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Becausetheinputsignalstotheleftandrightearsarenotidentical,itisimportanttoclarifytherole

ofthesesignalsintheperceptionOfthevertiCalangleofasoundsourceatanypositionintheupper
hemisphere.Toobtainbasicfindingsonupperhemispherelocalization,thispaperinvestlgateSthe
contributionofeachpinnatotheperceptiOnofverticalangle.Testsmeasuredlocalizationofthe
vertiCalangleinfiveplanesparalleltothemedianplane･Inthelocalizationtests,thepinnacavities
ofoneorbothearswereoccluded.ResultsshowedthatplnnaCavitiesofboththenearandfarears
playaroleindetemi ningtheperceivedvertiCalangleofasoundsourceinanyplane,includingthe
medianplane.As asoundsourceshiftslaterallyawayfromthemedianplane,thecontributionofthe
nearearincreasesand,conversely,thatofthefareardecreases･Forsaggitalplan esatazimuths
greaterthan60ofrommidline,thefarearnolongercontributesmeasurablytothedetemi nationof

vertiCalangle.@2001AcousticalSocietyofAmerica.lDOI:10.1121/1.1352084]

PACSnumbers:43.66.Qp,43.66.PnlDWG]

LlNTRODUCTl0N

MostpTeViousstudiesofsolユndlocalizationabilityhave
concentratedonlocalizationperformanceinthehorizontal
andmedian planes.Itisgenerallyknownthatbinauraldis-
paritycuesli.e.,interauraltime(phase)differencesandin-
terauralleveldifferences]arecuesforhorizontal-planeloとal -

ization,while spectral cues (i.e.,spectral distortions
producedbythepinnae)arecuesformedian-planelocaliza-
tion･Mostpreviousstudiesonmedian-planelocalization
havetreatedspectralcuesasamonauralauditoryphenom-
enon,sincetheinputsignalsoftwoearsfromasoundsource

inthemedian planearegenerallyverysimilar･Theyhave
shownthatspectraldistortionscausedbypinnaeinthehigh-
frequencyrangeaboveabout5kHzactsascuesformedian-

planelocalization(e.g.,Ro組erandButler,1968;Blauert,
1969/1970;GardnerandGardner,1973;Hebranl( and
Wright,1974a;ButleraJldBelendiuk,1977;WatkinS,1978).

OnlyafewstudieshavespeculatedthatbiふauralSpectral
differencescontributetosoundlocalizationinthemedian

plane(Butler,1969;Searleetal.,1975;Duda,1997).These
speculationshavebeenquestionedbyseveralexperimental
findings(Gardner,1973;Hebrank andWright,1974b;He-
brank,1976;MorimotoandNomachi,1982).
Ifeverydaylife,however,asounddoesnotcomefrom

onlythehorizontalandmedianplanes,butmaycomefrom
anydirectionaroundalistener.Thereisaneedtoidentify
localizationcuesinsuchacase.MorimotoandAokata

(1984)demonstratedthataふinterauraトpolar-axiscoordinate
system,asshowninFig.I,ismoresuitableforexplaiming

soundlocalizationinanydirectionintheupperhemisphere
than ageodesiccoordinatesystemde丘nedbytheazimuth

angle¢andtheelevationanglee.Inaninteraural-polar-axis
coordinatesystem,theangleaistheanglebetweentheaural

A)Electromicmail:mrmt@kobe-u･acJP

axisandastraightlineconnectingthesoundsourcewiththe
centerofasubject'shead,andtheangleβistheanglebe-

tweenthehorizontalplaneandtheperpendicular fromthe
soundsourcetotheaurdaxis,thatis,thevertiCalangleina

planeparalleltothemedianplane,Cal1edthesagittalplane.
Accordingtotheresultsoflocalizationtests,Morimotoand
Aokatadetemi nedthatangleaandangleP areindepen-

dentlydetemi nedbybinauraldisparitycuesandspectral
cues,respectively･ I

Middlebrooks(1992)C?nstructedaquantitativemodel
oftwo-dimensionallocalizat10ninwhichtheazimuthangle

andtheelevationangleofasubject'sresponseweresuccess-

fullypredictedbasedoninteraural leveldifferencesand
spectralcues,respectively･Inhisexperiments,血elocadons

ofstimuliandresponseswerelSPeCifiedinadouble-poleco-
ordinatesystem･h thiscoordinatesystem,theelevation
angleisformedbythesoundsource(orresponselocation),
thecenterofthesubject'shead,andthehorizontalplane.
neazimuthangleisformedbythesoundsource,thecenter

ofthehead,andthemedianplane･Thiscoordinatesystemis
alittledifferentfromMorimotoandAokata'S,butthetwo

coordinatesystemsaresimilar,inthatinbothsystems,the
vertiCallocationisdetemi nedinasagittalplaneparallelto

themedian plane.Accordingly,Middlebrooks'modelsup-

portstheexperimentalresultsofMorimotoandAokata･
Inallgeodesic,interauraトpolar-axis,anddouble-pole
coordinatesystems,thereisnodoubtthatavertiCallocation
ofasoundimageisdete-inedbyspectralcues,血ough血e
defimitiOnofverticalangledependsoneachcoordinatesys-

tem･Spectralcueshavebeentreatedasmonauralcuesin
moststudiesonmedian-planelocahzation,asmendoned
above.SinceInputSignalstotherightandleftears丘.oma
soundsourceinthemedianplanearegenerallyverysimilar,

itmaybeappropriatetoconsiderspectralcuestobeamon-
auralphenomenoninmedian-planelocalization･Aproblem

isthattheinputsignalstotheleftandrightearsfromasound
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FIGll･De丘nitionofaninteraural1)01ar-axiscoordinatesystem･S:sound
source;0:centerofthehead;r:distancebetweenasoundsourceandthe
centerofhead;¢azimuthangle;0･･elevationangle;α:theanglebetween
theauralaxisandastmightllneCOnneCtiIlgthesoundsourcewiththecenter
ofasubject'sheadiβ:theanglebetweenthehorizontalplaneandtheper-
pendicularfromthesoundsourcetotheaural axis,thatis,theverticalangle
inaplaneparalleltothemedianplane,Calledthesaglttalplanet

sourceoutsidethemedianplanearenotspectral1yidentified･

tn也iscase,howdo血etwoearsplayarolein血e

･perceptlOnOfthevertiCalangleoutsidethemedianplane?
MusicantandButler(1984)demonstrated血at血eearon血e

sideofthesoundsource(nearear)contributedpowerfullyto

fronトbackdiscrimination,asdidtheearonthesideopposite
thesoundsource(far ear).HumanskiandButler(1988)

showedthatthecontributionofthenearearwasgreaterthan

thatofthefaLrearindetemi mingthevertiCallocationofa

soundsourcein也esagittalplane.Inbo血experiments,howl

Lever,soundsourceswerearrangedonlyonornearthehori -

zontalplane.

Inthepresentpaper,localizationtestsofsoundsources
arrangedthroughouttheupperhemispherewerecarriedout,

adoptinganinteraura1-polaトaXiscoordinatesystemasshown

inFig.1･Thepurposewastoclarifytherelationshipbetween

thedegreeofashiftofasoundsourcefromthemedianplane

andthedegreeofcontributionofeacheartotheperception

of也everticalangleβ.h血eselocalizationtests,pinnacavi-
tiesofoneorbothearswereoccludedinthesamemanneras

intheexperimentsbyGardner(1973)andHumanskiand
Ruder(1988).

ll.METHOD

A.Subjects

Subjectswerethreemalestudents,22yearsofage±1

year,withnormalhearingsensitivlty.Allwereexperienced

inthistypeoflocalizationtest.

ら.Apparatusandstimulus

Thelocalizationtestswereconductedinananechoic

chamber.Theoutervalュsof血echamberwereconstmctedof
30cmthickreinforcedconcrete.Glasswool25cm血ickwas

installedonthewallsassoundabsorbingmaterial.Thedi-

1597 J.Acoust･Soc･Am.,Vol･109,No.4,April2001

/′′' ～t
′/′//

;050i壬/:'ew了 -; I､●､､､t･t;

900

--･Jトー一､
120oJ.′_一一--一､､ヽ600′-ノ ーヽ ＼

ヽ
ヽ

Il､300
㌔Il

…̀ここ･_･ ･ =i ･ ･･j-ここ

Overheadview

FIG.2,ArrangementofloudspeakersusedforthelocaliZ.ationtest.Inthe
sideview,loudspeakerslnSaglttalplanesde丘nedbyanglesα-120Dand
1500alehiddenbythoseinsagittalplanesde丘nedbyanglesα-600and
300,respectiyely･

mensionsof山ewo血ngareaof仇echamberwere3.90m

wide,4･90mdeep,and3･90mhigh.Thebackgroundnoise

levelwasbelow20dB(A).

Thirty-avesmalldome-typeloudspeakers(Teclmics

EAS-6KH,diameter:53mm)wereusedfor仙elocalization

tests,asshowninFig･2･TheirangleasettlngSWere300,

600,900,1200,and1500,andtheiranglePsettingswereOo,

300,600,900,1200,1500,and1800･Thespeakerradiuswas
1.6mrelativetothecenterofthesubject'shead.Thefre-

quencycharacteristicsofthe35loudspeakerswereflattened

towithinj=3dBinthefrequencyrangeofthestimulusbya

frequencyequalizer(TeclmicsSH-9090).
Thestimuluswasawidebandwhitenoisefrom1kHzt0

16kHzIThewidebandwhitenoisewasgenerated丘･oma

Hewlett-PackardnoJisegenerator(model3722A)andwas

deliveredtoacustom-builttimergatewithaabruptrise-fall

time.Toestablishthefi1terednoisecondition,theburstwas

routedthroughan NFactivefilter(modelFV625A),which

resultedina48dB/octrejectionslope.Afterappropnate丘1-

tering(bandpassfrom 1kHzto16kHz),thestimuliwere

ampli鮎d(Onkyolntegra713)anddeliveredoneofloud-

speakersviaacustom-builtloudspeakerselector･Thestimu-

luswasdeliveredat50dB(A)(SPLfor1s,followedbyall
intervalof4S.
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occLudingplug

FIGl3.Theoccludedpartofaplnna.

C.Pinnaconditions

ThelocalizationtestsweredoneunderfourplnnaCOn-
ditions:(a)bo仙earsopen,i.e.,血epinnacavitiesofbo仙
earswerenotoccluded;(b)rightearopen,i.e.,thepinna
cavitiesof血erightearwereen血elyopenwhilemoseof血e
le氏earwereoccludedexceptforapassagewayto血eear
canal;(C)leftearopen,i.e.,thepinnacavitiesoftheleftear
wereen血elyopenwhile也oseof血elightearwereoccluded
exceptforapassagewaytotheearcanal;and(d)bothears
occluded,asdescribedabove.Theoccludedpartofcavities
isshowninFig･3･In血isexperiment,mepinnacavities
wereoccludedusingamaterialnormallyusedfordentalim-
pressions(Algix),andthepassagewaytotheearcanalwas
madeofadrinkingstraw.Thesurfaceoftheocclusionwas
Battenedtobelevelwiththeendofthestrawandthehelix.

Thelengthofthestrawwasalmostequaltothedistance
fromthesurfacetotheentranceoftheauditorycanal.
Head-relatedtransferfunctionsweremeasuredattheen-

tranceofthepassagewayoftheoccludedearandattheen-
tranceoftheauditorycanaloftheopenear(seetheAppen-
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FIG･4･Measuredamplitudesofhead-relatedtransferfunctionsofanopen
ear(left)andanoccludedear(right).Leftearofoneofthreesubjects.
Sourceangleα-90q,
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dlX).Figure4showsthehead-relatedtransferfunctionsof
oneofthethreesubjectsfromsevensoundsourcesinthe
medianplane(anglea-900)totheoccludedear,compared
wi他山osetotheopenear,asanexample.Al血Oughthe
occlusionsubstantiallydistorted血espectralshape,itstill
providedconsistentspectralinfわ-ationrelatedto也esource
angleP.ButGardnerandGardner(1973)indicatedthatlo-

calizationperformanceintheverticalplanewasdramatica]1y
dismptedwhencavitiesofbo也earswereoccluded･More-
over,Hofmanetal.(1998)demonstratedthatmorethansev-

eralWeekswerenecessarytoadaptsubjectstonewspectral
cuesaftertheocclusionandthatwhenocclusionwasre_

movedimmediatelyafteradaptation,thesubjects'localiza-
tionaccuracywithunoccludedearswasstillashigh ,asbe-
foretheocclusion.h thepresentlocalizationtests,the
occlusionperiodwastooshorttoallowsubjectstoadaptto
spectralcues,asdescribedinSee.IID.
Anotherpossibleeffectoftheocclusionwastocause
possiblelateral血splacementofasoundimage,becauseoc-
clusioncanaffectbinauraldisparitycues,i.e.,interauraltime
(phase)differencesandinterauralleveldifferences.How-
ever,Gardner(1973)statedthatifapassagewaywasprO-
vided也rough血eoccludingplug,lateraldisplacementswere
avoidedandtheapparentlocationof血esignalremained
within,orverycloseto,themedianplane･Accordingly,the
occlusionofpinnacavitiescouldberegardedasanadequate
manipulationtoachievethepurposeofthepresentpaper･

D.Procedure

Eachsubjectwastestedindividuallywhileseated,with
hisheadfixedinastationaryposition,inapartiallydarkened
anechoicchamber.Seventy-sevenrecordingsheets,each
withacircleandanarrowonit,weresuppliedtothesubject･
Ana汀OWOn也etopof血ecircleindicated也eOoofangleβ･
Thesubject'staskwastomarkdowntheperceivedangleβ
foreachone-secondstimuluspresentation.The4sinter-
Stimulusintervalallowedthesubjecttopickupthenext
recordsheet･Theonlylightin血echamberwasplacedsuch
thatitprovidedjustenough illuminationforthesubjectto
seeandutilizetherecordsheets.

LocalizatiOntestsforeachsubjectwereperformedin

twodays･On血e丘rstday,testsforbo血earsopencondition
werecarriedouttoconfirmthelocalizationabilityofthe

subjects.Onthesecondday,testsfortheotherplnnaC_Ondi-
tionswerecarriedout,separatedbybreaksofabout30min
eachintheorderrightearopen,bothearsoccluded,andle氏

earopen.Foreachpinnacondition,asubjectwastestedwith
eachangleainrandomorder,separatedbyabreakofat
least5血nwhilehewasseated･Foreachangleα,llsetsof

stimuliwerepresentedsuccessivelytothesubject･hasetof
stimuli,thestimuluswaspresentedoncefromaloudspeaker
ateachofsevenanglesPinrandomorder.Thepresentation
orderofthesevenanglesPwasdifferentbetweensets･Thus
eachsubjectmadeatotalof1540judgmentsfortheentire
task(4pinnaconditions,5angleαsettings,7angleβseト
tings,andllpresentationsforeachangleP).
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FIG･5.SubjectslocalizationresponsesβasafunctiOnofsourceangleβ.
EachcolurrLndisplaystheresultsforadifferentsubject･Eachrowdisplays
theresultsforadifferentpinnacondition(labeledtotheleft).Thediameter
ofthedatapolntSindicatesthenumberofresponses,asshownbythekeyat
thebottom.Sourceanglea-300.

日.RESULTS

Sometimessubjectsreportedthatsoundimagesfor
soundsourcesinthemedian plane(anglea-900)shifteda
littleto血eopenearside.Itappears也at血epinnaocclusion
shghtlyalteredbinauraldisparitycuesli.e.,interauraltime
加hase)differencesand/orinterauralleveldifferences]asde-
scribedinSee.ⅢC.However,MorimotoandAokata(1984)
andMiddlebrooks(1992)madeclearthatangleαandangle
Pareindependentlydetemi ned.Moreover,subjectswho
perceivedalateraldisplacementofasoundimagestatedthat
theycouldjudgeanglePwithouthindrancebecauseofth e
slightdisplacement.Therefore,thelateraldisplacementwas
notregardedasan obstacletoachievingthepurposeofthe
presentpaper･
Responsesto血e丘rsttestsetsforeachangleαunder
eachpinnaconditionwereregardedaspracticeandwere
excludedfromtheresults.Theanglemarkedbythesubject
wasreadwi也aprotractortoanaccuracyofonedegree.
TheeffectsofpinnaocclusionontheperceptionOfangle
Pinsagittalplaneswereinvestigatedwithdistributioncharts
ofsubjects'responses.ResultsaredisplayedinFigs.5-9for
anglesa-300,600,900,1200,and1500,respectively.Within
each后gurethethreecolumnsshowtheindividualdatafor

thethreesubjects,andthefourrowsdisplaythefourplnna
conditions.Thediameterofeachcircleplottedispropor-
honaltothenumberofresponseswithin50.Theordinateof
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eachpanelis血eperceivedangleβ,and也eabscissais也e

sourceangleβ･

Distinctindividual differencesinlocalizationperfor-

manceappearedinonlytwocases:theresponsesofsubject

Afわrangleα=150ounder也eright-ear-opencondition(Fig.
9,secondrow)andthoseofsubjectKforanglea-150o

undertheboth-earsl0ccludedcondition(Fig･9,bottomrow).
Al血ough血eresponsesofs叫 ectAforangleα-ョoounder

theleft-ear-opencondition(Fig･5,thirdrow)andforangle
α-ョooand60ounder血ebo山一ears-occludedcondition

(Figs.5and6,bottomrow)Seemtobedifferentfromthose

ofsubjectsKandY,atendencyofresponsestoconcentrate
inonedirectionwascommontoallthreesubjects.Further-

more,although theresponsesofthethreesubjectsforangle
α-60oundertheleft-ear-opencondition(Fig･6,thirdrow)
seemtodifferfromeachother,atendencyforfewresponses

toappeararoundangleα=900andmosttobenearOo(front)
and1800(rear)wascomm ontoallthreesubjects,hsum-
mary,someindividualdifferenceswereobserved,yetone
couldseecertaingeneraltrends.
Figure7showstheperceivedanglesPforsoundsources

atanglea-900,i･e･,inthemedianplane.Wh enbothears

wereopen(toprow),也eperceivedanglesβpracticauyco-
incidedwiththesourceanglesP.Thevariancesofthere-

sponsesforthesourceanglesParound900Werelargerthan
thoseforangleβnearOo(front)or1800(rear).Thsten-

dencycoincideswithlocalizationblurinthemedian plane
(DamaskeandWagener,1969;Kurosawaetal.,1982).This
means血at血eresponseme仇odwi也recordingsheetsused
inthepresenttestswasadequate.Wh enbothearswereoc-

cluded(bottomrow),也eperceivedanglesβwerepractically
independentofthesourceanglesP:mostresponsesshiftedto
Oo(front)or1800(rear).Somefront-backconfusionoc-

cu汀edforeverypositionofsourceangleβ.Asaresult,the
plnnaOCClusioneffectivelyremovedlocalizationcuesfor仙e

perceptionofangleβ･Whene地erofmeearswasopen
(secondandthirdrows),regardlessofthesideoftheopen
ear,血esourceanglesβwerecorrecdyperceivedon血e
whole,althoughthevariancesoftheresponsesforthesource

anglesβfrom90oto1500Werelargerthanthosewhenboth
earswereopen,andsomefront-backconfusionoccurredat
β-120oand1500.
Figures5and6show血eperceivedanglesβforsound

sourcesatanglesα-ョooandGooon也erightof血emedian
plane.Whenbo血 earswereopen(toprows),也eperceived

anglesPpracticallycoincidedwiththesourceanglesPand
front-backconfusionshardlyoccurred,althoughthevari-
ancesoftheresponsesweresomewhatlargerthan thosein
血ecaseofangleα-900(Fig.7).Wben血edghtearon血e
sourcesidewasopen(Secondrows),血eanglesβcouldbe
perceivedwithmuchthesameaccuracyaswhenbothears
wereopen･Wh entheleftearwasopen,thatis,therightear
onthesourcesidewasoccluded(thirdrows),fewresponses
appearedaround900(above)andmostofthemshiftedtoOo
(front)or1800(rear).Aconsiderablenumberoffront-back
confusionsoccurredforeverypositionofsourceangleP･

Wh enbothearswereoccluded(bottomrows),theanglesP
wereperceivedasInaccuratelyaswhentherightearonthe
sourcesidewasoccluded.
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FIG.10.Effectsofpinnaconditiononlocalizationerror.Barsindicatestan-
darddeviations.

Figures8and9showperceivedanglesβforsound
sourcesattheanglesa-1200and150oontheleftsideofthe
medianplane.Theresultsinthesecasesshowasimilarten-
dencyto血osein血ecasesofα-ョooand600.Here,of

course･dieleftearop?nconditions(thirdrows)arethecases
inwhichtheopenearlSOnethesameSideasthesource,and
arecomparabletotheright-ear-openconditionsconsidered
inthepreviousparagraph(secondrowsinFigs.5and6).

Similarly,therightearopenconditions(Secondrows)are
comparabletotheleft-ear-openconditions(thirdrowsln
Figs.5and6)foranglea-300and600.
TheeffectsofpinnaocclusionontheperceptlOnOfangle
Pinsagittalplanesmaybesumm arizedasfollows.Wh en
only血eearon血esourcesidewasoccludedorbo血ears
wereoccluded,fewsoundimagesappeiu･edaroundβ-900
(above),andfronトbackcontusionsoccurred.Wh enonlythe
earom血esideopposite也esoundsourcewasoccluded,血e
anglePcouldbecorrectlyperceivedonthewhole,whilethe
variancesofresponseswerelargerthanwhenbothearswere
open.Thesetendenciesareverysimilartothoseofsound
localizationforlow-passnoisesoflessthan4.8kHzinthe
median andthetraverseplanesde-scribedinpreviouspapers
(Morimoto,1981･,MorimotoandAokata,1984).
Figure10showstheeffectsofpinnaconditiononthe
Flocalizationerrorineachsagittalplane.Theerrorisdefined
§as也emeanabsolutedeviationofperceivedangle丘om
7SOurCeangle(MorimotoandAndo,1980).Here,theerror
wasobtainedfromtheresponsesofthethreesubjectsto-
gether,becauseindividualdifferencesamongthemwerenot
remarkable,asshowninFigs.5-9.Inthisfigure,theresults
fora=600and1200arecombined,andtheresultsfora-30o
and1500arecombined,because也eresultsfbr血osetwosets

ofanglescan beconsideredtobesymmetriCalaboutthe
medianplane,accor血ngto山eresultsshowninFigs･5and9
andFigs.6and8･Thenearearandthefarearrefertotheear
onthesourcesideandtheoppositeeartothesourceside,
respectively.
hthemedianplane(angleα-900),theerrorincreased

in theorderbothearsopen,eitherearopen,andbothears
occluded,Forα-600and1200,theerrorincreasedinthe
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FIG.ll,Effectsofeitherearocclusiononlocalizationerror.Increasein
errorwitheitherearc･ccludedrelativetotheboth-ears10pencondition.

orderbothearsopen,nearearopen,farearopen,andboth
earsoccluded.Forthemorelateralsagittalplanesdefinedby
anglesa=300and1500,theerrorincreasedintheorderboth
earsopen,nearearopen,farearopen,andbothearsOCI
eluded.

StatistiCaltestswereperfomedtodetemi newhetheror
notadifferencebetweenmeanlocalizationerrorsfortwo

plmaCOnditionsineachsaglttalplanewasstatisticallyslg-
ni丘cant.Thestatisticalmethodusedforthetestwasthe

z-test･lAllthreepa汀Wisetestsweredoneforα-900andall
sixpauwisetestsweredoneforα-600and1200andfor
a-300and1500.Thesamplesizeofeachgroupwas420,
butitwas210foronlybothearsopenandbothearsoc-
cludedinthemedianplane(angleα-900).
Forα-900(medianplane)andforα-600and1200,
p-Valuesobtainedlessthan 1･OX10-6forallpairs;thatis,
therewerestatisticallysignificantdifferencesbetweenallof
theconditions.ThismeanSthatbothearscontributedtothe

perceptionofangleβ,eveninthemedian plane,andsug-
gests血at血enearearcontdbutedto血eperceptlOnOfangle

βmorethanthefareardid･Forで=300and1500,p-Values
werelessthanl･0×10-6forallpalrSexcepttwo:forthetest
offarearopenversusbothearsoccludedthep-Valuewas
0.2717,andfor仙etestofnearearopenversusbo也ears
openthep-Valuewas0.0054.Thesevaluessuggestthatthe
fareardidnotcontributemeasurablytotheperceptionof
anglePinthesesagittalplan es,althoughthelattervalueis
similarthanavaluewhichisconventionallyconsideredtobe
asig山丘cantlevel.
Figurellshowstheeffectofoccludingeitherearon
localizationerror.TheOrdinateindicatestheincreaseinthe

errorwheneitheroftwoopenearsisoccludedrelativetothe
casewithbothearsopen,Theabscissaindicatesthesource
angleαasarelativeangletothemedianplane･Zeromeans
thatasoundsourceisinthemedian plane.Plusormhus
meanSthatasoundsourceisontheopenearsideorthe
occludedearsiderelativetothemedianplane,respectively.
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Inotherwords,theaxismeanshowfarfromtheoccludedear
asoundsourceis.Asasoundsourceshiftsfromtheoccluded

ear,血eincreasein也eerrorbecomessmall.At+600,血e

increaseisverysmall,asmeTltionedpreviously･
Figure12showstheeffectofhavingeitherearopenon
localizatione汀Or.Here血eordinateindicates血edecreasein

也ee汀OrWhenei也eroftwooccludedearsisopen,relativeto
whenbothearsareoccluded･Inthiscase,plusorminus
meanSthatasoundsourceisontheoccludedearsideorthe

openearside,respectively･Ino血erwords,血eabscissain-
dicateshowfar ffomtheopenearasoundsourceis･As a
soundsourceshiftSfromtheopenear,thedecreaseinthe
e汀Orbecomessmall.At+600,也edecreaseisunmeasurable,
asmentionedabove.

Fromtheseresults,itcanbeinferredthatthefarearno

longercontributesmeasurablytotheperceptionofangleP,
whentheshiftofasoundsourcefromthemedian plane
exceeds600.

IV.DISCUSSlON

Gardner(1973)investigatedtheeffectsofpinnacavities
onlocalizationabilityusingsignalSthatoriginatedinornear
thehorizontalplaneintheanteriorsectorofthemedian

plane.Theresultdemonstratedthatwhenthecavitiesofonly
OnePlnnaWereOCCluded,aconsiderableamountoflocaliza-

tionabilitystillremained,although thelocalizationability
wasreducedcomparedwiththatachievedwithnoocclusion
ineitherear･Theimplicationofhisresultwasthattheinnu-
enceofthecavitieswasmonauralinnature,atleastinsofar

aslocalizationinthissectorofthemedianplaneiscon-
cemed.

Meanwhile,也eresultsof血epresentstudydemon-
stratedasignificantdifferenceinlocalizationabilityinthe
medianplanebetweenei血erearoccludedandbo血 ears

open･Moreover･theocclusionofeitherearcausedasignifi-
cantdifferenceinlocalizationabilityoftheanglePinthe
saggitalplanesofangleα-Gooand1200whichwereoutside

1602 J･Acoust･SocIAm"VoJ.log,Not4,ApriL2001

of血emedianplane･Achally,血espectralshapesofinput
signalstotheleftandrightearsfromasoundsourceinthe

medianplanearenotidenticalwhichisalsotrueinsaggital
planesoutsideofthemedianplane･Therefore,itisnotrea-

sonabletoregard血eperceptionof血eangleβinonlythe
medianplaneasamonauralphenomenonexclusively.In
otherwords,bothearscontributetotheperceptionOfthe
vertiCalangleevennthemedianplane.
MusicantandButler(1984)andHumanskiandButler

(1988)investigatedthecontributionofthenearandfarears

tothelocalizationofsound･Theexperimentalresultsofboth
studiesdemonstratedunequlVOCallythatthenearearcontrib-
utespowerfullytolocalizationaccuracy.Theresultsofthe
presentpapersupporttheirfindings.MusicantandButlerin-
ferredthatthefarearcontributed,tosomeextent,tofront-

reardiscrimination.Thiscorrespondstothepercept10nOfthe
anglePinthepresentstudy,fromtheresultsinwhichthere

werefewerfront-rearreversalswhenthefar earwasopen
than whenbothearswereoccluded.Suchan inferencewas

obtainedbypoolingacrosshorizontallocations,whichcor-
respondedto也eangleαinmepresentstudy.Carefulobser-
vationoftheirresultslseeTableIinMusicantandButler
(1984)]indicatesthat,forlocationsclosetothemedian

plane,front-rearreversalswhenthefarearwasopenwere
fewerthanwhenbothearswereoccluded,butthatforloca-

tionsfarfromthemedianplane,front-rearreversalswhen
thefarearwasopenandwhenbothearswereoccludedwere
almostequal.Suchatendencycoincideswiththeresultsof
也epresentlocalizationtests.

V.CONCLUSIONS

Localizationtestsofsoundsourcesarrangedthroughout
theupperhemispherewereperfomedinordertoclarifythe
degreeofcontributionofeachoftwoearstothepercept10n
ofangleβ,that_is,theverticalangleinsagittalplanes･
Theresultsconfirmthat:(1)Bothearscontributetothe

percept10nOfthevertiCalanglesveninthemedian plane,
and(2)Thenearearprominentlycontributestothepercep-
tionofangleP,asindicatedbyHumanskiandButler(1988)I
Inaddition,theresultsclarifythat:(3)Notonlythenearear
butalsothefarearcontributestotheperceptionofangleP,
and(4)As asoundsourceshiftslaterallyfromthemedian

plane,thecontributionofthenearearincreases,and,con-
versely,thatofthefareardecreases･Furthermore,itcanbe
inferredthat:(5)Wh enthedeviationoftheangleaofa

soundsourcefromthemedianplaneislargerthanacertain
amount,thefarearnolongercontributesmeasurablytothe
perceptionofangleP.Thisamountwas60ounderthetest
conditionsin也epresentsmdy･
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APPENDIX

Inordertoobtaintheamplitudeandthephasepartsof
thehead-relatedtransferfunction(HRTF),thepulsetech-

MasayukiMorimoto:UpperhemisphereEL,(alization 1602



nique(Mellertetal.,1974)wasusedadding100repetitions.
Thisyieldedanincreasein血esignaLto-noiseratioof20dB.

Thesubjectwasseatedinan anechoiccham ber,andhishead

wasstabilized.Thetipofaprobe-microphone(Brdel良

Kjaer,Type4170)wascarefullyse,tattheentrancetothe

auditorycanalof山eopenearorat血eentranceof血epas-

sagewayoftheoccludedear.Apulseof20psdurationwas

fedthrough an ampli丘erintoaloudspeaker･Theprobe-
microphoneoutputwasledtoadigitalcomputerthroughan

A-Dconverter(12bit)with asam plingfrequencyof50kHz.
TheHRTF,H(W),isobtainedby

H(W)-G(W)/F(W), (Al)

whereF(a)istheFouriertransfom ofthewaveform,f(t),
measuredat仙epointcorrespondingto血ecenterofthesub-

ject'sheadinafreefieldwithoutasubject,andG(W)isthat

measuredattheentranceoftheauditorycanalof血eopen

earorattheentranceofthepassagewayoftheoccludedearl

lThez-testisatestforassesslnghypothesesaboutpopulationmeanswhen

theirvariaヮcesarenotknownandsamplessizesarelarge(n>100)･Thetest
statisticzIS

z-(xll-Xl2)/Js子/nl+S…/n2,

where.I-1andx-2arethemeansOfsamplesizenlandn2andslands2are

thesamplevariance.Ihasanormaldistribution(Betheaetal.,1985).
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