforestdecreasedmuchmorethan theLLforthe

inverse-squarelawexceptfor125Hz･

Ledcahedrspeake1.5mOnr コ0,05汀｣

心.....

Slgn｡Analiz∈rI -

Figure2.46 Schematicillustrationofmeasurementwithadodecahedron
loudspeakerandtherealhead.
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Figure2.47 Norn1alizedimpulseresponsesanalyzedintheforest.Binaural-impulse
responsesat20mfromthesourcepointfor(a)0-300ms;(b)initialbinauralimpulse
responsesat5mfor°-30ms;(C)atlOm;(d)at20m;(e)at40m.

TheresultsofLLat500Hzarecomparedwiththoseintheconcerthallasshown

inFigure2･49.InthesoundfieldofthehalltheLLwasremarkablyhigherthantheinverse

squarelawduetothemultiplereflectionsofwallsandceilings･

Figure2.50showsvaluesoftotalreflectionsAintheforestandthehalLThelongerthe

distancebetweenthesoundsourceandthereceiveris,thegreaterthevaluesofAarein

bothcases.TheroomradiusdefinedbyA≡1whichmeansthereisequalenergybetween

directsoundandearlyrenection-plus-subsequentreverberation,isfoundnear40minthe

forest,whilethatintheroomisabout4m.
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Figure2.49 ComparisonofLLattenuationsintheforestwiththoseinthe

concerthallat500Hz.●:intheforest;○:inthehall;-:inversesquarelaw.

Figure2･51showsexamplesofthedecaycuⅣesofreverberationintheforestand

intheconcerthall.Figures2.51(C)and(d)Showexamplesofthedecaycurvesat500Hz

and1kHzatapoint19.1m from thesourceintheconcerthall(Satoetal,1994).As

showninFigure2･51,thedecaycuⅣeinthedecibelscaledecreasedalmostlinearlyinthe

concerthall.However,intheforest,thecurveswerenotlinear,maintalnlngtheirlevelafter

0.4S(Figs.2.51(a)and(b))･
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Figure2.50 Comparisonoftotalamplitudesofreflectionsintheforestwith
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Figure2･5l Comparisonsofdecaycurvesforreverberationattheleftear20minthe
forestobtainedbySchroederTsmethod.(a)Forest,500Hz;(b)Forest,1kHz;(C)Concert
hall,500Hz;(d)Concerthall,1kHz･
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TheresultsofmeasuredTsubintheforestareshowninFigure2.52.Itisremarkablethatthe

valuesofTsubat250Hzaretheshortestofthoseoftheotherfrequenciesmeasured.The

maximaofTsubappearednearthefrequencybandaround500Hzparticularlyatdistances

longerthan10m;i.e.,1･66sat500Hzand1.60sat1kHzatthe40-mpolnt.

ThenormalizedinterauralcrossICOrrelationfunctions(ll≦T≦1ms)ateach

recelVlngpointintheforestareshowninFigure2･53.ThevaluesofTIACCandtheWIACC

wereobtainedfromthem.TheresultsofmeasuredIACCareshowninFigure2.54.Here,it

isinterestlngthattheIACCissmallatdistancesfurtherthan20mforhigherfrequency

rangesabove500Hz,forexample,0.53(2kHz,20m),andO･44(1kHz,40m).Atlow

frequencybelow250Hz,thelACCsarearoundO･95･

SincethevaluesforTiACCatallmeasurlngpointsnearlyequalzerointheforestas

showninFigure2.53･Thismeansthatafrontaldirectionforthesoundsourcecanbe

perceived.Figure2.55ComparestheWIACCbetweentheforestandthehallattheallpass

bandasaparameterofdistance.TheW IACCintheforestisalwayssmallerthanthatofthe

room.TheWIACC graduallyincreasesfurtherawayfromthesoundsourceinbothcases.

ThisindicatesthattheASWshouldbeperceivedtobewideratfarfieldpolntS,

Or-
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0CtnVe-bandCente｢f｢equen⊂y【kHz]

Figure2.52 Subsequentreverberationtimeasafactorofthecenterfrequencyofthe
1/1octavebandobtainedbythe0-10dBcurveafterthedirectsoundintheforest. :5;
●:10;△:20;□:40【m].
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Figure2.55 ThecomparisonofmeasuredvaluesforWIACC aSafunctionof
thed istance.+:intheforest;0･.intheconcerthall.

Discussion

Theresultsobtainedheremayberelatedtothediametersoftrunksoftrees.The

lackofexponentialdecaycurvesshowninFigures2.51(a)and(b)isconsideredtobe

causedbyeffectsofmultiplescatteringfromtrees.

About10dBofattenuationwasfわundintheinitial50msafterthedirectsound

arrived,andsubsequentcomponentsconsistentlycomparedwithlinearattenuationina

concerthall.ThesecharacteristicswerefoundinalldecaycuⅣesintheforest.

Generally,apersonprefersaconditionwheretherearedissimilarsoundsignalsat

bothears(asmallIACCvalue)･Figure2.54showsthatIACCsaresmallatlongerdistance

andhigherfrequency.ItisinterestingthattheIACCisassmallasabout0.4at40m(1kHz

and2kHz)intheforest,althoughtheinitialreflectionsareweakasindicatedbythe

impulse responses inFigu re 2･4 7 .

TheWTACCWasalmostconstantaround0.10-0.12untilitreached20mandthere

wasanimmediateincreaseat40mintheforest.TheWIACCOftheroomwaslargerthanthat

oftheforestineachmeasuringpoint･Regardingtherapidincreaseatthefurthestpoint(40

m)intheforest,thismaybeduetothedirectsoundbecomingweakerandcoherent

multiplescatteringreflections･

IfmusicwithaneffectivedurationofACFTeValuescenteredon70ms(An do,

1985)isplayed,thenthemostpreferredvalueofTsubapproaches1.66S(23Te,Te=72ms)

atafrequencyof500Hz･Thisconditionisrealizedatadistanceof40mintheforest･At

40m,theIACCisalsosmall･Forinstance,theforestwouldbeafinesoundfieldforstring
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andwindinstrumentsinvolvinghigherfrequencyranges.Itisfoundthattheforesthas

excellentacousticproperties,especiallyforfactorsofsubsequentreverberationtime(Tsub)

andIACC.MusicmaybebetteratfurtherpointsrelativetothissoundfieldforlargeTsub

andsmallIACC.

Conclusion

Theexcessattenuationbytheinterferenceofthedirectsoundandreflectionoverthe

asphaltsurfacewithahighimpedanceisoccurredinthehigherfrequencyrangeinthe

forest(Embleton,1996)･But,thisinterferenceisnotsomucheffectivefortheresultofthe

LLthanthemultiplescatteringeffectsbytrunksoftrees･TheLLat125Hzinthefo-restat

10and20mwasgreaterthanthatoftheinverse-squarelawasshowninFigure2.48.This

iscausedbytheinterferenceofthedirectsoundandreflectionarrivlngatreceiverinphase.

Intheforest,ltisfoundthatthefわresthasexcellentacousticproperties,especiallyfor

factorsofsubsequentreverberationtime(T,ub)andIACC.ThevalueofTsubWas1.66S(500

Hz),andIACCwasO･44(1kHz)atapoint40mfromthesource･Also,itisfoundthatthe

valueofthewidthoftheinterauralcross-correlationfunction,WIACC,WasSmallerthanthat

intheconcerthall.
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2.3.2 AcousticalMeasurementinaBambooForest

Thissubsectiondescribesacousticalcharacteristicsinabambooforestobtainedbyuslng

thesameprocedureformeasurementsintheforestandinanenclosure･Ⅰntheprevious

forest,thewavelength ofthefrequencybandthatwaseffectiveforTsubandIACC,

approximatelymatchedthediametersofthetreetrunks.Toensurethevalidityofthe

relationshipbetweentheeffectivefrequencybandandtrunkdiameter,abambooforest,

whichconsistsofrandomlydistributedtrunks,wasselected.Ⅰnsuchasoundfield,

Complicatedconditionssuchasmultiplescatteringfromtreetrunks,excessattenuationby

thegrollnd,trunkdistribution,andmanyatmosphericalfactorsincludingtemperature,

humidity,andwindaffectthesoundfield.Consideringthesefactors,thesoundfieldis

difficulttosimulateandtheimpulseresponsesaretoocomplicatedtocalculate.Atthe

presentstage,therefore,theonlyeffectiveapproachistousemeasuredresults.

Procedure

AcousticalmeasurementswereconductedinabambooforestinKyoto,JapaninJune1997.

Themeasurlngprocedurewasexactlythesameasforpreviousmeasurementsintheforest.

Inthismeasurement,theinitialtimedelaygapAilWasnotObtainedbecauseastrong

reflectionattheinitialpartoftheimpulseresponseswasnotobservedduetotheeffectsof

multiplescatterlng･

Acousticalmeasurementswereconductedinpartofthebambooforest.The

bambooisavarietyofPhyllostachyspubescens.Receiverpositionsforsites,5,10,20,and

40mfromthesoundsourcewereselectedasshowninFigure2･56･Areferenceposition

forLLwassetat5mawayfromthesource.Thedensityofbamboointheareawasabout

50trunksper100m2･Thetrunkdiameterswereallabout13cm･Althoughthetree

diametersinthepreviouslystudiedforestwerealmostrandom,thoseinthebambooforest

werealmostunifom.Theareahadaspaceabout3mwideinfrontofthesourcewithout

anybamboo.TheareainfrontofthesourcehadagentleslopeasshowninFigure2.56(b)･

Onthedaywhenthemeasurementswereconducted,thereWasnOWind,andthe

temperaturewasbetween25and27degreescentigrade.Bamboohasamorerigidsurface

thantreesandconsistsofhollowtubes.

LLateachrecelVlngpositionwasobtainedrelativetothereferencepolnt,5-m

from thesource.Inthesemeasurements,valuesforAilcouldnotbeidentifiedinthe

bambooforestexceptforastrongreflectionfrom theground,becauseoftheweak

scatteredreflectionsfromthetrees.TheAilaSanOrthogonalfactorwasdefinedasthetime

interval betweenadirectsoundandthefirstreflectionfrom asidewal1exceptfor
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reflectionsfrom theground.Hence,thefirstreflectionscomlngfrom thegroundwere

neglectedinaccordancewiththedefinition･

Results

Initialpartsofbinaural-impulseresponsesateachpositionareindicatedinFigure2.57(a-d).

Well-balancedleftandrightimpulseresponseswereobtainedforallreceiverpositions.

Thephysicalfactorsdescribedintheprevioussectionwerecalculatedfromtheseimpulse

reSpOnSeS･

ResultsforLLrelativetothatat5m areshowninFigure2.58.Theabscissa

showsthedistancefromthesourceonalogarithmicscale･Decreasesrangingfrom15to

30dBforadoublingofdistancefrom 5to10mwereobservedinthebambooforest,

whereasthedecreasegivenbytheinversesquarelaw(solidline)inafreefieldis6dB.

MeasuredAvaluesareshowninFigure2.59.Generally,Aincreaseswithdistance,

becauseitrepresentsthetotalamplitudeofreflectionsinrelationtothedirectsound.Inthe

bambooforest,too,Aincreasedwithdistance,Correspondingtoanapparentroomradius

(thepositionatA =1Withthesameamplitudesfordirectsoundandreflectionsplus

subsequentreverberation)ofabout10mfromthesource･

(a)

(b)

0 10 20 【m]

Figure2.56 Thebambooforestinvestigated.Locationsofthesoundsourceand
receiversareindicated.Bamboowithintheareawasallaround0.13mindiameter.(a):
crosssectionoftheareaformeasurementsand(b):planoftheareaformeasurements.
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Figure2.59 MeasuredAvalues(allpassband).

DecaycuⅣesofreverberationat500Hzand1kHzateachrecelVlngpositionare

showninFigure2.60.Subsequentreverberationcomponentswerekeptafteraninitialrapid

decreaseof5-10dB.ThistendencylSexactlythesameasforpreviousresultsintheforest.

Inexistingconcerthalls,decaycurvesdecreaselinearlyasshowninFigure2.61(forthe

KirishimaIntemationalConcertHall,Japanasanexample).ResultsforTsubareShownin

Figure2.62･Tsu｡increasedwithdistanceandfrequencyforboth5and10m.For20and40

m,T.Subbecamealmostconstantabove1kHzorslightlydecreased.Tsubhadamaximumof

1.5sat1kHz(40m).For125Hzinparticular,TsubWasquitesmall,0.210.3S,comparedto

otherfrequencyranges.

ResultsforIACCareshowninFigure2･63.1nthehigherfrequencyrange,IACC

becamesmallerandwas0.07at4kHzat20mand0.16at2kHzat40m.Theseresultsare

differentfromtheresultsintheforestinwhichIACCwasnearO･5inthehigherfrequency

range･

ResultsforTTACCandWIACCareShowninTable2.10.1nterauralcrossICOrrelation

functionsateachpositionareshowninFigure2.64(a-d).PositiveTIACCdenotedirectional

perceptionfromtherightsideandnegativevaluesfromtheoppositeside.TheJrIACCWere

obtainedwithin0.1mswithoutexception.TIACCWerebetween-0.02and+0.06.Thus,the

sourceshouldbeperceivedasbeinginfrontofthereceiverforallreceiverpositions.

AlthoughweobservedatendencyforWIACCtOincreasewithdistance,thereweresomedips

at40m.Above20m,W IACCdecreased.
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Figure2･61 Attenuationcurvesat20mfromthesoundsourceonthestageofKirishima
lntemationalConcertHall.(a):500Hz;(b):1kHz.
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Figure2.63 ResultsforIACC.◇:5m;●:10m;△:20m;□:40m.
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Figure2.64 NormalizedinterauralcrossICOrrelationfunctionsateach
measurementpoint.(a)5m;(b):10m;(C):20m;(d)40m.

Discussion

TheLLresultsshowedasimilartendencytothepreviousresultsintheforestin

termsofadecreaseofmorethan15dBfordoublingofthedistance,al也oughLL

generallydecreasesby6dBfordoublingofthedistanceinafreefield.At40m,

whenthesourcepowerwasabout100dB,theseLLsashavingfallenbelowthe

levelofbackgroundnoiseareregarded.As therearenobambooinfrontofthe

source,thiswascausedbyexcessattenuationbythegroundandnoreflections

from above(e･g.,fromleavesorbranches).Forthebambooforest,therateof

decreasewaslargerthaninthecaseofaforestofordinarytrees.Thisresultsis

consideredtobefrom excessattenuationfrom theground(soil)overwider

frequencyrangesinthebambooforest,althoughtherewasexcessattenuationin

thehigherfrequencyrangeduetotheground,whichwasmadefromasphalt,in

thecaseofanordinaryforest(Embleton,1996).
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Figure2.65 Comparisonbetweenthebambooforestandthepreviousforest.(a):
Tsubat40m;(b):IACCat40m.□:resultsforbambooforest;○:resultsfor
previousforest.

ThemaximumvalueofTsubWasShiftedtothehigherfrequencyrangecompared

withtheresultsinanordinaryfわrest,asshowninFigure2.63(a).Thissupportsthe

hypothesiswehadbeforethemeasurementsIForthesoundfieldofthebambooforest,Tsub

increasedwithdistance,andamaximum peakappearedat500Hzwithoutexception.

Comparlngthesoundfieldsofbambooandordinaryforests,T subbecomemaximumat1

kHzorhigherinthebambooforestcomparedwith500Hzintheordinaryforest･And

althoughvaluesofTsubdecreasedabove500Hzforanordinaryforest,Tsubkeptconstant

withalargeLLdecreaslngabove1kHzinthebambooforest･Maximum 7tu｡wasobtained

atabove1kHzinthebambooforest.Thedifferencebetweensoundfieldsinabambooand

ordinaryforestscannotbecomparedsimply.Onereasonisthatthetrunkdiameteris
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constant(0.13m)intheformercasewhileitrangesfromO･3tol･Ominthelattercase.

Thisraisesthefrequencyrangeofreveberantcomponents.

Tsubitselfweresmallerthaninanordinaryforest(116satthemost).Thus,a

bambooforestissuitableforperformancesofrelativelyfast-tempomusic.Forexample,

theoptlmumTsubisl･2sformusicforwhichtheeffectivedurationoftheautocorrelation

functionofthesoundsourceTeis50ms,sincetheoptimumTsubisgivenby23timestheTe

value(seeAn do1998forthedefinitionofTe)･MusicwithsuchasmallvalueofTeincludes

chambermusic.However,itisquitedifficulttoexplainthephenomenonbecauseofthe

complicatedsoundfield,andthereisnoabsorptlVematerialinthatspecificfrequency

range･Tsubbelow250HzwassmallduetoabsorptlOnbytheairandbambooleaves･

At20m,TsubWasconstantataround1.3sabove500Hz.TheTeObtainedfrom

thesevalueswas53ms.Thus,Jazzmusicoraclarinetsolowouldbesuitableforthissound

field.Ontheotherhand,acelloorviolinplayedwithaslowtempowouldnotbesuitable.

Itisworthnotingthatinthehigherfrequencyrange,IACCwassmallerthaninan

ordinaryforest,asshowninFigure2.63(b).Thismaybecausedbystronglateral

reflectionsfromtherigidsurfaceofthebamboo.IACCgenerallybecomessmallerifstrong

lateralreflectionarrivesattheears.ItisworthnotingthatIACCbelow0.1isthesameas

inaproperlydesignedconcerthall･

Conclusion

Itwasclarifiedthattheoutdoorsoundfieldinabambooforesthasexcellentacoustical

properties.Likethesoundfieldinanordinaryforest,thespecificsoundfieldwasobtained,

especiallyintermsofthefactorsTsubandIACC.Thetendencywasfoundthattheeffect

appearsinhigherfrequencyranges(around1kHz)thaninthesoundfieldinanordinary

forest.TsubWas1.5sinthefrequencyrangeabove1kHzataposition40mfromthesource･

TheeffectivefrequencyrangeforTsubWasabove1kHz.Itmayberelatedtothediameter

ofthebamboo.IACCwasassmallasO･07(4kHz)andO･16(2kHz)atpositions20and40

mfromthesource.Thisiscausedbythereflectivesurfaceofthebamboo.

2.4 ConclusionofChapterII

Itisconcluded,fromthemeasurementsinhistoricaloperahouses,asfollows.

FromthemeasurementsforaslngerOnthestage,itisconcludedasfollows.

Aseachphysicalfactorgreatlyvariesonthestagefわrthesourcesintheorchestra

pit,aSlngerCanadjusttothepreferredsoundfieldbymovingthelocationonthestage.For
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LLandTsub,thevarianceofthesefactorsareremarkablefortheback-andforthdirectionin

thefrontalareaonthestage.Ontheotherhand,thevarianceisnotsoslgnificantforthe

sidedirection.

IntermsofIACC,itcanbesuggestedforaslngertOPerforminthemiddle-front

onthestagewherehasastrongreflectionfromthefrontaldirection.Onthefrontal-center

locationonthestage,however,anun-preferredupwardreflectionforasingerfromthe

prosceniumarchshouldbeavoided.

FromtheresultsofTIACC,aSlngerOnthestagecanlocalizethedirectionofthe

sourceevenforthesourceunderthestage.

Theseresultssuggestthenecessityofthepsychologicalexperimentsforaslnger

inrelationtotheorchestramusicintheorchestrapitinalaboratoryregardingtothe

complicatedinitialrenectionsinsideanoperahouse.

Fromthemeasurementsfb∫musiciansintheorchestra,itisconcludedasfollows.

ForthesourcesP2andP3,largedipsofLLcanbefoundat2kHz･Thismaycause

thesuppressionofthesinglngfomantenhancmgthesinglngVOiceathigherfrequency

range･

Avalueswerequitelargeespeciallyatthereceiversintherearrowasmorethan

15(upto30)intherearrowforallsourcepositions,althoughaveraged.4valueinthestall

(21positions)were2.3inthesametheater.

ThevarietyofTsubbetweentherowswasnegligibleatfrontalsourcepositions(Pl

andP2)byasinger'smovementforlateraldirection.AtrearerpositionsuchasP3,Tsub

becomelonger,andthedifferenceofTsubbetweenrowsbecomelargeas0.2S.

IACCsabove500Hzwerequitesmanforallthesources.Thisphenomenonis

causedbymultiplereflectioninsidethepit.BytheunstableTlACCinthepit,themusicians

inthepltPerceivevaguedirectivityforaslngerSlnglngOnthestage,especiallybelow

overhang.

Fromthemeasurementsforaconductor,itisconcludedasfollows.

Forthesoundsourcesintheorchestrapit,thedipsofrelative比 wereobseⅣedat

lowfrequencyrange(-12･5dB250HzforP6)duetotheinterferenceeffectsbetweenthe

directsoundandstrongInitialreflectionsinsidethepit･Playerswithlower-frequency

instrumentsaresuggestedtobefrontalareaneartheconductorintermsofacoustics.

Thesuggestionthatthesoundfieldfわraconductorshouldbedesignedaswellas

thatforlistenersdoesnotbesupportedinrelationtotemporalfactors(AilandTsub).
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Especially,AtlWasObservedmainlyaround2-3ms,whichcamefrom thepitrailjust

behindtheconductor.AlsoIACCat500Hzwaslargeabove0.4,whichisquitelarger仙an

thatinastall.

Tsubforpitsource(1.07sat500Hzinaverage)areshorterthanthatforstage

source(1.52S).IntermsoftheoptimumTsubfortheorchestramusicandsingingvoice,this

relationisinconsistentforalistener'scondition.

IACCat2kHz(0.43inaverage)waslargerthanthatat1kHzand4kHzforthe

sourcesinthestage.

Fromthemeasurementsforlistenersinabox,itisconcludedasfollows.

ComparlngtheLLvaluesfわrthesourceonthestagewiththatinthepit,LLvalues

forthestagesourceweresmallerthan forthepitsource･ValuesofLLat125Hzwere

boostedforthepitsource,especiallyatthereceiverinthestall(upt0-14dB).

TheAilValueswerequitedifferentatbothearsintheboxes･ItisinterestlngtOnote

thattheleftandrightAilValuesofPattern2and4measuredinthetwoboxesforboth

sourcepositionswerequitesimilar.ThismeansthattheAllisalmostthesamevaluefora

personatrearseatsalmostindependently,evenifsomepersonsinthefrontrowexistor

notwhenthelistenerisatsecondrow.Moreuniformlisteningenvironmentfortherear

boxcomparedtothefrontalone.

TheparameterTsubisnotdistributedintoawiderangebetweenthepatterns.For

bothsourcelocations,Tsubabove250HzinBoxAwaslargerthanthatinthestallandin

theBoxB.

Forthebothsourcelocations,IACCdramaticallydecreasedbetween250Hzand

500HzinboxescomparlngtOthatinthestan.

Throughthemeasurementsintheseoperahouses,especially,lmpulseresponses,whichthe

firstreflectiondonothavemaximumamplitude,areobtainedatmanyreceivers.These

resultssuggestthenecessityofthepsychologlCalexperimentsinalaboratoryregardingto

thecomplicatedinitialreflections.Consideringactualoperaperformances,asthereare

stagesetsandsomeslngerSOnthestage,morecomplicatedsoundfieldsmaybe

constmcted.Accumulationofsuchameasurementdatainrelationtosoundfieldsonthe

stageandintheorchestrapitinsideahistoricaloperahouses,physicalcharacteristicsof

theirsoundfieldswillbeknown,andtheywillgivevaluableandusefulinformationin

designlngaStageandanorchestrapitinsideoperahouses･
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Intheforest,itisfoundthatthefわresthasexcellentacousticproperties,especiallyfわr

factorsofsubsequentreverberationtime(Tsub)andIACC･ThevalueofTsu｡wasl･66S(500

Hz),andIACCwas0.44(1kHz)atapoint40mfromthesource.Also,itisfoundthatthe

valueofthewidthoftheinterauralcross-correlationfunction,W TACC,WasSmallerthanthat

intheconcerthall.

Also,itwasclarifiedthattheoutdoorsoundfieldinabambooforesthasexcellent

acousticalproperties.Likethesoundfieldinanordinaryforest,thespecificsoundfield

wasobtained,especiallyintermsofthefactorsTsub andIACC･Thetendencywasfound

thattheeffectappearsinhigherfrequencyranges(around1kHz)thaninthesoundfieldin

anordinaryforest.t ubWas1.5sinthefrequencyrangeabove1kHzataposition40m

fromthesource.TheeffectivefrequencyrangeforTsubWasabove1kHz.Itmayberelated

tothediameterofthebamboo.IACCwasassmallas0.07(4kHz)and0.16(2kHz)at

positions20and40mfromthesource.Thisiscausedbythereflectivesurfaceofthe

bamboo.

Itwasclarifiedthattheoutdoorsoundfieldinabambooforesthasexcellentacoustical

properties･Likethesoundfieldinanordinaryforest,thespecificsoundfieldwasobtained,

especiallyintermsofthefactorsTsubandIACC･Thetendencywasfoundthattheeffect

appearsinhigherfrequencyranges(around1kHz)thaninthesoundfieldinanordinary

forest.TsubWas1.5sinthefrequencyrangeabove1kHzataposition40mfromthesource.

TheeffectivefrequencyrangeforTsubWasabove1kHz･Itmayberelatedtothediameter

ofthebamboo.IACCwasassmallas0.07(4kHz)and0.16(2kHz)atpositions20and40

mfromthesource.Thisiscausedbythereflectivesurfaceofthebamboo.

Itisclarifiedthattheacousticalmeasurementproceduresforaconcerthallcanbeapplied

forasoundfieldsinanoperahouseandoutdoorsoundfieldsinforests.Somespecific

soundfields,whicharedifferentfromthatinaconcerthall,areobtainedforbothsound

fields.Especiallycomplicatedinitialrenectionsareobtainedsuchsoundfields.
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CHAPTERIII. SUBJECTIVEPREFERENCETESTS

FOROPERAHOUSE

3.1 1mtroductiomorChapterIII

Thetheoryofsubjectivepreference(An do,1985)hasbeendevelopedbyuseof

psychologicalexperimentsforsimplesimulatedsoundfields･Itisnecessarytoclarify

whetherthetheorycanbeappliedforexistingsoundfields･Satoetal.(1997)andCocchiet

al.(1997)indicatetheeffectivenessofthetheorythroughtheinvestigationsinexisting

concerthalls.InthisChapter,thesubjectivepreferencetestinanexistingoperahousethe

"TeatroComunale"inFerrara,Italyisdescribed.Theactivitiestopreserveandinvestigate

theItalianhistoricaltheatersregardedasaculturalheritageisgoingon(PompoliandProdi,

2000)･

3.2 SubjectivePreferenceTestsinanExistingHall

SourceSignal

An operamusic(Romanza1.Tomento"byP.Tosti)whichconsistsofthesopranovocal

partinonechannelandthepianopartintheotherchannelwasusedasasourceslgnal･The

durationofthesignalwas16S･Insubjectivepreferencetheory,musicsourceis

characterizedintensofthemnningautoco汀elationfunction(ACF)ofthesourcesignal,

afterpasslngthroughanA-weightednetwork･AsdescribedinSubsectionl･2･2,intheACF

analysis,◎(0),Te,Tl,and¢1WereCalculatedwithanintegrationinterval2T=2･Os,and

runningstepof100ms(Figure3.1).Infourfactors,theminimumvalueoftheeffective

durationofthesourceslgnal,whichisstronglyconnectedtothepreferredconditionsof

temporalfactors,isabout16ms･

Procedure

Twoloudspeakerswerelocatedonthestage(Onewasjustunderprosceniumandanother

was2.5孤behind)andtheothertwoloudspeakersintheorchestrapit(onewasinfrontof

theconductorrsboxandanotherwasunderoverhang)ITheheightoftheloudspeakerson

thestageandintheorchestrapltWerel･5±0.01mandl･2±0･01mabovethefloorlevel,

respectivelyasshowninFigure3･2･TheseheightssimulatedtheslngerOnthestageand

thesittlngperfわrmerintheorchestrapit,respectively･Avocalmusicsourceisusedfor
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sourcelocationonthestageandorchestramusicisusedf♭rsourcesinthepit.Fourorthree

listenersareseatedinthespecifiedareabothinthestall(10positions)andthebox/gallery

(5positions).Thenumberofthesubjectsisfourty-seven.

ド レJ/ ､.∫

∫

i i-I

i

0 5 10 15
Time[S]

Figure3.1 MeasuredfactorsofrunningACFofthesourceslgnalusedintheexperiment
witha100msintervalasafunctionofthetime.TherunnlngintegrationintervalofACF2T

was2.0s.(-):piano;(-･):vocal;andト ):mixed.(a)Te;(b)◎(0);(C)Tl;and(d)4･l.
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prosTcenium

h= 1.5m

Z.O∩ Z.5m

O｢Chest｢opit

Figure3.2 Configurationsoftheloudspeakersettings.

Paired-comparisontests

Paired-ComparisontestoffoursoundfieldsaslistedinTable3.1wereconducted.The

durationofeachmusicslgnalis16S,andthesilentintervalbetweenthestimulusis2S.

Testconsistsofsixpairs(=岬 -1)/2,〟=4)ofstimuliforasinglesession.Eachpairof

soundfieldsisseparatedbyaninteⅣalof4S,andthepal一sarearrangedinrandomorder.

Forty-eightlistenerswereparticipatedintheexperiments.Twenty-Onelisteners

werestudentsofthemusicaldepartmentandtwenty-sevenlistenerswerethestudentsof

theFacultyofEngineenng･Listenersdividedinto10groupswereseatedatthespecified

setofseats(Figure3･3)･Fivegroupswereinstallsandanotherfivegroupswereinthe

boxesandgallery.Thes巾jectswereaskedtoremainintheirseats,andaskedtojudge

whichoftwosoundfieldswhileswitchingthesourcelocationstheyprefertolisten.They

wereadvisedtojudgeeverypair(nottoleavetheblank),tofacethecenterofthestage,

andnottocopytheanswerofotherperson.Theywerealsoaskedtowritedowntheirname,

age,sex,andmusicalexperiments(periodandinstruments)ontheiranswersheets.Priorto

theexperimentalsessions,exercisesessionwasconductedpresentlngthreepal一sOfstimuli･

Thesessionwasrepeatedfivetimes,changlngtheirseats･Ittookaboutfourminutesfora

slnglesessionandaboutthirtyminutesintotalincludingthetimeforchanglngtheirseats･

AccordingtotheirmusicalexperimentwhichwereglVenintheiranswersheets,

listenersweredividedintotwogroups,groupofmusician,whohavemusicalexperiments

ofmorethanfiveyears(groupM)andothers(groupN).Itwasexaminedwhetherthe

listenercandiscriminatethesoundfieldspresentedbytestofconsistency.Thenumberof

thelistenerswhoindicatedthesignificantabilitytodiscriminatepreferencesweretwenty
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(elevenforgroupM andnineforgroupN)inthestallsandseventeen(eightforgroupM

andnineforgroupN)intheboxesandthegallery.Scalevalueofpreferencewasobtained

byapplyingthelaw ofcomparativejudgmentandreconfim edbygoodnessoffit

(Thurstone,1927;Mosteller,1951)･

Table3.1 Conditionsofthepaired-comparisontest.

Condition1 Condition2 Condition3 Condition4

Orchestrapit Front Front Back Back

Stage Front Back Front Back
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MeasurementsofacousticaIfactors

Toobtainthefactorsextractedfromtheinterauralcrosscorrelationfunction(IACF),the

musicalsignalsusedinthesubjectivetestswerereproducedfrom thesameloudspeaker

configurationsasthesubjectivetestsandwererecordedateachlisteningpositiontoDAT

throughthetwomicrophonesatbothearsofapersonwhofacedthecenterofthestage.To

obtaintheimpulseresponses,MLSsignalwasreproducedfrom eachloudspeakerand

recordedateachlisteningpositioninthelaptopcomputer(Sakuraietal.2000)throughthe

twomicrophonesatbothearsofapersonwhofacedthecenterofthestage･

FromtheIACF,◎(0),IACC,TTACC,andWIACCWereCalculated.Fromtheimpulse

responses,At.andTsubWereCalculated･

TheAilisdefinedbythetimedifferencebetweenthearrivaltimeofthedirect

soundandthatofthereflectionwhichhasmaximum energy.ShorteroneoftwoAils

obtainedfrom binauralimpulseresponseswasselectedasAllOfeachloudspeaker

configurationandeachlistener'sposition.

ForTsub,500Hzand1kHzoctavebandcenterfrequenciesaretakeninto

considerationbecausethesefrequenciesrangearedominantintheTl(firstpeakofthe

normalizedautocorrelationfunction)valueoftheautocorrelationfunctionofthesource

slgnal･

MultipleDimensionalAnalysis

Firstofall,correlationcoefficientsamongphysicalfactorswereexaminedaslistedin

Table3.2.0fthephysicalparametersobtainedbymeasurement,totalamplitudeof

reflections(A IValue)isnotphysicallyindependentoftheAil(An do,1998)･TheW TACCis

thesignificantfactoronASW ifthedominantfrequencyrangeofthesourcesignalsare

different(An doeta1.,1999)buthasminoreffectsinthisexperiment.Thedatawere

analyzedbyfactoranalysis(Ando,1998;Hayashi,1952;Hayashi,1954).Theoutside

variabletobepredictedwasthescalevaluesofpreferenceobtainedbysubjective

judgmentsandtheexplanatoryvariableswere:(1)thelisteninglevel,(2)theIACC,(3)the

T.ACC,(4)theAilnormalizedbypreferredvalue(forthepitsource),(5)the∠4tlnormalized

bypreferredvalue(forthestagesource),(6)theTsubforthepitsourceand(7)theTsubfor

thestagesource.

Iterationforpossiblesubdivisionofthesub-Categoriesforeachfactorlistedin

Table3.3andthepossiblecombinationoffactorswasconducted･Theresultswhichgives

thebestcorrelationbetweenthescalevaluesofpreferenceobtainedbysubjectivejudgment

andthetotalscoreobtainedbyfactoranalysisareshowninFigure3.5.
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Table3.2 Correlation coefficientsbetween orthogonalphysicalfactorsobtained from the
acousticalmeasurementsinanoperahouse.
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Table33 Iterationforpossiblesubdivisionofthesub-categoriesforeachfactor･Forexample,i-

3.5,-0,5linfactorrelativeLLmeansthatthesub-categoriesweredividedintothreegroups;(1)

lessthan-3.50dB;(2)~3.50to~0.51;and(3)morethan-0.50.

Factors Max Min sub-°ate

1-3.5,-0.5),i-4.0,-1.0l

i-4.5,-1.5),(-5.0,~2.0)

RelativeLLldBA] -6130 0･00 i~5･5,-2･5),(~6･0,-3･0),

(-5.5,-3.5,ll.5),

(-5.0,13.0,ll.0)

(0.15,0.40),(0.15,0.50)

IACC 0.03 0.65 iO.20,0.40),(0.20,0.50)

0.30,0.50

(0.00),iO.04),iO.00,0.10),

10.00,0.15†,†α00,0.201

(1.0,2.0),(1.0,2.0,3,0)

il･0,2･0),(1･0,2･0,3･0)

1･1,1･31,1⊥1,1･4),il･2,1･5)

1.1,1.3),(1.1,1.4),(1.2,1.5)

TIACClms] 0.00 0.21

Normalizedall(pit) __0･60 5･28

Normalizedall(stage) 031 3･81

Tn.h(pit)[S] 500Hz:1･02 500Hz:1･50

Tsub(stage)【S] 500Hz:0.98 500Hz:1.64
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Resultsanddiscussion

Scalevaluesfb∫eachseatpositionareshowninFigure3･4･Theresultsinstallsindicate

thatthefrontalsourcepositiononthestage(Condition1and3)werepreferredbyboth

groups･TherangeofscalevaluesforgroupMweregreaterthanthatforgroupN･Preferred

conditioninboxesandgallerywasdifferentbetweenbothgroups,however,therangeof

scalevalueswassmallerthanthatofstalls.
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Figure3.4(a) ResultsofpairedcomparisontestsateachlistenerTslocationinthestal1･Filled
barindicatestheresultsforGroupMandopenbarindicatestheresultsfわrGroupN･
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Thescoresofthelisteninglevelindicateapeakatthesubcategoryof-3.00t0-1.01dB

anddecreasethescoreapartfrom thepreferredlisteninglevel(Figure3.5(a)).Partial

correlationcoefficientindicatesthattheeffectsoflistenlnglevelweremaximumamongall

factors.FortheIACC,thepreferencescoreincreaseswithdecreaseintheIACC(Figure

3.5(b)).ThescoresofTTACCbecomelargerwhentheTIACCislarger(Figure3.5(C)).The

scoresoftheabove一mentionedthreefactorsareingoodagreementwiththeprevious

resultsforaconcerthall･Inthisexperiment,allloudspeakerswerelocatedonthecenter

axisofthehallandthelistenerswereaskedtofacethecenterofthestage,therefore,the

effectofTiACCOnthepreferencescoreissmall.

ThescoresofAtlforboththestageandtheorchestrapitindicateapeakatalarger

valuethanthemostpreferredvalue(Figure3.5(d)and3.5(e)).EffectsofAtlforstage

sourcewereratherminoramongallfactors.ForT,ub Oftheorchestrapit,Subcategoryof

largerTsub indicateslargerscore･Onthecontrary,forTsubOfthestage,subcategoryof

smallerT,ubindicatelargerscore(Figure3･5(i)and3.5(g)).Thismayberelatedtothatthe

sourceofsmallerIre(vocalsource)fitsthesoundfieldwithashortreverberationtime.

TherewerelittledifferencebetweentheresultsforGroupMandGroupN.Thisis

becausethescalevaluesforthelistenersinthestallhaslargerangeandthereislittle

differencebetweentwogroups･Therelationshipbetweenthescalevalueobtainedby

preferencejudgmentsandthetotalscoreateachlistenerlspositionisshowninFigure3.6.

Thescalevaluesofpreferencearewellpredictedwiththetotalscoreforfour

configurations(r=0･81,p<0･01forGroupM;andr=0.82,p<0.01forGroupN).
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3.3 ConclusionorChapterIII

Toconfirm thesubjectivepreferencetheoryforanoperahouse,therelationshipbetween

thescalevaluesofsubjectivepreferenceandtheorthogonalphysicalfactorswasexamined

byfactoranalysis.Thescalevaluesofpreferencefordifferentsourcelocationsonthestage

andintheorchestrapltinanoperahousewereobtainedusingapairedcomparisonmethod.

Theresultsshowedthatthescoresobtainedbyfactorsanalysisissimilartothatofthe

concerthallinvestigated.Thescalevaluesofpreferencearewellpredictedusingthetotal

scoreobtainedbyfactoranalysis.

Ⅰnthisexperiment,ltWasimpossibletoconfi- individualpreferenceinan

existlngtheaterbecauseofalimitednumberoftestseriesforeachsubject.However,

differencebetweenstudentswithorwithoutmusicalexperiencewaswellpredicted･
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CHAPTERIV.INDIVIDUALSUBJECTIVE

EVALUATIONFORSOUNDFIELDS

4.I IntroductionofChapterIV

Schroeder,Gottlob,andSiebrasse(1974)describedsubjectivepreferenceevaluationsof

Europeanconcerthallsandattemptedtocorrelatethesubjectivedatawithobjective

(geometricandacoustic)parametersofthehalls.Although individualdifferencesandintra-

individualchangesareextensivelyresearchedinpsychology,subjectiveevaluationof

soundfieldshasnotbeenstudieddeeply･Forsoundfieldssuchasconcerthallsandopera

houses,environments,whichsatisfyeachperson,aredesired･Forexample,inthepresent

stage,seat-selectionsystem,whichcandeterminethepreferredseatareainaconcerthall,

isrealized(Sakuraietal.1997)･

Since1970'S,relationshipsbetweensubjectivepreferenceandphysicalfactorsin

a sound field have been investigated by psychologicalexperimentsas average

characteristicsamonganumberofpersons.Thepaired-Comparisonmethodisselectedfor

thispurpose.Previousinvestigationsforsubjectiveevaluationsinsoundfieldsare

describedinSectionl･2･Inthischapter,subjectivedifferencesandintra-individual

changesofsubjectivepreferenceinasoundfieldaredescribed･Intra-individualchangeis

definedthechangesinrelationtosubjectiveresponsesforeachperson;forexample,

changesinaday(daytimeandnight),forseasons,Orforages.Asatypicalexample,a

person'shearlnglevelmaybeaだectedbyaglng･Inthisstudy,intra-individualchangesfor

changesofpreferenceamongtestseriesinpsychologicalexperiments･Am ongthe

orthogonalfactors,theindividualdifferencesandintra-individualchangesofsubjective

preferenceforlisteninglevel(LL)andsubsequentreverberationtimeTsubareinvestigated.

Insoundfieldsimulationrooms,subjectivepreferencetestsareconductedin

changlngeachorthogonalfactorindependently.A law ofcomparativejudgments

(Thurstone,1927)isapplied.Theintra-individualchangesarerepresentedbythemost

preferredvaluesforeachfactorandindividualcoefficienta.
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4.2 SubjectivePreferenceTestsinLaboratory

4.2.1 Listeninglevel

Thissectionoffersananalysisofintra-individualchangesinpreferencejudgmentsof

listeninglevel(LL)withrespecttoasetofsoundfields･Amethodbasedonpaired-

Comparisontestswasdevelopedtoobtainalinearscalevalueofpreferenceinthe

probabilityrangeO･05<P<0･95anditscorrespondingZvalueofthenormaldistribution･

Inthisstudy,theindividualscalevalueofsubjectivepreferenceisformulatedin

termsofthemostpreferredconditions,uslngWeightingcoefficientsofthepreference

evaluationscaleinEqn.(1.10)･Here,normalizedobjectiveparameterxisrepresentedas;x

=LL-lLL],(thesuffixpsigmifyingthemostpreferredcondition)･

TheexperimentaldesignchosenforobtainingestimatesOfindividualdifferencesconsists

ofpresentingapairofsoundfields･AndoandSingh(1996)havedescribedhowthescale

valueofsoundfieldsforeachindividualcanbeexpressedasEqn･(1･15)･

MusicmotifBwasusedassoundsource.FivesoundfieldswiththeirLLfrom66

dBAto90dBAwerechosen.Subjectswererequiredtostatetheirpreferenceoneoftwo

soundfields.Thirteenmalestudents(21± 3yearsofage)wereusedassubjects.They

hadnopreviousexperiencesinpreferencejudgment.

Thepreferenceevaluationcurvesareinterpolatedbyanon-linearfittingas

expressedbyEqn.(1.10)･Eachindividualischaracterizedbytwovalues,themost

preferredvaluelLL],andindividualcoefficientaofthepreferenceevaluationcurve･The

coefficientPwasfixedat3/2.

Figure4.1ShowsanexampleofthepreferenceevaluationcurveforsubjectG(series2),

andthemethodofestimatinglLL],･Thepeakofthiscurvedenotesthemostpreferred

valueofthissubject,anditis75･OdBAforthisfigure･Estimationsofαareevaluatedby

Quasi-Newtonmethod.

Figure4･2ShowsindividualdifferencesforlLL],for10testseries･Clearly,the

mostpreferredLLofeachindividualdiffersgreatly･Sincethedegreeofdropoffofthe

preferenceevaluationcurvesisdifferentaboveandbelowlLL]p(Figure4･1),twovaluesof

thecoefficientα,α(≦【LL]｡)andα(≧【LL]｡),frompreferencecurvesineverytestseries

wereobtained,asshowninFigure4･3.Figure4.4indicatestherelationshipbetweenthe

rangeofvaluesoflLL]｡obtainedfromthe10testseriesandtheaveragecoefficientα･

Notethatthetendencythatwhenthecoefficientαislarge,thentherangeofintra-

individualchangesof【LL】pissmall･
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Figure4･2 Resultsofintra-individual changesoflLL]p foreachsubject･An ows
indicatevaluesof【LL】pthatwereoutoftherange66dBAto90dBAthatwasexamined･
●:averagevalueof【LL】｡･

AsshowninFigure4･5(a),ForlLL],forsubjectG,forexample,4･2dB･Thisisthe

smallestrangeinallsubjectsandcoefficientofαisgreaterthan0.022inanyseriesofthis

subject･Onthecontrary,inthecaseofsubjectK,therangeoflLL]pismuchgreaterthan

19dBandtheaveragecoefficientαisnearzero,indicatingnOSharppreferenceforthe

listeninglevelintherangeofsoundpressurelevels,asshowninFigure4.5(b).
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4.2.2 Subsequentreverberationtime

Usingvocalmusic,whichisoneofthemaincomponentsofperformancesinoperahouses,

thisstudyevaluateslistener'sindividualdifferencesandintra-individualchangesin

subjectivepreferencetovarioussimulatedsoundfields.Subjectivepreferencetestswere

conductedbychanglngSubsequentreverberationtime,Tsub.Thesoundsourceusedwasan

initial6･0-spieceofasoloperfわrmanceofasopranosingerぐ-0miobabbinocar0--from

1.GianniSchicchi'.composedbyG.Puccini)recordedinananechoicchamber.ValuesofTe

ofashort-timemovingACForrunmingACF(2T=2･Oswiththeintervalof100ms)for

theinitial6.0-spartofthesourcereproducedinthelisteningsemi-anechoicchamber,were

calculated･Thewaveform andvaluesofrunningTeareindicatedinFigures4･7(a)and(b),

respectively.TheshorトーimemovingACFwascalculatedinordertoobtaintheminimum

ofitsrunnlngTe,WhichrepresentsthemostrapidmovementofmusIC,activatingtheleft

cerebralhemisphere(An doetal･,1989).ThemostpreferredTsubaveragedforanumberof

listenerscanbecalculatedbyusingthefollowingequation(An do,1998):

lTsub]p-2Ve)m.n, (4.1)

where(Te)ministheminimumvalueofTeforthesourcemusic･Thecalculationofglobal

preferablesubsequentreverberationtimelTsub],isaboutO･53S,whichisshorterthanusual
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musicsourcesbutlongerthanthatofspeechsignals.
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Figure4.7 TheeffectivedurationTeOftherunnlngnormalizedautocorrelationfunction
ofthevocalsourceusedinthetests.Theintegrationinterval,2T,is2.0s.(a):The

waveformofthevocalsourcereproducedinthelistening-semi-anechoic.ro,om;(b):The
minimumvalueofTe,WhichisthemostactivepartofthesourcecontalnlngImportant
informationandinfLuenclngSubjectiveresponsestothetemporalcriteria,isfoundtobe
about23ms;and(C):An exampleofdeterminingthevalueofTefitting0to15dBofthe
envelope.

Paired-comparisontestswereconductedinasemi-anechoicroom (Figure4･8)･Taking

lTsub],tObeaboutO･53sasmentionedabove,subsequentreverberationtimeTsubOfthe

soundfieldwaschangedfrom 0.1to1.6S(Table4.1).Theconditionsoftheother

orthogonalparameterswerefixedasindicatedinTable4･1･TheAilWasfixedat14ms

neartothemostpreferredvaluelAt11｡=(1-loglA)(Te)min=16ms･TheIACCisnearto

unitybecausethetwoloudspeakersweresetinfrontofthesubjects･Thetotalamplitudeof

reflectionsAiskeptconstantat2.0.Thedurationofeachstimuluspresentedtosubjects

was6.0s.ThetimeinteⅣalbetweenthetwostimuliinapal一Was1.0sandbetweeneach
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pairlasted4.0s.Therearetenpal一sinaserieswhicharealltheavailablepairsfわrfive

soundfields(N (N-1)/2=10,N =5).Aseriesof20paired-Comparisontestswere

conductedoneachsubject.Thenumberofsubjectswaseight(subjectA-H:sevenmales

andonefemale;2ト26yearsold).Thestimuliwereproducedbytwoloudspeakersplaced

infrontofthesubjectsinthelisteningroom･Thedistancebetweenasubjectandthe

loudspeakerswas0.8j=0.01m.Onespeakerprovidesadirectsoundandthefirst

renection,andtheotherprovidesreverberationincludingsomeinitialrenections.Subjects

wererequiredtoselectthemostpreferredsoundfieldofthetwotheylistenedto.

Figure418ExperimentalSetupofsubjectivepreferencetestscontrollingboththeinitial
timedelaygapbetweenthedirectsoundandthefirstreflection,Ail,andthesubsequent
reverberationtime,㌔ uh.

Table4･l SubsequentreverberationtimeTsubVariedunderfixed
conditionsofLL,Ail,IACCandthetotalamplitudeofreflectionsA,

Factorsvaried

orfixed Value(S)ofeachfactor

__T_S虹 …[§1 0.1 0.2 0.4 0.8 1.6
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Figure4･8ScalevaluesofpreferenceforeachsubjectasafunctionofTsub.Different
symbolsindicateresultsfromdifferentsubjects:◇,○,△,口,◆,●,▲,andI

forsubjectAthroughH,respectively.Theboldlinerepresentstheaveragedvalues.

ThemeasuredresultsofthescalevaluesofpreferenceasthefunctionoftheTsubforeach

subjectanditsglobalcaseareindicatedinFigure4.9.Inthisfigure,differentsymbols

representtheresultsfromeachsubject,andtheboldlinerepresentstheaveragedvalueas

theglobalresult.Asthesharpnessofthecurvesarefoundtobedifferentforeachsideof

thepreferencecurves'peaks,twovaluesofαforbothsidesofthepeakareconsideredas

αsforTsub< [Tsub],,∩andα′forTsub> lTsub]｡,minEqn･(4･1)ITherangeofmostpreferred

valuesofsubsequent-reverberationtimelTsub]p,mObtainedforallsubjectsinthetestswas

between0.55and1.22S.Thelargestvalueofαswas2.02(subjectB)andthesmauestone

was0.97(subjectF).Ontheotherhand,thelargestvalueofalWasll.04(subjectG)and

thesmallestonewas1.69(subjectC)･Thevaluesofalarealwaysgreaterthanthoseofas,

forallsubjectstestedwithoutexception･TheexperimentalmeasurementsoflTsub]｡,｡,αS,

andalforeachsubjectaswellasglobalresultsarelistedinTable4.3.Thegoodnessoffit

ofthismodelforeachsubject,expressedusingAinAppendixrepresentlngthepoornessof

themodelforeachsubject,glVeSZeroexceptfor0.04forsubjectB.Thevaluesofdin

Appendixwerealsozeroforallsubjectsexceptfor0.1forsubjectB･Thesesmallvalues

indicatethataconsistentmodelisachievedforthistest.Individualdifferenceisfoundin

log(lTsub】,,m/lTsub],)わく0･05)andαS(p<0･01)byuseofanalysisofvariance(ANOVA),

asshowninTable4･2･Forexample,subjectB(as=2.02andal=7.09)andsubjectG(as

=1.87andal=11･04)showasharperpreferencecurvethansubjectD(as=1.38andal,=
3.27)andsubjectF(as=0.97andal=2.12)IIntheglobalresultsobtainedinthetests,
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[T.S｡b】,,mWasO･78S,andvaluesofαsandαlWerel･53and5･24,respectively･Thismeans

thatforTsubgreaterthanthemostpreferredvalue,preferencecurvesaresharperthanthose

forTsublessthanthemostpreferredvalue.

Themeasuredresultsofintra-individualchangesofsubjectivepreferenceforeachsubject

(A-H)areindicatedinFigure4･10･Inthisfigure,differentsymbolsrepresenttheresultsin

everyfourseriesoftestsperf♭medoverthreeorfourdays･Eachpeakvalueofthe

preferencecurvesisshiftedtotheorlgmWithoutlosinganyinfomation,becauseascale

valueisarelativeandalinearscale.Forexample,curvesofsubjectsBandGarealmost

thesame,butthoseofsubjectsDandFaregreatlychangedoverfivesetsoftests.There

areonlytwocurvesofbothsubjectsCandH,becausetheotherthreesetscouldnotbe

obtained･Themeasuredresultsoflog(lTsub],J lTsub],),as,andalforeachsetareindicated

inFigure4.ll.Subjectswithlargeavalues,likesubjectsBandG,havesmallintra-

individualchangeswithrespecttovaluesoflog(lTsub]p,m/lTsub]p)･Standarddeviationsof

thesefactorsobtainedfromeachsetoftestsarelistedinTable4.5.Thevaluesofsubjects

CandH,withonlytwosets,arenotlisted.SubjectB(0･033)andsubjectG(01035)have

thetwosmalleststandarddeviationsofallsubjects,andsubjectD(0･163)andsubjectF

(0.168)havelargerstandarddeviations･Inrelationtothoseofasandal,SubjectB(as:

0･16;al:1.84)andsubjectG(as:0･26;al:1･68)havesmallerstandarddeviationsaswell

asthevaluesoflog(lTsub]pJ lTsub]p)･Ontheotherhand,subjectD(as:0･61;az:3･21)and

subjectF(as:0155;αl:3･67)havelargerstandarddeviations･

Table4･2 ValuesoflTsub】｡,m,αS(forTsub<lTsub]｡,m)andαl(forTsub> 【Tsub],,m)obtainedfor
globalandeachsubject.

Global A B C D E F G H

lT.J｡.m【S] 0･78 0･81 0･69 1･22 0155 0･74 0･59 0･81 1･07

αs 1.53 1.53 2.02 1.61 1.38 1.86 0.97 1.87 1.40

a) 5.24 7,65 7.09 1.69 3.27 6.19 2.12 11.04 4.08
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Valuesofbothasanda10fsubjectsBandGweregreaterthanthoseoftheothersubjects

andhavealmosttheconstantvalues,andthesevaluesofsubjectsDandFareslgnificantly

differentineachset･Theresultsoflog(lTsub],,m/lTsub],),thevaluesofas,andalinevery

fourseriesforeachsubjectareindicatedinFigure4.10.0nbothsidesofthepeaks,for

subjectswhohavelargera,suchassubjectsB andG,thestandarddeviationsof

log(lTsub],,m/lTsub],)foreachsetaresmall･Ontheotherhand,forsubjectswhohavesmaller

a,suchassubjectsD andF,thepreferableTsubValuesarelarger:0.163and0.168,

respectively･

Relationshipbetweenthestandarddeviationsoflog(lTsub],,m/lTsub],),asandal

valuesforeachsubject(exceptsubjectsCandH)areplottedinFigure4･11.Subjectswith

largeαvalues,suchassubjectBorsubjectG,havesmallerintra-individualchanges,So

thatthestandarddeviationsofpreferableTsubissmall.Ontheotherhand,subjectswith

small(ユValuessuchassubjectsDandFshowminorpreferencesasTsubChanged.This

resultissimilartothatofpreviousresultsforLL

ThevalueoflTsub】｡CalculatedbyusingEqn･(4･1)with(Te)mln(=23ms)isO･53S･

Fortheglobalsubjects,thevalueoflTsub],,mObtainedbythetestswasOl78S,longerthan

thecalculatedvalue.

4.3 ConclusionofChapterIV

TheinvestlgationinrelationtoLLshowsthatsubjectswithalargevalueofahavesmall

intra-individualchanges,sothattherangeoflLL]pwassmalLOntheotherhand,subjects

withsmallavaluehaveminorpreferenceastheparameterchanged.

TheinvestigationinrelationtoTsubShowsthatsubjectswithlargeavalues

indicatesmallerintra-individualchanges,sothestandarddeviationoflog(lTsub],,m/lTsub],)is

smallaswellastheinvestigationforLLOntheotherhand,subjectswithsmallαValues

withoutsharpcurvesshow minorpreferenceasTsubChanged.Theaveragedvalueof

preferredTsubforvocalsourceswas0.78S,whichisgreaterthanthevalue(0･53S)

calculated by Eqn. (4.1).Individual differences are observed in values of

log(lTsub]p,m/[Tsub1,)andαsbutnotinvaluesofαl･
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CHAPTERV.APPLICATIONS

5.1 1mtroductionorCbapterV

Asapplicationsfortheinvestigationsdescribedasacousticalmeasurementsandindividual

subjectiveevaluations,aconcerthallwith anumberofcolumnsand acoustical

measurementsforenvironmentalnoisearedescribed･Theconcerthallisanapplicationfor

theeffectofmultiplescatteringfrom treesorbamboosdescribedinChapter2･Also,

acousticalmeasurementsystemforenvironmentalnoisebasedonthemodelofauditory-

brainsystemisintroduced.

5.2 ComcertHallwithaNumberorColumms

Throughacousticalmeasurementsingeneralforestandbambooforest,itisclari丘edthat

theoutdoorspacewithtreesorbamboosisspecificsoundfieldsasperformancespaceof

music･Especially,theyareeffectiveforthefactorsTsubandIACC･Asanapplicationsof

this,aconcerthallwithanumberofcolumns(TsuyamaMusicCulturalHall"BellFolet

Tsuyama")isintroduced.

Suzumuraetal･(2000)designedanumberofcolumnsinfrontofthewallsinthe

halltoactasthescatteringobstacles,andinvestigatedtheeffectsofthecolumnsto

evaluateofsoundfieldthatinvolvescatteredreflections(Seealsoref･An doeta1.,1999b).

Forthispurpose,MLSmeasurementswereperfわrmedbyuseofa1/10-scalemodelofthe

hall.Theacousticpropertiesofthehallweremeasuredbothwithandwithoutthecolumns.

Scatteredsoundfieldsareevaluatedbythefourphysicalfactors(LL,At"Tsub,IACC)and

additionalfactorsTIACCandWIACC.ItisfoundthattheAtlandIACCofsoundfieldinthe

hallareimprovedbyuseofthecircularcolumna汀ay.TheIACCatcentralseatsnearthe

stageandseatingareanearthecolumnswereimprovedbythearraysofcolumns.Itwas

impossibletouseacousticalsimulationsystemonapersonalcomputerfortheevaluation

ofsoundfieldwithcolumns,becauseithastoomuchcalculationforthemultiple

reflectionsbetweencolumns.Asaresult,itwasclarifiedthatcolumnsarrayonthestage

andintheseatareaimproveIACCinfrontalseatareaalongthelateralwallsandlateral

seatarea,respectively.

Thus,theeffectsfortheimprovementofthesoundfieldinaconcerthallare
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clarifiedbyintroducingthemultiplescatteringeffects.

Consideringsomehistoricaltheatersandtheancienttheater,columnsorstatuesare

distributedalongtbem･Ofcourse,theywereoriginallybuiltintensofthepurposeof

decorations･However,suchcolumnsorstatuesarealsoconsideredtoplayalsoarolefor

themultiplescattenngeffectacousticallyaswellasvisualeffects.Theirunknowneffects

canbematerialsoffutureworks.

5.3 MeasurementforEnvironmentalNoiseField

A system formeasurement,identificationandevaluationofenvironmentalnoiseare

proposedasshowninFigure5.1.It(1)measurestheenvironmentalnoiseandanalyzesits

physicalfactors,(2)identifiesthenoisesourceusingtheextractedphysicalfactors,and(3)

itevaluatessubjectively･Thekeyfeatureofthesystemisthatthephysicalfactorstobe

evaluated are extracted from the autocorrelation functions(ACF)and interaural

crosscorrelationfunction(IACF)forsignalsarrivingataperson'searsinaccordancewith

themodelofhumanauditory-brainsystem (Ando1998)asshowninFigure1.3.This

auditory-brainmodelhasbeenstudiedinthefieldofsubjectiveevaluationsofsoundfields

asconcerthallacoustics.Thus,thereceiverisactuallyadummyheadwithbinaural

microphonesasearssoastoreflecthumanpsychology.Thedifferencebetweenprevious

procedureandthepresentmethodistoconductbinauralmeasurementsconsideringactual

humanlistenlngCOndition,andtoevaluateenvironmentalnoisesnotinthefrequency

domainbutinthetimedomain･Environmentalnoiseisusuallyevaluatedstatisticallyasa

soundpressurelevel(SPL)anditsfrequencycharacteristicbyusingasound-levelmeter.

SignificantphysicalfactorsinanoisefieldareextractedfromtheACFandtheIACFof

binauralsignalseverymomentastemporalandspatialfactors,whichcanbeobtainedby

theprocedureinSubsection1.2.2(Ando,2001;inprint).Identi丘Cationandsubjective

evaluationareevaluatedbyuseofthesefactors.
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Figure 5･l New system formeasurement,identification and evaluation ofreglOnal
environmentalnoise

ThemeasurementsystemconsistsofbinauralmicrophonesandalaptopPCwhich

analyzescorrelationfunctions(Sakuraieta1.,2000).Physicalfactorsareextractedasfine

structuresofrunnlngACFandrunnmgIACFofbinauralnoiseslgnalsineveryconstant

interval(integration inteⅣal)in accordancewith the auditory-brain model.Thus,

monaural-temporalfactorsinrelationtosubjectiveevaluationsareextractedasmonaural

temporalfactorsfromACFandbinaural-spatialfactorsfromIACF･FromACF,(1)energy,

whichiscorrespondingtothesoundpressurelevel◎(0),(2)effectivedurationTe,(3)

amplitudeofthefirstreflection4･1,(4)itsdelaytime･rl,areextractedateachear.From

IACF,(5)IACC,(6)interauraltimedelayTIACC,(7)widthofthemaximumpeakW IACC,are

extractedaswellas(8)averagedenergyforbothearsasLL

In September1999,measurementsofaircraR noiseuslngthepresentsystem were

conductednearanalrPOrt･Also,meaSurementSOfaircraftnoisewereconductedinJapan

(Fujiieta1.,2001;inprint)･Byuseofthefactorsobtained,characterizationsofeachnoise

sourcewereconducted.Characterizationsareconductedforeachsourceofaircraftnoise,
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trafficnoise,andrailwaynoise.Inthisprocess,integrationintervalforthecalculation

becomeshortervaluecomparlngtOthatofmusic,sayO･21015sforaircraftnoise.This

valueisaccordancewiththetimewindowofauditorypsychology･Recommendedinterval

hasbeenfoundtobe(27)r～～30(Te)min(Mourietal.2001･,inprint).

NoisemeasurementswereconductedinaresidentialareanearthealrpOrt'G.Marconi-in

BolognaonOctober5and6,1999(Figure5.2).Theyweretakenattwolocationsaround

theairport,markedAandBinFigure5･2･Thedistancesbetweentheairstripandthetwo

locationswereabout200and250m.Thereisonlyoneairstripattheairport.AtlocationA,

Someapartmentsorhousesweresituatedbehindthereceiver･AtlocationB,therewereno

buildingsnearthereceiver,asmeasurementwasconductedonthebankalongtheairport･

Thetargetsoundsourceswereaircraftlandingandtakingoff.Informationonthetypesof

aircraftandtheirflightscheduleswereavailableforthemeasurementdays.Thesound

sourceswerecategorizedinfivedifferentstates:landing("land"),taxingjustafterlanding

("land_stop"),takingoff("takeoff"),taxingfortakeoff("takeoff_2"),andwaitingfor

takeoff("waiting")(Table5･1)･Thecategorynamesaregiveninparentheses･

Noiseradiatedfromaircraftiscausedby(1)thesoundoftheengine(jetengineor

propeller),(2)theresistanceorfrictionbetweentheaircraftbodyandtheairstrip,and(3)

theresistanceorfrictionbetweentheaircraftbodyandtheatmosphere.Noisefromfansor

propellershasstrongdirectivityinthedirectionofthesbafLNoisefromajetenglnealso

hasstrongdirectivitydiagonallybehindtheexhaustgas･Thetakeoffandlandingspeeds

foreachaircraftwerenotmeasuredduringthenoisemeasurements･Ingeneral,thespeed

ofaB747isbetween200and400km佃,andaircra氏landintotheairstripwithaboutthree-

degreeinclination.

Themeasurementsystemwascontrolledbyalaptopcomputer(CPUspeed:366

MHz;Mainmemory:143MB)withthemeasurementsoftware.Noisewasrecordedinthe

computeratasamplingfrequencyof44.1kHz･Half-inchdual-channelcondenser

microphoneswereattachedtooppositesidesofaspheremadeofstyrenefoamandhaving

adiameterof200mm.Thespherewasusesasadummyheadduringthemeasurements.

Thethicknessofthestyrenefわamwas20mm.Themicrophonesweresetl･5mabovethe

ground,andelectricalpowerwassuppliedbythebatteriesofthecomputer.Thetwo

microphoneswerefixedtobeparalleltotheairstrip･
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Figure5.2 Mapoftheairportwherethemeasurementswereconducted.AandBrepresent
thetwolocationsfわrthemeasurements.

Table5･l Measurementdatacategoriesandnumberof
Sessions.

LocationA LocationB

Landing 2

Land_Stop 0

Takeoff 7

Takeoff2 1

Waiting 2

Total 12

Temperature,Windspeed,andwinddirectiondatawerealsoavailablefrom the

controltowerwereavailableforthemeasurementdays.Theaveragetemperaturewas13.8

degreesforbothdays･Theaveragewindspeedwas5･Omfromthenorth-northwestonthe

firstday,and4･2mfromthewest-northwestonthesecondday･

Physicalfactorsinnoisefields,describedinthefollowlngSubsections,Wereobtainedas

finestructuresofACFandIACFfordualchannelsignalsafterpasslngthroughtheA-

weightingnetwork,whichapproximateshumanearsensitivity･Asenvironmentalnoise

variescontinuously,thesefunctionsarecalculatedinateverycertaininteⅣal(integration
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intervals)･Thestartingtimeofeachintegrationintervalisdelayedforashorttime(say,

every100ms).Thetimeiscalledtherunningstep.Inthecaseofsoundsourceformusic,

thelengthoftheintegrationintervalmaybedecidedwithinpsychologicalpresentwithits

durationbetween2and5S,whichapersonfeelsthedurationoftimeofwhatisconsidered

tobe''now"(Freisse,1982)･However,itisprobablybettertouseashorterintegration

interval,say0.5S,foraircraftnoise.Themeasurementtimeforonesessionwas10.0swith

themidpointofthisdurationatthecenterofthemaximum◎(0),whichisoneoftheACF

factors.

Asanexample,theresultsofalleightphysicalfactorsobtainedfromACFandIACFare

showninFigure5.3(14sessions)･Eachfactorcanberepresentedasatemporalfunction.

Asdescribedabove,Valuesforeachfactorwereobtainedevery100mswithanintegration

intervalof0.5S.

Asthemeasurementswereconductedattwodifferentlocations,theresultswere

dividedbetweenlocationsbecauseofthefollowmgreasons.First,thedistancesbetween

theairstrlPandthereceiversattheeachlocationweredifferent.Asaresult,forexample,

averagevaluesof◎(0)atbothlocationsgreatlydifferedbecauseofattenuation.Second,as

showninFigures5.4(a)and(b),strongreflectionsfromthesurfaceofthebuildingsaround

locationAreducedtheIACCvalues,whilelocationBhadnorefkctivesurfacearoundthe

receiver.Third,themeasurementresultsofthefactorswerecloselyrelatedtothe

directivitiesofnoisesources･Thedirectionoftakeoffswasnotconstantduringthe

measurements,althoughalllandingaircraftmovedinaconstantdirection(fromwestto

eastinFigure5.2).Inpractice,thedirectionoflandingsortakeoffsdependson

atmosphericalconditionsaccordingtoindicationsfromthecontroltower.Becauseofthe

directionofmovement,thephysicalcharacteristicsofnoiseradiatingfromspecificpartsof

aircraftvarygreatly.Forexample,foranaircraftlandingfromthewest,thenoisearound

themomentwhentheaircrafttouchesthegroundgivesthe◎(0)peakatlocationち,

althoughthispeakdoesnotappearatlocationAuntiltheaircra氏isrunnlngOntheairstrlp

afterlanding.Consideringthisfact,thelandingconditionatlocationAcanberegardedas

havingcharacteristicssimilartothoseof‖land_stopH･Thesearethereasonsfordividing

themeasurementresultsaccordingtothelocation.

Averagevaluesforthefactors申(0),Te,Tl,¢1,andIACCareshowninFigure5.5.

TheupperfourcategoriesindicatetheresultsforlocationA,andtheloweronesfor

locationB.Theopencirclesindicatetheaveragevaluesover10sforeachsession.The

closedcirclesindicatetheaveragevaluesforallsessionsforeachcategory.
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AsshowninFigure5･6(a)and(b),the◎(0)Valuesforlandingweredistributed

overasmallerrange(standarddeviation≡4.90indBA atlocationBwhentheone

exceptionwiththelargest◎(0)iseliminated)thanthosefortakeoff(SD=10.3atlocation

B).

AsshowninFigure5･6(C),for"land_stop"atlocationB,thefactor◎(0)rapidly

increasedbeforeitspeak,althoughthevariationin◎(0)wassmallerafterthepeak.For

justafterlandingatlocationB,valuesof(p(0)remainednearthe(p(0)peakbecauseofthe

strongdirectionalityofthenoiseofthejetenglne.
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Forbothlocations,insomecases,theTeValuestemporarilybecamelargernearthe

◎(0)peak,especiallyinthecaseoftakeoff(Te=88.7ms),asshowninFigure5.7.

TheTIValuesweredistributedbetween1and2msformostsessions,indicating

thedominanceofthenoisecomponentfわrsuchcases･Whenthetonalcomponentsfroman

aircraftincreased,theTIValuebecamelarger,asshownintheexampleoftheACF

waveforminFigure5･8(a).The¢lValueswereusuallydistributedbelow0.2,andincreased

tobeaboveO･5insomecases･Insuchcases,thetonalcomponents,includingthenoise,

increased･Thus,thepitchbecamestrongeratthedominantpitchcorrespondingtoitsTI

value.An exampleoftheACFwaveformisshowninFigure5.8(b).ThecorrespondingTe

valuesinthesamecategoryareshowninFigure5.8(C).Inonlyonecase,theTeValue

increasedaccordingtotheincreaseofthe¢lValue,althougheachphysicalfactorwas

orthogonal.ButconsideringthatalmostallTeValuesweredistributednear1ms,thenoise

componentsofaircraftweredominantcomparedtothetonalcomponents.

TheIACCvaluesatlocationAweresmallerthanthoseatlocationB･Theaverage

valueofIACCforlandingatlocationAwas0.34,whileitwas0.85atlocationち.The

averagevaluesfortakeoffwererespectivelyO･66and0.88.Relativelystrongreflections

fromthesurfaceofthebuildingwallcausedthelowerIACCatlocationA.

ThevaluesforTIACC,Whichisthefactorthatgivesthedirectionalinformationof

thesource,Clearlyrepresentthedirectionsofaircraftinlandingortakeoffasshowninthe

exampleinFigure5.9.Wh entheJrlACCISZero,thetargetsourceshouldbelocatedinfront

ofthereceiver･Ifthedistancebetweentheairstripandthereceiverisalreadyknown,

infomationonthesourcespeedmaybeobtainedfromtheTIACCactivity.

0 2 4 6 8 10

¶me【S】

Figure5･7 MeasurementdataofrefromtakeoffdataatlocationA(Te=88.7ms).
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Thevarietyof◎(0)valuesfor"land_stop"atlocationBislargerbeforethe◎(0)peakthan

afterthepeak･ThecorrespondingTldidnotindicatetheperceivedpitchinthiscase,

althoughlowerfrequencycomponentsfrom thejetengineincreasedinactuallistening

conditionduringthemeasurement･ThisfactindicatesthatthefirstACFpeakdoesnot

alwayscorrespondtothedominantpitchforsuchacomplicatedACFwaveformasaircraft

noise･TherearesomecasesinwhichclearACFpeakswithregulartimeintervalsappear

afterthefirstACFpeak,asshowninFigure5･8(C)･Psychologicalexperimentsonpitch

perceptionwithdifferentTland¢1Valuesmustbeconductedinordertodeterminethe

dominantpitch.

Noisefrom fans,propellers,OrjetenglneShasstrongdirectivities,asalready

described･TheTIACCValuesvarygreatlyinbothlandingandtakeoffaccordingtothe

motionofthesource.Inwaitingfortakeoff,theTIACCValueshouldbealmostconstant.

Thus,thedirectionalinformationoflandingandtakeoffbyuseoftheTIACCfactorcanbe

obtainedtocharacterizethenoisesource,includingthedirectlVltyOfnoisefrom the

specificpartsofaircraft.

ThesefourACFfactorshavebeenusedtodescribethespeechintelligibilityof

Japanesesinglesyllablesbyusingamultidimensionalanalysis(Andoetal･,1999).For

soundfieldswhichconsistofthedirectsoundandasinglereflection,thespeech

intelligibilitycanbewelldescribedintermsofthedistancebetweenthetemplatesource

slgnalandasoundfieldsignalbyuslngACFfactors･Ifthemethodisapplicableto

reglOnalenvironmentalnoises,theidentificationofanoisesourcemaybeachieved.

Thus,binauralmeasurementsofaircraftnoiseinlandingandtakeoffconditionswere

conductedbasedonamodelofthehumanauditory-brainsystem.Thephysicalfactors

extractedfromrunningACFandIACFanalysesofthenoisesourceswellcharacterizethe

landingandtakeoffactivitiesofaircrafLEspecially,thebinauraleffects,includingIACC

andTIACC,areeffectiveforthecharacterizationofnoisesources.Theseresultswillbecome

thebasisforsubjectiveevaluationsincludingannoyanceandspatialperceptlOnaSWellas

primarysensations(loudness,pitch,andtimbre),andidentificationofaircraftnoisesor

otherkindsofnoise.
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CHAPTERVI. SUMMARYANDCOUNCLtJSIONS

6.1 SummaryandConclusions

InChapter2inrelatingtoacousticalmeasurementsinasoundfieldofhistoricalopera

houses,itwasmadeclearfollowmgs.Acousticalmeasurementswereconductedforsound

fieldsfor(1)asingeronthestage,(2)musiciansintheorchestrapit,(3)aconductor,and

listenersintheboxintermsofthetemporalandspatialfactorsinrelationtosubjective

preference.Throughthemeasurementsintheseoperahouses,soundfieldsunderthese

conditionscanbecharacterized.Especially,impulseresponses,whichthefirstreflection

donothavemaximumamplitude,areobtainedatmanyreceivers.Theseresultssuggestthe

necessltyOfthefurtherpsychologicalexperimentsinalaboratoryregardingtothe

complicatedinitialreflections.Consideringactualoperaperformances,astherearestage

setsandsomeslngerSOnthestage,morecomplicatedsoundfieldsmaybeconstmcted.

Accumulationofsuchameasurementdatainrelationtosoundfieldsonthestageandin

theorchestrapltinsideahistoricaloperahouses,physicalcharacteristicsoftheirsound

fieldswillbeknown,andtheywillgivevaluableandusefulinformationindesignlnga

stageandanorchestrapitinsideoperahouses.

Intheoutdoorsoundfieldinanordinaryforestandabambooforest,itisfound

thattheforesthasexcellentacousticproperties,especiallyforfactorsofsubsequent

reverberationtime(Tsub) andIACC･Theeffectivefrequencyrangeforthesefactorswas

foundtoberelatedtothediameterofthetrunksofatreeorabamboo.

AlSoitisclarifiedthattheacousticalmeasurementproceduresforaconcerthall
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Canbeappliedfわrasoundfieldsinanoperahouseandoutdoorsoundfieldsinforests.

Somespecificsoundfields,whicharedifferentfromthatinaconcerthall,areobtainedfor

bothsoundfields.Especiallycomplicatedinitialreflectionsareobtainedsuchsoundfields.

InChapter3,toconfirm thesubjectivepreferencetheoryforanoperahouse,the

relationshipbetweenthescalevaluesofsubjectivepreferenceandtheorthogonalphysical

factorswasexaminedbyfactoranalysis.Thescalevaluesofpreferencefordifferentsource

locationsonthestageandintheorchestrapltinanoperahousewereobtaineduslnga

pairedcomparisonmethod･Theresultsshowedthatthescoresobtainedbyfactorsanalysis

issimilartothatoftheconcerthallinvestlgated.Thescalevaluesofpreferencearewell

predictedusingthetotalscoreobtainedbyfactoranalysュs.

InChapter4inrelatingtosubjectivepreferencejudgmentsinasoundfieldsimulation

room,itwasmadeclearfollowmgs.TheinvestigationinrelationtoLLshowsthatsubjects

withalargevalueofcoefficientahavesmallintra-individualchanges,sothattherangeof

lLL],wassmall･Ontheotherhand,subjectswithsmallavaluehaveminorpreferenceas

theparameterchanged.TheinvestigationinrelationtoTsubShowsthatsubjectswithlarge

α valuesindicate smallerintra-individualchanges,so thestandard deviation of

log(lTsub],,m/lTsub],)issmallaswellastheinvestigationforLLOntheotherhand,subjects

withsmallavalueswithoutsharpcurvesshowminorpreferenceasTsubChanged･The

averagedvalueofpreferredTsubforvocalsourceswas0.78S,whichisgreaterthanthe

value(0･53S)calculatedbyEqn･(3･1)･Individualdifferencesareobservedinvaluesof

log([Tsub]｡,m/lTs｡b]｡)andαsbutnotinvaluesofα1･
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InChapter5,asanapplication,aconcerthallwithanumberofcolumnsandacoustical

measurementsforenvironmentalnoisesaredescribed･Theconcerthallisanapplication

fortheeffectofmultiplescatteringfromtreesorbamboosdescribedinChapeter2･Also,

acousticalmeasurementsystem forenvironmentalnoisesisbasedonthemodelof

auditory-brainsystem.

6.2 FurtherProblems

Throughthemeasurementsintheseoperahouses,especially,lmpulseresponses,whichthe

firstreflectiondonothavemaximumamplitude,areobtainedatmanyreceivers,These

resultssuggestthenecessityofthepsychologicalexperimentsinalaboratoryregardingto

thecomplicatedinitialrenections.Consideringactualoperaperformances,asthereare

stagesetsandsomeslngerSOnthestage,morecomplicatedsoundfieldsmaybe

constmcted.

Subjectivepreferencetheorytocalculatescalevaluecannotapplydirectlytothe

conductor'spreferenceassameaslistenersduetotheshortinitialtimedelaygap.Itshould

beclarifiedforconductor'Spreferencemoreindetailbypsychologicaltests,althoughsuch

atestmaybedifficulttoconductbecauseofmultiplesourcesinfrontoftheconductorin

anactualconditioninatheater.

Individualpreferencetheoryshouldbeproperlyappliedforlisteningconditionsof

listenersinconcerthalls,operahouses,andothersoundfieldsincludingaforest.Thisis

partiallyrealizedasaseatselectionsysteminKirishimalntemationalConcertHall,Japan.

Alsoconditionsofmusicians,aslpger,aPerformer,aCOnductorshouldbeimprovedby

applyingthistheory.
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APPENDIXA.

SIMPLE METHOD OF CALCULATING SCALE

VALUEOFSUBJECTIVEPREFERENCE

Thepaired-Comparisonmethodusuallyneedsanumberofjudgmentsforasinglepalr.

However,from asingleobservationdatum forasetofsoundfields,anapproximate

methodisdescribedforobtainingthescalevalueofsubjectivepreference.Thismethodis

appliedtothisstudyinChapter4･Themethodisbasedonthelaw ofcomparative

judgment(Thurstone,1927)usingthelinearrangeofcumulativenormaldistribution

betweentheprobabilityandthescalevalue(Z-value)asshowninFigureA.1.
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TheprobabilitythatasoundfieldBispreferredtoanothersoundfieldAisexpressedby

((xd-(Xd))21t< =

p'B ,A,-完去 IoexpL-

=去Iz;beXP(一書)dy

2ud

(A.1)

Zab--

where

(A･2)

a d>istheaveragescalevaluebetweensoundfieldsAandB,Xd=Xb-Xa,ifqdisbeing

usedastheunitforthescalevalue:od=1.Thus,

p(B,A)=e,fclzab]
zab-e'fc-ll4B,A)]

ThefirstorderapproximationoftheTaylorseriesofEqn･(A･4)isgivenby

zab-J5=(dB,A)--;)･ (A･5)

Thelinearrangecanbeobtainedfor0.05≦P(B>A)≦0･95･

LetusnowconsideranumberofsoundfieldsgivenbyF(i,j=1,2,.",F),and

supposeasingleresponseofeachpairforsimplicity･ThentheprobabilityP(B>A)inEqn.

(A.5)isreplacedby(AndoandSingh,1996),

p(i,j)=壬flY (A･6,

whereYi=lrespondstoapreferenceofioverj,Y.=Yi=0･5(i=j),whileYi=0

correspondsapreferenceofjoveri.InordertoimprovetheprecisionoftheprobabilityP(i

>j),acertainnumberofsoundfieldswithinthelinearrangeareneededtokeepthe
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accuracybyuseofEqn･(A･6).Thisisperformedbyapreliminaryinvestigation,avoiding

anextremesoundfieldoutsidethelinearrange･Insuchamanner,thescalevalueSi=Zii(i

=1,2,･･･,F)maybeobtainedapproximately,whenZi,IWithPe>i)isobtainedbyEqn･

(A.5)･

Next,letusconsideranerrorinaslngleobseⅣation.Thepoornessoffitforthemodelis

definedby

r<
三一ヾ-i_

且ノ
ぐ叶.¶倉

0≦Å≦1

ls,-sjLpw-sj-Si,0if Y1-0,

=O if Yl=1.

where

(A.7)

(A･8)

Thus,inspiteofjisbeingpreferredoveri(Yi=0),itispossiblethatS,-Sl<0,andthe

amountlSi-Sjに..risaddedasinEqn･(A･7)･Wheniispreferredoverj(Y.=1),itisnatural

thatSi-S,>0,andtheamountisnotaddedtothenumerator･ThevalueofAcorresponds

totheaverageerrorofthescalevalue.Thisshouldbesmallenough,say,lessthanlO%･

An otherobservationisthat,whenthepoornessnumberisK accordingtothe

conditionexpressedbyEqn･(A･8),thenthepercentageofviolationsdisdefinedby

d=# )×100, (A･9,

whereNrepresentsthenumberofsoundfields.TableAllliststhevalueofA ,K,andd

calculatedforthepreferencetestforLL.ValuesofAordmaybeusedtoevaluatethe

inconsistencyofresponsesinapaired-comparisontest･ThevalueofKisthetimesof

inconsistentmodelatpreferencescore.Thepercentageviolationofconditionmeasuredby

dislessthan30%exceptsubjectE(60%),whosevaluesofaareextremelylowandshow

thewiderangeofpreferredLL･IfthevalueofAisequaltozero,thenthemodelisfitted

consistently.WecanconsidervaluesofKordasthefirsttestofgoodnessoffit･Valueof
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Acanbeconsideredasthesecondtestofgoodnessoffitofthismethod.

TableA.I.Resultsofthetestofthegoodness10f-fit
testfortheLL

K d A

A 2

B 2

C 1

D 1

E 6

F I

G 1

0.2 0.07

0.2 0.07

0.1 0.01

0.1 0.01

0.6 0.67

0.1 0.00

0.1 0.29

H 2 0.2

1 1 0.1

J 3 0.3

8

1

1

1

0

1

0

0

0

K 3 03 0.13

L 1 0.1 0.03

M 3 0.3 0.25
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APPENDIXB.

THEORYOFINI)IVIDUALPREFERENCE

B.1 Introduction

Asimplemethod(An doandSingh,1996)Calculatingscalevalueofsubjectivepreference

isdevelopedtoapplyintoevaluationsforintra-individualchangesofsubjectiveresponses.

AsthesimplemethodevaluatesscalevaluesbyuslngaSlngleobseⅣationfromaslngle

pair,thismethodisquiteusefultoinvestigateintra-individualchangesofsubjective

preference･Thisdevelopedmethodmaybeappliednotonlytopreferencebutalsotoother

subjectiveresponses･Afterthat,scalevaluesobtainedfromCase-VofThurstone'slawof

comparativejudgment(nurstone,1927)andthesimplemethodarecompared,andthe

differencebetweenbothmethodisdiscussed･ThesimplemethodisexplainedinAppendix

Awithitstestofgoodnessoffit.

B.2 ASimpleMethodCalculatingSubjectivePreference

Forcalculatingscalevaluesofsubjectivepreference,asimplemethodwasusedasan

approximationforCase-VofThurstone'slaw.Thismethodwasderivedbytwohypotheses

asfollows.

1)OnthebasisofCase-VofThurstone'slawofcomparativejudgment

2)Usinglinearrange(0･05≦P≦0.95,P:probability)ofnormalogive(SeeFigure

A.1)

ThismethodprovidesscalevaluesthatcanbecalculatedfromaslngleobseⅣationofa

pairfrom psychologicaltestsasshowninTableA.2.ScalevalueofpreferenceSiis

obtainedfromafollowlngequation;

Si-
広 (27;-N)

2Ⅳ
(A.10)

whereTlistotalnumberofpreferencescoreforasoundfield,N:numberofsoundfield.If

weputpl=Ti/N,Eqn.(A.10)become
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S,･-J5=(p,一号) (A･11)

whereplistheprobabilityofpreferencescoreforasoundfield.Thus,thismethodconverts

theprobabilityofpreferencescoreintoscalevaluelinearly.

TableA･2･CalculationofscalevalueofsubjectivepreferencechangingLL(SubjectG,
series1,simplemethod).TI:tOtalscoreofastimulus;Pi:probability;Si:scalevalue.

Soundfield

1 2 3 4 5 TI Pi Si

1 0.5 0 0

2 1 0.5 0
3 1 1 0.5
4 1 1 1
5 1 0 0

o

o

o

o･5
0

0

1
1
1
0
･
5

5
5
5

5
5

0

2
3

4
1

.
00
00

50

00

.5
0

11
0.
0

1.
】0

0

0
0

0
0

1
5
7
0ノ
3

0

0
0

0
0

B.3 ApplicationoraSimpleMethodtolntra･imdividualchanges

Asdescribedprevioussection,thesimplemethodwasderivedinordertocalculatescale

valuefrom asingleobseⅣationofaslnglepair.Themainpurposeisordinarilytosave

timeagainstpsychologicaltests(paired-comparisontests)withanumberofstimuli.

However,inthecaseofapsychologicaltestinchanglngOnlyaslnglephysicalfactor,itis

rarethatasubjectbecomesotiredduringatest.Itissoeasytoevaluatescalevaluefroma

slngleobseⅣation,butasubjectsometimesjudgedifferentlyforasamepal一Ofstimuli.

Namely,suchresponsesareduetointra-individualchangesofsu坤∋ctivejudgment.Inthis

study,asimplemethodisappliednotonlytojudgmentformanysoundfieldsbutalsoto

representsuchintra-individualchanges･Asthesimplemethodisanapproximationof

Case-V,Case-Visconsideredtobemoreusefulforatestwithmanyresponsesforapalr･

However,asdescribedinnextsection,therearesomedifferencesbetweenscalevalues

obtainedfrom Case-Vandthesimplemethod.Forthisreason,itisbettertoapplythe

simplemethodforindividualscalevaluesasaveragefromamanyresponsesinthecase,

whichintra-individualdifferencesareobtainedfromthesimplemethod.

TableA.3Showsthepreferencescoreobtainedfrom subjectivepreferencetests

with20repetitivejudgmentsforaslnglepair･Scoresonthediagonalpositionsinthetable

areall10(=0.5×20)asa"tie･"Inthiscase,Eqn.(A.12)isrewroteto
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whereYIJ,risapreferencescore("+1"or"0")forapair(i,j)･Risanumberoftestseriesfor

asamepair･SubstitutingEqn.(A.12)intoEqn.(A.10),scalevaluecanbeobtainedfroma

numberoftestresults.

TableA.3.CalculationofscalevalueofsubjectivepreferencechangingLL(SubjectG,
series1-20,simplemethod).Ti:totalscoreofastimulus;Pi:probability;S.:scalevalue.

Soundfield

1 2 3 4 5
Tt P. Si

1 10 3 2 0 15

2 17 10 1 0 18

3 18 19 10 0 17

4 20 20 20 10 19

5 5 2 3 1 10

30.0 0.30 -0.501

46.0 0.46 -0.100

64.0 0.64 0.351

89.0 0.89 0.978

21.0 0,21 -0.727

R4 ComparisonbetweenCase･VandaSimpleMethod

Scalevaluesarecalculatedfromanumberofresponsesforapal一inCaseJVofThurstone's

law･Alsoscalevaluecanbeobtainedfromanumberoftestresultsbythesimplemethod

asdescribedinprevioussection.Thus,scalevaluesbetweenbothmethodscanbe

compared.

ProceduretocalculatescalevaluebyCase-Visasfollows:

1)ProbabilityforeachpairofstimuliarecalculatedasshowninTableA.4,

2)ScalevalueforeachpairisobtainedbyZconversionfromprobabilityasindicated

inTableA.5,and

3)Scalevalueforeachsoundfieldcanbeobtainedbyaveragingofscalevaluesas

indicatedinthetable.

Adifferencebetweenthetwomethodsisdescribed.Scalevaluesobtainedfrom both

methodshavehighcorrelationeachother,butthereissomedifferenceforvalues.Forthe

simplemethod,scalevalueiscalculatedasanaverageofallpairsforasoundfield.And

forCase-V,scalevalueiscalculatedasanaverageofscalevaluesforeachpairasshownin

TableA.5.ForCase-V,quitelargescalevalueisobtainedaroundprobability,0or1.
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AroundprobabilityO･5,thereislittledifferencebetweenthem.Consideringthesefacts,the

differencebetweenthetwomethodsisdifferentforanumberofsoundfieldsorindividual.

Namely,forCase-V,ifanumberofsoundfieldsincrease,PossibilityofpalrWith

probabilityaround0or1becomelarge･Intermsofeachindividual,thedifferencebetween

twomethodsmaybelargeforsubjectswithlargeavalue,whichhavelargedynamicrange

ofscalevalues.Inopposite,asprobabilityisaround0.5forsubjectswithsmallαvalue,

thedifferencebetweenthemmaybesmall.

InordertocomparebetweenscalevaluesobtainedfromCaseJVandthosefromasimple

method,coefficientkisevaluatedusingamodel:(scalevaluebyCase-V)=k(scalevalue

bysimplemethod)･Coefficientkisobtainedbyiterationsofleastmeansquareasshownin

FigureA.2.Followlngthreecasesarecalculated.

Case1)ResultsfrompreferencetestchangingTsub

ResultsfrompreferencetestchangingTsub(Soundsource:vocal;8subjects;5sound

fields;40dataintotal),coefficientkisevaluatedas:k=1.303.

Case2)ResultsfrompreferencetestchangingAil(Sakaietal･,unpublished)

ResultsfrompreferencetestchangingAil(Soundsource:musicmotifB;10subjects;

5soundfields;50dataintotal),coefficientkisevaluatedas:k=1.242.

Case3)Results血.ombothCase1andCase2

Resultsfrom preferencetestforCase1and2(90dataintotal),coefficientkis

evaluatedas:k=1.258.

TableA･4･ CalculationofscalevalueofsubjectivepreferencechangingLL(Subject
G,series1-20,Case-V).Pi:Probabilityforasoundfieldi;n:numberofstimuli.

Soundfield

1 2 3 4 5

l

つ
ム

3

4

5

0.5 0.15 0.10 0.05 0.75

0.85 0.5 0.05 0.05 0.90

0.90 0.95 0.5 0.05 0.85

0.95 0.95 0.95 0.50 0.95

0.25 0.10 0.15 0.05 0.50

1

7

5

/h)
1

3

4

/b

8

2

0

0

0

0

0
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Fromtheseresults,scalevaluesobtainedbyuslngaSimplemethodarelessthanthoseare

byCase-V.Thus,scalevaluesbyCase-Visrepresentedusingcoemcientkas:

Scase_V-
k∫扇(2号-N)

2Ⅳ
(A.13)

Inthepresentstage,k,obtainedfromtwosubjectivetestsabove,isabout1.25.Notethatan

examplewithll-12soundfieldsinrelationtoapsychologicaltestforASW (Satoeta1.,

1999)shownk=1.4.Thus,thecoefficientkmaybeslightlychangedalsobythenumberof

soundfieldsandindividualdifferences.

TableA･5･CalculationofscalevalueofsubjectivepreferencechangingLL(Subject
G,series1-20,caseV).Si:scalevalueforasoundfieldi;n:numberofstimuli.

Soundfield

1 2 3 4 5

1
2

3

4

5

0.00 -1.04

1.04 0.00

1.28 1.64

1.64 1.64

-0.67 -1.28

-1.28 -1.64 0.67 -0.658

-1.64 -1.64 1.28 -0.194

0.00 -1.64 1.04 0.464

1.64 0.00 1.64 1.316

-1.04 -1.64 0.00 -0.927

ITERATION LOSS

◎ 0.1504D+02

1 臥1059D+80

2 0.9036D-81

3 0.9036D-◎1

4 0.9036D-01

PARAMETERVALUES

O.10OD+00

◎.134D+81

0.130D+01

◎.13◎D十01

0.13◎t)+01

DEPENDENTVARIABLEIS SV(VARl)
MISSINGDATAORESTIMATESRED〕CEDDEGREESOFFREEDOM

SOUR〔E SUM-OF-SQUARES DF MEAN-SqUARE
REGRESSION 17.538 1 17.538

RESIDUAL 0.090 39 0.00Z

TOTAL 17.6Z9 40

CORRE〔TED 17.629 39

R州 R-SQUARED(1-RESIDUAL/TOTAL) = 0.995

CORRECTEDR-SqUARED(1-RESIDUAL/CORRECTED)= 0.995

PARAMETER ESTIMATE

k 1.303

FigureA.2.An exampleofestimatingcoefficientkbyleastmeansquaremethod.
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Itmustbenotedthattheestimatedscalevalueobtainedbythismethodissmallerthanthe

resultestimatedbythecase-VofThurstone'slaw,thoughhighcorrelationcoefficient(r=
0.99)wasfoundbetweenthescalevaluesobtainedfrombothmethodsasshowninFigure

A.3.

p

ロ
L11
a
u

a
l

du
T

S

u
O
J
i

S

ご

n
S

a
tJ

5

O

1

1

5

O

5

cs)

◎

◎

nV

5

1

1
-1.5 -1.◎ -0.5 0.8 ◎.5 1.0 1.5

ResultsfromCase-V

FigureA.3.ComparisonofscalevaluesbetweenCase-Vandasimple
method.●:ResultsfrompreferencetestchangingTsub;□:Resultsfrom
preferencetestchangingAll(Sakaietal.,unpublished).

Thus,asimplemethodisdevelopedtoapplytoevaluationsofpreferencescalevaluesfor

eachindividualandintra-individualchangesofsubjectiveresponses･

Also,adifferenceofscalevaluesbetweenCase-VofThurstone'Slawandasimple

methodisclarified.Althoughscalevaluesobtainedfrom bothmethodshavehigh

correlationeachother,thereissomedifferenceforvalues.Scalevaluesobtainedfrom a

simplemethodissmallerthanthosefromCase-Vare.Concermngtoprevioustestsrelating

toTsubandAil,scalevaluefromCase-Visapproximately1.25timesofthatfromasimple

method.
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